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Abstract: The paper looks at the use of blade element-momentum theory for predicting the
torque and thrust on a marine current turbine and the results of wave tank tests using a
400 mm-diameter rotor model. To include the effects of waves, linear wave theory particle
velocities and accelerations were integrated into the mathematical model. Comparison with
test data shows a good agreement which implies that the theory can be effective in analysing
the wave–current interactions in marine current turbines. The paper also carried out parametric
studies into related parameters, which include wave height, wave frequency, and tip-speed
ratio. The interaction of waves with the current may increase or decrease the torque and
hence power output of the turbine. The paper also explains the selection and manufacture of
the rotor and the experimental setup.
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1 INTRODUCTION

Horizontal-axis wind turbines have achieved a
dominant position in the market, and for tidal
streams the horizontal-axis design has the advan-
tage that reversing gravity loads, which are very
important for horizontal-axis wind turbines,
should be much less important because buoyancy
can be used to balance the weight [1–4]. Vertical-
axis rotors are subject to cyclic loads even in
uniform flow, and in tidal streams, these will
result in fatigue loads, which will be important in
all but small machines. For horizontal-axis
machines, relatively low levels of turbulence mini-
mize stochastic structural loads, but deterministic
cyclic loading (from velocity shear and yaw error
effects) may be comparatively large. The effect of
waves is likely to be important for both vertical
and horizontal-axis machines. This paper only
considers horizontal-axis turbines.

It is desirable to locate rotor blade tips near the free
surface to make maximum use of the available cross-
sectional area and to intercept the highest stream
velocities. The effect of waves will therefore be an
important consideration in determining limits for
device location and rotor operational envelopes. A
substantial body of knowledge on wave loading
already exists, but not in this context. There was
therefore a need for further research to determine
the response and practical limitations posed by
these effects of waves on tidal stream turbines.

In this paper, the authors attempt to extend the
already well-established blade element – momen-
tum theory for a wind turbine in analysing the
marine current turbine, especially with the intro-
duction of waves into the analysis. Experiments
are carried out and data are used to validate simu-
lation results based on the mathematical model. It
is noticed that the combined blade theory with
linear wave theory can be quite appropriate to ana-
lyse the wave–current interactions in marine cur-
rent turbines. Parametric studies on related
parameters are also carried out to help provide a
more complete view of the behaviour of the
marine current turbine.
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2 THEORY

2.1 Blade theory

The torque, thrust, and bending moments induced
by stream flow are calculated based on linear blade
element - momentum theory as in reference [5].
Each blade of the wind turbine is divided into a
number of sections (Fig. 1). Even though chord and
pitch or twist angle vary along the blade, within
each section, these values are presumed constant
to simplify the calculations. Velocities of water flow
passing the blade section are next calculated taking
into consideration the effects from current and
waves. Lift and drag coefficients as functions of inci-
dent angles are then calculated and adjusted to
account for three-dimensional effects. Current also
changes the encountered wave frequency for a
given wave length

fe ¼
1

Te
¼

1

Tw
þ
Uc

Lw
cos (uw) (1)

subscripts ‘e’ and ‘w’ represent encountered and
wave, respectively.

The possible effects of waves on tidal stream water
turbine are mainly associated with the change of flow
velocity field and pressure field around the rotor. The
former change will affect the fluid forces on the rotor.
The latter and former may trigger or depress the
occurrence of cavitation. The effect of waves on the
rotor depends on the magnitude and direction of
the flow velocity that is induced by waves.

Horizontal wave particle velocity

u ¼
p �H

Tw

coshfkw � ½(r � ds) þ d�g

sinh (kw � d)
cos (fw) (2a)

will increase incident flow velocity if in the same
direction or decrease this velocity if in the opposite
direction to the current.

Vertical wave particle velocity

v ¼
p �H

Tw

sinhfkw � ½(r � ds) þ d�g

cosh (kw � d)
sin (fw) (2b)

will change total flow velocity and the flow incidence
angle and hence will modify the lift and drag coeffi-
cients and forces. The wave forces on the rotor are
periodical if the waves are regular waves. The wave
effects on the rotor are reduced when the rotor is
positioned deeper in the water because the wave kin-
ematics decrease with depth. The wave’s effect on
the rotor can be ignored if the wave’s flow is small
compared with tidal currents. The waves are import-
ant if the wave’s flow speeds are a significant pro-
portion of or are greater than those of the tidal
current. This generally happens in extreme weather.

