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A Discrete Vortex Method for
Simulating a Stand-Alone
Tidal-Current Turbine: Modeling
and Validation
This paper advanced our recent effort (Li and Çalışal, 2007, “Preliminary Result of a
Discrete Vortex Method for Individual Marine Current Turbine,” The 26th ASME Inter-
national Conference on Offshore Mechanics and Arctic Engineering, Jun. 10–15, San
Diego, CA) to study the behavior of tidal-current turbines. We propose a discrete-vortex
method with free-wake structure (DVM-UBC) to describe the behavior of a stand-alone
tidal-current turbine and its surrounding unsteady flow and develop a numerical model to
predict the performance and wake structure of the turbine based on DVM-UBC. To
validate this method, we conducted a series of towing tank tests. DVM-UBC is then
validated with several kinematic and dynamic results. When we compared the results
obtained with DVM-UBC with our towing tank test results, published results, and the
results obtained with other numerical methods, we achieved good agreements. Our com-
parisons also suggested that DVM-UBC can predict the performance of a turbine 50%
more accurately than the traditional discrete-vortex method (traditional DVM) with com-
parable computational effort and will produce results comparable to the Reynolds aver-
aged Navier–Stokes equation with much less computational effort.
�DOI: 10.1115/1.4000499�

Keywords: tidal power, tidal-current, discrete-vortex method, unsteady flow, viscous

effect, numerical simulation, kinematic and dynamic validation, towing tank test
Introduction
This paper describes our use of a discrete-vortex method with

ree-wake structure �DVM-UBC�2 for simulating tidal-current tur-
ines and is an extension of the work we presented in OMAE
007 �1�. Tidal-current as an energy resource has the advantages
f being renewable and predictable, and tidal-current turbines
ave low visual and environmental impacts compared with other
lternative energy conversion technologies �2�. Tidal-current tur-
ines extract energy from tidal currents and are similar in prin-
iple to wind turbines. Tidal-current turbines are classified as ei-
her horizontal-axis or vertical-axis turbines. A horizontal-axis
idal-current turbine’s shaft is located on a horizontal plane, and a
ertical-axis tidal-current turbine’s shaft is located on a vertical
lane. In this paper, we focus on vertical-axis tidal-current tur-
ines.

Unlike the wind power industry, which is quite mature, the
idal-current power industry is still in its infancy. There is still
ubstantial research to be done before tidal-current turbines can be
ommercialized. The numerical and experimental investigation of
idal-current turbines was started in the 1980s by the Canadian
ational Research Council �NRC� �3–5�. The experimental tests at
RC were conducted in a restricted water flume, and the results

annot be extrapolated to represent the behavior of a turbine in
pen waters. The numerical method employed by the NRC was
he simplest potential-flow method �i.e., the momentum method�.
hereafter, only a handful of experimental and numerical investi-
ations on tidal-current turbines were carried out. Because these

1Present address: National Wind Technology Center, National Renewable Energy
aboratory, 1617 Cole Blvd., MS 3811, Golden, CO 80401.

2This method is a discrete-vortex method. We call it as DVM-UBC because it was
eveloped by the researchers in the University of British Columbia �UBC�.
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laboratory tests were constrained by a lack of funding, they were
conducted either in a water flume or in a narrow tank �6,7�. The
numerical methods developed are either computationally costly or
fail to accurately simulate the behavior and performance of tidal-
current turbines in the highly unsteady flow of open water.

The existing numerical methods can be sorted as Reynolds av-
eraged Navier–Stokes �RANS� equation methods and potential-
flow methods. RANS methods can predict the performance of
turbines with high accuracy if the meshes are fine enough, but the
associated computational cost is extremely high �8,9�. Regarding
the potential-flow methods, the momentum method �10,11� and
the boundary-element method �7� are used to predict power output
from a turbine; the blade element method �6� is used to predict the
force on the blade of a turbine; the finite element method �12� is
used to predict the wake of a turbine; the boundary-element
method coupled with the finite element method �13� is used to
predict the surface pressure on the blade of a turbine; and the
vortex method �1�, which we develop and extend in this paper, is
used to predict the power output and the wake of a turbine. Of all
the methods described above, only the vortex method and the
boundary-element method predict all important characteristics
�e.g., power output, torque, and wake� of tidal-current turbines
�14�. Comparatively, the vortex method is more suitable for simu-
lating a turbine to fully understand 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. Particularly, DVM-UBC has the advantages of being able
to describe the unsteady nature of wake structure �compared with
momentum method and vortex method with fixed wake structure,
e.g., Refs. �15,16��, and being computationally inexpensive �com-
pared with commercial RANS packages�.

To verify that DVM-UBC can simulate the physics of the flow
and the turbine’s operation accurately, we conducted experiments
in the towing tank at the University of British Columbia �UBC�

and compared the results obtained with DVM-UBC with the ex-
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erimental results. We also compared the DVM-UBC results with
ther published experimental results, as well as the results ob-
ained with other numerical methods �e.g., traditional discrete-
ortex method and RANS�. Compared with the validation used for
revious potential-flow methods, which were validated with either
ne dynamical result or one kinematic result, our validation is
omprehensive because we compare a series of both the dynamic
nd kinematic results.

Overall, the purpose of this study is to develop a cost-effective
umerical method to simulate the behavior of a stand-alone tur-
ine and the unsteady flow. For this purpose, we formulated
VM-UBC, as detailed in Sec. 2. Section 3 describes the experi-
ental tests we conducted in the UBC towing tank to validate the
VM-UBC. Section 4 describes the validation process. We dis-

uss the results, especially our findings obtained with the UBC
owing tank tests, and our conclusions in Sec. 5.

Modeling
We developed a cost-effective numerical method for approxi-
ating the rotation of a tidal-current turbine and the unsteady flow

urrounding the turbine, i.e., DVM-UBC, based on the traditional
iscrete-vortex method �DVM�. In this section, we recapitulate the
ormulation of the traditional DVM, then present a detailed de-
cription of the DVM-UBC about the flow and the turbine. The
nal calculation of force and torques of the turbine is not related

o the formulation of vortex method so that it is given in the
ppendix. To formulate a rigorous mathematical model to de-

cribe the hydrodynamics of a tidal-current turbine and the un-
teady flow, we made the following assumptions.

• The tidal-current turbine works as a stand-alone turbine.
There are no auxiliary structures �such as ducts and anchors�
and other turbines around the studied turbine.

• The incoming flow is uniform.
• Each blade of the turbine is divided into several finite seg-

ments �elements� along the span of the blade with a given
geometry, and each blade element is represented by a bound
vortex.

• The lift and drag on a blade element are calculated by using
steady-state lift and drag coefficients that are obtained with
experiments.

• In the wake of the blade, the production, convection, and
interaction of the vortex system shed from individual blade
elements are modeled based on the induced velocity con-
cept. The phenomenon of vortex shedding obeys Kelvin’s
theorem �see Eq. �1��.

D�

Dt
= 0 �1�

where � and t denote the circulation and time, respectively.
• In the wake, the velocity at a single point can be simplified

by superimposing all the induced velocities upon the undis-
turbed incoming flow velocity.

• The effects from the shaft, supporting arm, and blade con-
troller on the performance of the turbine are obtained from
experiments. Shaft and shaft-induced wake structure are not
considered in this formulation.

2.1 Basic Formulation. When the vortex method is used for
imulating the flow around a turbine, the velocity of the local fluid
e.g., at point p�, UV, is the vectorial sum of the incoming flow
elocity, U�, and the aggregated induced velocity, UiP, given as

UV = U� + UiP �2�

he aggregated induced velocity is the sum of the velocities in-
uced by all vortices in the computational domain. According to
he Biot–Savart law �17�, given a vortex filament of an arbitrary

hape with a strength of � and a length of l �e.g., a turbine blade

31102-2 / Vol. 132, AUGUST 2010

om: http://offshoremechanics.asmedigitalcollection.asme.org/ on 09/26/20
element�, the induced velocity at point p �but not on the filament�
can be calculated as

UiP,l =
�

4�
�

l

r � dl

r3 �3�

where r denotes the position vector from a point on the filament to
point p.

The vortices filaments here includes both blade bound vortex
and wake vortex. The strengths of these vortices depend on the
operation of the turbine. To model the turbine’s operation, we
need to understand the turbine’s working principle. Figure 1 de-
picts a working turbine and one zoomed-in blade element �cross
section�. The turbine rotates at a certain angular velocity, �,
driven by the force of the incoming flow on the blades. At this
angular velocity, the tip velocity of the turbine blade, Ut, can be
written as