As well as the velocity components from waves and
current, there are also velocity components from the
rotation of the blade. The total relative velocity of
water flow around each blade segment is calculated.
Directional components of this velocity consist of
the out-of-rotor-plane velocity which is in the positive
x-axis direction and in-rotor-plane velocity which is in
the direction tangent to the positive y–z rotation
(Fig. 1). From these, the out-of-plane (shorted for
out-of-rotor-plane) lift-drag force and in-plane tan-
gential lift-drag force on the blade section are
calculated. Note that tip loss from the blade is
also introduced into the theory. The tip loss
coefficient F is a function of distance r from rotor
axis and angle f between incident flow and chord of
blade section [6]

F(f, r) ¼
2

p
� a cos exp �

1

2
Nblades �

(R� r)

(R � jsinfj)

� �� �

(3)

The torque acting on the rotor is then the sum of
torque acting on individual blade, which in turn is
the sum of products of in-plane lift-drag forces and
the lever arm lengths from centres of blade sections
to the axis of the rotor. Thrust on the rotor, similarly,
is the sum of out-of-plane lift-drag forces on blade
sections of all blades on the rotor.

The calculations are carried out for every time
step. Time-domain solution is selected because it
could handle non-sinusoidally varying loads on the
rotor. Even though frequency-domain with super-
position of multiple sinusoidal loads could also be
used in solving load equations, time-domain
remains more versatile and favourable in verification

Fig. 1 Coordinate system and velocity diagram in

blade theory
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with experimental time-recorded results as in refer-
ence [7].

2.2 Basic parameters related to a rotor

2.2.1 Power coefficient

The efficiency of a rotor’s power extraction is com-
monly reflected through its power coefficient defined
as [8–11]

CP ¼
16nQ

rD2U3
c

(4)

2.2.2 Thrust coefficient

The thrust coefficient CT is the non-dimensional
coefficient used to measure the dynamic force
imposed on the rotor along the shaft. Thrust coeffi-
cient is defined as

CT ¼
8T

rpD2U2
c

(5)

where T is the thrust of the rotor.

2.2.3 Reynolds number

As per operation of tidal marine turbine, Reynolds
number is an important parameter as it affects the
lift, drag, and cavitation characteristics of the rotor.
The Reynolds number is defined as

Re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

c þ (0:7Dpn)2
q

g
C0:7R (6)

where C0.7R is blade chord length at 0.7R radius. In
these tests, the Reynolds number varies in the

range of 0.432 � 104 to 6.0 �104, which is lower
than the range of 0.75 � 106 to 1.5 � 106 for S814 air-
foil data. A low Reynolds number can degrade the
dynamical properties of the airfoil and can be a
source of discrepancy between the test data and
the simulation data.

2.2.4 Tip-speed ratio

Tip-speed ratio is a characteristic parameter that
differentiates the marine turbine from a ship’s
propeller. The latter is always much larger. The
tip-speed ratio is defined as the ratio between the
tangential speed at the tip of the rotating blade to
the current speed

1 ¼
2pnR

Uc
(7)

3 ROTOR DESIGN AND MANUFACTURE

The rotor [10] uses three blades and has a diameter
of 400 mm. The blades merge into the hub without
taper, blade angles can be adjusted over a range of
about 158 (Fig. 2). The blade section adopted the
section S814 developed by Somers [12, 13]. The
S814 is one of the series created by NREL, USA for
wind turbines. One particularly important character-
istic of the S814 is the minimal sensitivity of its maxi-
mum lift coefficient to roughness effects, a critical
property for stall-regulated wind turbines. The aero-
foil has a very low drag coefficient and is also not too
sensitive to change of angle of attack around the stal-
ling angle. The profile shape is illustrated in Fig. 3
specific technical features of the NREL S814 are
detailed in reference [14]. The length of the blade

Fig. 2 Model rotor with mechanism for adjusting pitch

Investigation into wave–current interactions in marine current turbines 235

JPE315 # IMechE 2007 Proc. IMechE Vol. 221 Part A: J. Power and Energy



was 160 mm with maximum chord of 66.5 mm.
Nominal chord length at the tip was 30 mm, but
the tip was rounded to reduce shed vortices. Chord
and pitch distributions are shown in Fig. 4(b); an
increase of about 58 from the nominal pitch angle
was found to give best performance.