Ut = R� �4�

where R denotes the radius of the turbine.
The incoming flow and the turbine’s rotation introduce an angle

of attack, �, which is the angle between the local relative velocity
seen by the blade and the blade chord line. The angle of attack can
be obtained by resolving the relative velocity seen by the blade,
UR, and the chord line of the blade according to their vectorial
relationship, as shown in Fig. 1. One can calculate the angle of
attack with respect to the nose of the foil or at 1/4 chord length
from the nose of the blade. In this paper, we calculate it at 1/4
chord length from the nose of the blade. The relative velocity seen
by the blade is the flow velocity seen by the blade element, which
is a function of the free stream incoming velocity, U�, the induced
velocity at the blade, UiB, and the tip velocity of the blade, Ut.
Mathematically, it can be written as

UR = U� + UiB + Ut �5�

The lift and drag generated by the incoming flow are directly
related to this angle of attack. The resultant force on a blade
element can be calculated by summing the lift and the drag. The
relationship between lift, L, and bound vortex strength, �B, on a
blade segment is employed to derive the relationship between
blade bound vortex strength and shedding vortex strength. The
former relationship can be derived by using the Kutta–Joukowski
law �17� as

L = �UR�B �6�

where � denotes the density of sea water.
According to the definition of lift coefficient, the lift can be

obtained by using Eq. �7�

L = 1
2�CLcUR

2 �7�

Fig. 1 An illustration of turbine working principle. „This illus-
tration does not represent the configuration and the scale of a
real turbine. Also, induced velocity is not depicted due to the
uncertainty of its direction.…
where CL and c denotes the lift coefficient and the chord length,
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espectively.
By combining Eqs. �6� and �7�, we can express the strength of

he bound vortex as

�B = 1
2CLcUR �8�

igure 2 shows the structure of a three-dimensional wake vortex
ystem of a blade with two elements. This vortex system is ini-
ially assumed to be of horseshoe shape. The spanwise vortex
lament strength, �S, and the trailing edge vortex filament
trength, �T, can be written as

�S,i−1,j = �B,i−1,j − �B,i,j �9�

�T,i−1,j = �B,i,j − �B,i,j−1 �10�

here i is the index of the time step and j is the index of the blade
lement.

So numerically, by summing velocities induced by all vortex
laments using Eq. �3�, the aggregated induced velocity at any
iven point p can be written as

UiP = �
i

�
j

ViPT,i,j + �
i

�
j

ViPS,i,j �11�

here VPT,i,j denotes the velocity induced by the trailing edge
ake vortices shed from blade element i at time step j, and VPS,i,j
enotes the velocity induced by the spanwise wake vortices shed
rom the same element.

2.2 Introducing Viscous Effects. The mathematical descrip-
ion of the traditional DVM �mentioned above� neglects the na-
cency of the vortex and does not allow viscous diffusion that can
nduce decay of vortices. Although this simplification reduces the
omputational cost and is acceptable for wind turbine application,
t is not acceptable for marine applications because of the viscous
ffects. To get a better approximation to the unsteady flow and to
chieve more stable computational results, in this study we simu-
ate the nascent vortex and allow the vortices to decay with time
n the wake by introducing several artificial terms.

For the nascent vortex, we must avoid the singularity issues
ear the blade. Streitlien �18� found that the nascent vortex starts
t a certain point determined by interpolating the trailing edge and
he last vortices depending on the motion of the blade. Consider-
ng the high shedding frequency, we suggest that the location of

ig. 2 An illustration of a three-dimensional time-dependent
ortex wake structure
he nascent vortex be set in the middle point between the trailing

ournal of Offshore Mechanics and Arctic Engineering
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edge and the last vortex. That is, if the location of the trailing edge
of a blade at time to is �xto

,yto
�, the location of the nascent vortex

�vortex m� can be given as

xV,m�t=to
= 1

2 �xto
+ xV,m−1�t=to

�
�12�

yV,m�t=to
= 1

2 �yto
+ yV,m−1�t=to

�

Accordingly, we suggest that the nascent vortex velocity be half
of the last vortex velocity �vortex m−1�. That is, at time to, the
velocity of the nascent vortex is

UV,m�t=to
= 1

2UV,m−1�t=to
�13�

where UV,m �t=to
denotes the velocity of vortex m at time to. At the

same time, the velocity of last vortex can be obtained by substi-
tuting the nascent vortex definition into Eq. �11� as

UV,m−1�t=to
= U� + UiP,m−1 �14�

At the next time step, vortex m is no longer a nascent vortex, and
its velocity is written as

UV,m�t=to+�t = U� + UiP,m �15�

Vortex shedding frequency can either be obtained by experimental
testing or it can be estimated using the Strouhal number, St, as
given in Eq. �12�, together with the Reynolds number, which has
been recently successfully used in the investigation of ocean en-
ergy conversion devices by Bernitsas et al. �19� and is given as

f =
St UR

c
�16�

where St denotes the Strouhal number.
To get a better approximation to the unsteady flow in the wake

and achieve more stable computational results, vortices are al-
lowed to decay with time, as suggested by Graham �20�, and
written as

� j = �0�1 − e�−Kd/��� �17�

where Kd denote vortex strength decay coefficient, which can be
obtained from experiments or predicted using numerical methods
for a body of a specific shape.

In DVM-UBC, the unsteady flow is represented by a large
group of vortices and a uniform flow. In the calculation, the num-
ber of vortices increases as the turbine rotates. A large number of
vortices require a large memory space in the computer. This sig-
nificantly increases the computational cost. The vortex strength
decays exponentially with distance or time, and it almost vanishes
beyond a certain range. Kudo �21� successfully set a critical dis-
tance to enforce the vortex die out when vortex decay is evaluated
for a study of flat plate. When vortex shedding from a tidal-
current turbine is calculated, given the vortex decay is signifi-
cantly influenced by the turbine rotation, a critical number of tur-
bine revolutions, i.e., critical time is set to substitute the critical
distance, which means that the vortex vanishes after a number of
turbine revolutions after it is shed. Here, the critical number of
turbine revolutions is set to ten.

3 Experimental Setup in UBC-Towing Tank
In parallel with the numerical investigation, a series of tidal-

current turbines with different blade profiles and geometries were
designed, built, and tested in the towing tank at UBC. This ex-
periment was based on the optimization recommendations from
the numerical investigation. The purpose of the experimental test
was to produce a more accurate simulation of a turbine in a free
stream than previous tests produced. For example, the turbine
tested by Strickland �22� was only partially submerged, and free-
surface effects were induced. In this case, the free-surface affected
wave loads on the blades so that the measured force and torque

deviated from the force and torque found on a fully submerged
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urbine in the ocean. In another example, the experimental tests
eported by Davis et al. �3� were conducted in a confined water
ume where the turbine almost entirely blocked the flume. In this
ase, the wall of the channel is very close to the turbine, and the
lockage effect increased the incoming flow velocity. As a result,
he power output of the turbine is significantly higher than that of

turbine in free stream. Additionally, some experimental results
re used to validate the numerical model.

The experimental models used for validation in this paper are a
.9 m diameter three-blade vertical-axis turbine and a 0.91 m
iameter single-blade vertical-axis turbine. The foil section used
or the blades is an NACA 63�4�-021 section with an ideal chord
ength of 0.0686 m, of which the trailing edge is cropped to 0.065

to facilitate the manufacture. The blades are mounted to the
entral shaft of the turbine by two arms connected at the quarter-
pan locations. The arms are fixed to the blades using a pivot joint
ith a clamping mechanism such that the angle of attack can be

djusted using precision-wedges.
Figure 3 shows how an individual turbine is installed on a
ounting frame and fully submerged in the water during the test.
oth the turbine and the mounting frame are made of aluminum.
he lower shaft bearing is supported by a U-shape frame. The
pper shaft bearing is mounted above the water surface onto a
orce balance consisting of two parallel plates capable of translat-
ng forces relative to each other and connected via load cells. The
oad cells are used to measure the drag force exerted on the tur-
ine as it is towed through the water. The turbine revolution speed
s controlled using an ac motor controller. An optical encoder is
sed to measure rotational speed and angular position of the main
haft. A torque meter is connected inline to measure the torque
roduced by the turbine.

The UBC towing tank is 67 m long, 3.7 m wide, and 2.4 m

ig. 3 An illustration of one of the turbines designed at UBC
ith the mounting frame
eep, which is large enough to significantly reduce the wall effects

31102-4 / Vol. 132, AUGUST 2010
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and free-surface effects in the previous tests conducted by Davis
et al. �3� and Strickland �22�. The UBC towing tank was designed
and built for testing ship models in the late 1970s. The main
carriage �a ship testing carriage�, which runs on the rails along the
side of the tank, is not capable of supporting the turbine mounting
frame. Thus, a secondary carriage was designed and attached to
the main carriage with a diagonal brace to provide additional sup-
port, as shown in Fig. 4. This secondary carriage is made of
welded aluminum c-channel in two halves that are bolted together.
Two v-grooved wheels run along the inner rails that are closer to
the tank, and two rubber wheels rest on the outer rails that are
farther from the tank. The maximum speed of the carriage during
the test is 2 m/s and the turbine’s tip speed ratio �TSR� varies from
1.25 to 3.5.

In this paper, the results from the UBC towing tank experimen-
tal test are used for the purpose of hydrodynamic analysis and
validation. Therefore, we do not provide detailed information on
electronic devices. Readers who are interested in the setup of
electronic devices and data acquisition techniques can refer to
Ref. �23�.

4 Validation
To develop and conduct a comprehensive validation, we vali-

date the results obtained with DVM-UBC in both dynamic and
kinematical ways. In kinematic validation, we compare the geo-
metrical characteristics of the wakes. Specifically, we compare the
wake structure predicted by DVM-UBC with the experimental
results from Strickland �22�, with the results obtained with the
conformal mapping method proposed in Ref. �24� and with the
results obtained by using FLUENT. In dynamic validation, we com-
pare the power coefficient �as a function of TSR� and the dimen-
sionless torque �as a function of azimuth angle�. Specifically, we
compare the power coefficient obtained with DVM-UBC with the
experimental results from Templin �25�, the results obtained in
UBC experimental tests, and numerical results with FLUENT and
traditional DVM. We compare the torque obtained with DVM-
UBC with the results obtained in the UBC tests, FLUENT, and
traditional DVM.

4.1 Kinematic Validation. Figure 5 shows a comparison of
two-dimensional �2D� wake trajectory generated by using DVM-
UBC with the experimental results reported by Strickland �22�.
The basic specifications of the case include that the turbine has
two blades, the turbine’s rotating direction is counterclockwise,
the blade type is NACA0015, the solidity is 0.3, TSR is 5, and the
Reynolds number3 at the design TSR4 is 160,000. To conduct a
numerical comparison, we analyzed the values of nine particular

3The Reynolds number in the numerical simulation is calculated with respect to
incoming flow velocity and blade chord length.

4Design TSR refers to the TSR range for which the turbine is designed and under

Fig. 4 Testing facility of UBC towing tank
which the power coefficient of the turbine is around its maximum value.
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oints close to the turbine and found that the free-surface effect in
he experimental test may significantly affect the wake trajectory
arther downstream. These nine points include the first five cross-
xis points �x1, x2, x3, x4, and x5� and the values of the four
xtreme y points in the first two revolutions �y1, y2, y3 and y4�.
he comparison results are shown in Table 1. In general, the re-
ults generated with DVM-UBC are comparable with the Strick-
and experimental results. The difference between the experimen-
al results and the results generated with DVM-UBC is within 4%
f the experimental value. Therefore, one can say that good agree-
ent was obtained between the DVM-UBC and Strickland �22�

esults.
Figure 6 shows a comparison of a two-dimensional wake tra-

ectory generated by using DVM-UBC with the results by using a
onformal mapping method developed by Delgaire et al. �24�. The
asic specifications of this case include that the turbine is a one-
lade turbine, the turbine’s rotating direction is clockwise, the
lade type is NACA0018, the solidity is 0.2, the TSR is 5, and the
eynolds number is 2,000,000.5 Again, we compare the values of

he first five x-axis points and the value of the four extreme y
oints in the first two revolutions. The comparison results are
hown numerically in Table 2. In general, the results generated
ith DVM-UBC are comparable with the results obtained with

he conformal mapping method. The differences between the re-
ults of the two different numerical methods are within 7% of the
alue generated using the conformal mapping method. Addition-
lly, as the free-surface effect is avoided in both numerical meth-
ds, we can also compare the development of the downstream
ortices. The geometries of the downstream vortices obtained with
oth methods are comparable, although the stability of the core
ortices seems to be higher in the conformal mapping method.
owever, it is understood that this conformal mapping method

annot represent the physics of the unsteady flow and the turbine
s accurately as DVM-UBC because the conformal mapping
ethod employs the inviscid formulation.
Figure 7 shows a comparison of the growth of the wake gener-

ted by DVM-UBC with that generated by FLUENT. The basic

5

able 1 The relative deviation of the results with DVM-UBC
rom the experimental results

osition
x1

�%�
x2

�%�
x3

�%�
x4

�%�
x5

�%�
y1

�%�
y2

�%�
y3

�%�
y4

�%�

elative deviationa 4 3 1 4 1 1 1 2 3

The relative deviation here is defined as the ratio of the difference between the
umerical value and experimental value to the experimental value. For example, if
he experimental value is 0.5 and the numerical value is 0.51, the relative deviation
s 2%.

ig. 5 Wake trajectory generated by using DVM-UBC is super-
mposed on the wake trajectory in Ref. †22‡
In the conformal mapping method, the Reynolds number is infinite.
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specifications of this case include that the turbine is a three-blade
turbine, the turbine’s rotating direction is clockwise, the blade
type is NACA 63�4�-021, the solidity is 0.435, TSR is 2.75, and the
Reynolds number is 160,000.6 For this case, we could not com-
pare the wake velocity distribution in detail because FLUENT could
not provide velocity data at each point. To numerically compare
the wake geometry, we defined the wake growth coefficient as

CW =
winitial − wend

lw
�18�

where winitial and wend denote the initial width of the wake �in the
y axis direction�, and the end width of the wake �where wake
velocity is almost the same as the free stream velocity�, respec-
tively, and lw denotes the length �in the x axis direction� between
the measure points of winitial and wend. We noted that CW �DVM-
UBC� is equal to 0.325 and CW �FLUENT� is equal to 0.34, which
indicates that the relative deviation of the result obtained with

6One might also notice that the turbine simulated using FLUENT has a shaft for the

Table 2 The relative deviation of the results generated with
DVM-UBC from the results generated by using the conformal
mapping method

Position
x1

�%�
x2

�%�
x3

�%�
x4

�%�
x5

�%�
y1

�%�
y2

�%�
y3

�%�
y4

�%�

Relative deviation 1 4 5 7 2 1 3 2 2

Fig. 6 Comparison of the two-dimensional wake trajectory by
using conformal mapping method †24‡ „gray… and DVM-UBC
„black…

Fig. 7 „a… Turbine wake velocity generated by using DVM-
UBC; and „b… turbine wake velocity generated by using FLUENT
purpose of approximating the turbine in experimental test.
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VM-UBC from the FLUENT result is less than 6%. That is to say,
he results obtained with DVM-UBC are comparable to the results
btained with FLUENT.

4.2 Dynamic Validation. Figure 8 compares the power coef-
cient, CP, obtained using DVM-UBC with the results from one
f the classical vertical-axis turbine tests reported by Templin
25�. Two scenarios were used for this validation. The basic speci-
cations of Scenario 1 include that the turbine is a three-blade

urbine, the blade type is NACA0015, the solidity is 0.25, and the
eynolds number is 360,000. The basic specifications of Scenario
include that the turbine is a one-blade turbine, the blade type is
ACA0015, the solidity is 0.0833, and the Reynolds number is
60,000. By comparing the maximum power coefficients and cor-
esponding TSR, it can be seen that the relative deviation of the
ower coefficient obtained with DVM-UBC from the experimen-
al result is about 10% in Scenario 1, and the relative deviation of
he power coefficient obtained with DVM-UBC from the experi-

ental results is about 2.5% in Scenario 2. Also, the power coef-
cient obtained with DVM-UBC is lower than the experimental
esult when the TSR is lower than the design TSR and is higher
hen the TSR is higher than the design TSR. This is because the
iscous effect varies as the TSR changes.

Figure 9 shows the turbine tested in the UBC towing tank.
ecause of the time constraints and experiment setup, we were
ot able to record wake trajectory. Thus, the UBC towing tank test
esult is only used for dynamic validation not kinematic valida-
ion. Figure 10 compares the power coefficient obtained using
VM-UBC with the UBC towing tank test result, and the results
enerated using other numerical methods �traditional 2D DVM
nd FLUENT�. The basic specifications of this case include that the

ig. 8 A comparison of the power coefficient of a stand-alone
idal-current turbine

ig. 9 A snapshot of a turbine being tested in UBC towing

ank
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turbine is a three-blade turbine, the blade type is NACA 63�4�-021,
the solidity is 0.435, and the Reynolds number is 160,000.7 By
comparing the maximum power coefficient obtained with these
methods, we found that the results have good agreement when the
TSR is around 2.75. The relative deviation of the maximum power
coefficient obtained with DVM-UBC from the maximum power
coefficient obtained using other numerical methods is about 14%.
If the FLUENT result is regarded as the exact result, then comparing
the relative deviation of the DVM-UBC’s result with the FLUENT

result �6.7%� and that of the traditional DVM’s result with the
FLUENT result �13.5%� shows that the results generated by DVM-
UBC are much closer to the exact results. In other words, DVM-
UBC can predict the turbine performance 50% more accurately
than traditional DVM.

Figure 11 compares the torque obtained by using DVM-UBC

7The turbine tested in UBC towing tank has two arms and a shaft and the turbine

Fig. 10 A comparison of power coefficient of a stand-alone
tidal-current turbine by using different methods „DVM-UBC, tra-
ditional DVM, FLUENT, and experiment…

Fig. 11 The relationship between torque and azimuth angle
obtained by using different methods under scenario 1 „a… and
scenario 2 „b…
simulated in FLUENT has a shaft.
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ith the UBC towing tank test results and with numerical results
enerated by using other numerical methods �traditional 2D DVM
nd FLUENT�. Two scenarios are validated in this case. The basic
pecifications of scenario 1 are that the turbine is a one-blade
urbine, the blade type is NACA 63�4�-021, the solidity is 0.145,
nd the Reynolds number is 160,000. The basic specifications of
cenario 2 are that the turbine is a three-blade turbine, the blade
ype is NACA 63�4�-021, the solidity is 0.435, and the Reynolds
umber is 160,000.

By comparing the maximum torque and the corresponding azi-
uth angle in Scenario 1, we found that the torque generated by

sing DVM-UBC is closer to the experimental results than that
enerated with other numerical methods when the azimuth angle
s high �over 200 deg�. However, we observed two significant
ifferences: �1� there is a 10–15 deg8 phase shift between the
umerical and experimental results in Scenario 1 �Fig. 11�a�� and
bout a 20 deg phase shift in Scenario 2 �Fig. 11�b��; and �2� the
aximum torque of the experiment is higher than that generated
ith DVM-UBC, the minimum torque of the experiment is lower

han that generated with the DVM-UBC, and the average torque
f the experiment is almost equal to that generated with the DVM-
BC. These two differences are probably caused by the following

easons. �1� The error in experimental set-up: there was no dy-
amic calibration on the sensor system so that sometimes signal
mplification may cause such a phase shift; this issue is quite
ften observed during ship motion study. �2� The mounted frame
ffect: the mounted frame is not modeled in any of the numerical
ethods. �3� The DC motor: the turbine angular velocity control-

er was unable to maintain a constant angular velocity for a stand-
lone turbine during the turbine’s rotation, which may be respon-
ible for this phase shift. �4� The towing tank wall effect: we
ound that the turbine wake is asymmetric, and the width of the
owing tank is only 3.7 m. Although there is no blockage effect,
he wall effect still amplifies the asymmetry of the wake. The
elocity induced by the wake vortices will affect the torque and
he corresponding azimuth angle. Thus, the wake asymmetry will
ffect the torque value and the corresponding azimuth angle.

Conclusion and Discussion
This paper mainly describes the formulation and validation pro-

ess for a new numerical method �i.e., DVM-UBC� for estimating
he performance of a stand-alone tidal-current turbine and how
his validation process can be used for validating other methods.

8The measured torque of one-blade turbine fluctuates significantly. One cannot
asily make a judgment about the shift. Comparing the troughs and the peaks be-
ween the experimental results and the numerical results, the shifts are slightly

Table 3 Differences in modeling

DVM-UBC
Strickland

�22�
Te

Steady state Quasisteady Unsteady Un

Testing area Unrestricted Restricted Unre

Free surface No Yes

Turbine
position

Fully
submerged

Half
submerged

F
sub

No. of arms 0 1

Shaft No No

Reynolds
number Quasivariable Variable Va
ifferent.
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We compare its results with that obtained with other methods
including traditional DVM, RANS, conformal mapping, and ex-
perimental test. In addition to the three-blade torque validation
�Fig. 11�b��, the DVM-UBC is consolidated by a systematic vali-
dation. Detailed analysis and discussion of these deviations are
given in Sec. 5.1.

5.1 Discussion. The results and analysis in this paper show
that DVM-UBC can represent the effects of an unsteady wake on
the turbine with an acceptable accuracy. The percentage differ-
ences between the results generated by DVM-UBC and the refer-
ence results in dynamic validation are about two times those in
kinematic validation, which may be attributed to the fact that the
dynamic results are one order higher than the kinematics results.9

Some differences may be caused by the noise and error in the
computation and experiment of the unsteady flow and others may
be attributed to the differences in the modeling conditions, as
summarized in Table 3. For example, shaft effects are unavoid-
able. The relative deviation of the DVM-UBC’s result from FLU-

ENT result is 6.7%; FLUENT simulates the arm while DVM does
not. If we use FLUENT to simulate the turbine without the shaft, the
deviation is reduced to 1.2%. In the UBC towing tank test, we
found that the shaft effects can be significantly reduced by adding
a shaft cover. Thus, from an optimal design point of view, we
think it is acceptable that DVM-UBC does not simulate the shaft.

Another major reason for the difference between the experi-
mental test and the numerical simulation is the effect of arm con-
nection in the UBC turbine, a significant portion of which can be
attributed to the clamping mechanism connecting the blade to the
supporting arm. These effects significantly reduce the power co-
efficient of the turbine because of the parasite drag. In the UBC
towing tank test, to test various blades and different configura-
tions, the blade-arm connection is a special mechanism �Fig. 12�,
which amplifies the drag. Because it will significantly increase the
cost to simulate the flexible mechanism in the numerical model,
we did not simulate it in DVM-UBC. By using a first order ap-
proximation, we found that the arm effect in UBC towing tank test
may reduce the power coefficient up to 10%.

5.2 Conclusions. Our study shows that DVM-UBC is a cost-
effective accurate method for simulating tidal-current turbines ro-
tating both in clockwise and counterclockwise rotation. We ob-
tained reasonable agreements �in both dynamics and kinematics�
for unsteady flow with the UBC experimental results, published
experimental results, and the results generated by other numerical
methods. DVM-UBC can predict turbine performance almost as

9The dynamic result is proportional to the velocity square while the kinematics

nditions with different methods

in
FLUENT

Delgaire et al.
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ccurately as a commercial RANS, but takes much less time �less
han 1% of the time that RANS takes�. DVM-UBC is also much
ess costly than RANS and experimental test.

In addition, DVM-UBC shows a significant improvement over
he traditional DVM in predicting the performance of turbines; the
esults obtained with DVM-UBC are about 50% more accurate
han those obtained with the traditional DVM in the cases that we
tudied. However, the DVM-UBC relies heavily on the availabil-
ty of hydrodynamic characteristics data. Consequently, errors
annot be avoided when the turbine is not simulated at its design
SR. Arms and shafts are also not simulated in this model, which
eans that their effects are not included. Therefore, the real tur-

ine efficiency is expected to be less than the numerical predic-
ion.

5.3 Future Work. Based on the experience gained from this
tudy, we identified several relevant issues worthy of further in-
estigation. In addition to the need for quantifying the shaft and
rm effects, we must quantify the sea bottom and free-surface
ffects. The turbine investigated in this paper is assumed to work
n an ideal flow where the turbine is far from the water surface
nd the sea bottom. In the real tidal-current power site, both the
ater surface and sea bottom are expected to affect the turbine
erformance based on the change of tidal range. Both analytical
nd experimental investigations are necessary.

The vortex method developed in this paper only uses a bound
ortex to represent the blade element, which cannot represent the
ear blade phenomenon. Thus, a boundary-element method shall
e introduced for further investigation. Evidence shows that a
ombination of the boundary-element method, the vortex method,
nd a free-wake structure creates a more accurate tool for marine
pplications �26�. Different vortex descriptions, such as random
ortex method, can be also employed to study the near-field wake.
e will also analyze the unsteady torque and its effect on the

lectric power generator �the voltage and current� under the sea
ottom and free-surface effects. A systematic dynamic modeling
ay be required.
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Appendix
By using the methods for describing and calculating vortices as

shown above, we can calculate the performance �force, torque,
and power� of a stand-alone tidal-current turbine. For example,
after vortex shedding and induced velocity are analyzed, lift can
be obtained by using Eq. �7�. After obtaining the angle of attack,
we can obtain the normal force coefficient and tangential force
coefficient with lift and drag coefficient as

�Cn

Ct
	 = D�CD

CL
	 �A1�

D = �− sin � − cos �

− cos � sin �
	 �A2�

where Cn, Ct, and CD denote normal force coefficient, tangential
force coefficient, and drag coefficient, respectively.

We can then use these coefficients to calculate tangential force
and normal force according to their definition, as shown in Eqs.
�A3�–�A6� and thus to calculate the power output, P, and torque,
M, by using Eqs. �A7� and �A8�, respectively

Ft = �
i

Ft,i �A3�

Fn = �
i

Fn,i �A4�

Ft,i = 1
2Ct�bicUR

2 �A5�

Fn,i = 1
2Cn�bicUR

2 �A6�

P = M · 	 �A7�

M = F � r = FtR �A8�

where Ft and Fn denote the tangential force and the normal force,
while Ft,i, Fn,i, and bi denote the tangential force, normal force,
and blade element length of segment i, respectively.
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