Figure 4(a) shows the two-dimensional character-
istics of lift and drag coefficients based on wind
tunnel tests at Reynolds number of 3 � 106. In the
simulation, stall delay effects are approximately rep-
resented by measured two-dimensional lift

coefficients in the following equation extracted
from [6]

CL3D ¼ CL2D þ DCL � 3
c(r)

r

� �2

(8)

where DCL is the difference between CL obtained
from linear potential flow theory and the actual
two-dimensional lift coefficient CL2D. c(r) is the
chord length as the function of radial distance r
from root. This equation has the effect of extending
the attack angles before stall occurs. The drag coeffi-
cient, on the other hand, is assumed to be equal to
the two-dimensional drag coefficient. Coefficients
were specified for a range of attack angles and inter-
mediate coefficients were estimated using linear
interpolation.

The rotor was designed to operate in a current
speed of approximately 7 knots at 12 r/min
(full-scale). The main dimensions and operating
conditions of the second rotor in the full scale are
given in Table 1.

4 EXPERIMENT

Rotor performance (shaft torque and axial thrust) was
investigated in the Universities of Glasgow and Strath-
clyde 77 � 4.6 � 2.4 m deep wave/towing tank. A two-
dimensional aerofoil section ‘boat’ made of glass fibre
(Figs 5(a) and (b)) was used to house the motor and
gearing and torque and thrust transducers. The rotor
was supported in front of the boat, which itself was
cantilevered down from the towing tank carriage.
The shaft was supported by linear bearings to allow

Fig. 3 S814 airfoil expanded and profile views

Fig. 4 (a) CL and CD of the S814 airfoil. (b) Chord and

pitch distribution along blade

Table 1 Dimensions and operating con-

ditions of rotor at full scale

Diameter (m) 20.0
Number of blades 3
Rotation rate (r/min) 12.0
Immersion of shaft (m) 20.0
Current speed (m/s) 3.6
Maximum wave height (m) 9.0
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rotation and axial movement. To allow precise speed
control, a motor/generator with gearbox and tacho-
meter was used with closed loop control. The
motor/generator could provide power (at low current
speeds) or absorb power (at the higher current
speeds). The shaft extended in front of the boat bow
sufficiently for minimal interference between the
boat and the rotor. A grease box prevented the entry
of water around the shaft. The boat was clamped
and bolted by steel beams to a rail mounted moving
carriage over the tank. The carriage moved the boat
along the tank at steady speed to simulate tidal cur-
rents. A flap-type wave generator produced waves of
a known wavelength and period. These are of course
encountered at a higher frequency than the generated
wave frequency when the rotor is moving towards
the waves. (Note that, within the limitations of
potential flow theory the model was a precise
Froude scaled representation of the real case of a
fixed rotor encountering waves of the generated
length on the current.)

Experiments were carried out to test the perform-
ance of the tidal stream rotors for different conditions.
The most important parameters were the dynamic
properties of the rotor under different wave-heights,
wave frequencies, and current speeds. As the blades
of the rotor merge into the hub without taper, there
is little concern over the bending moments at the
root of the blades. (This allowed high-speed cavitation
tunnel tests to be performed by Newcastle University
(Wang et al. [10]). The experiments covered a range of
towing speeds (0.0–1.6 m/s), wave heights and

frequencies, and rotational speeds. The aims were to
investigate the magnitude and variation of thrust,
torque, and r/min. The results were then compared
with calculations. Reflection from the tank walls are
assumed to be insignificant as the waves travel
straight down the tank with clearance of 2.1 m on
either side of the turbine from the tank wall. For
tests at low velocities, the starting position of the test-
ing was set at approximately one third of the tank
length from the beach, so that reflected waves from
the beach would not reach the turbine by the end of
the test run.

In these tests, the Reynolds number varies in the
range of 4.05 � 104 to 1.43 � 105, which is lower
than the range of 0.75 � 106 to 1.5 � 106 for which
the lift and drag coefficients for S814 airfoil are speci-
fied. This is one of the limitations known to the test-
ing as low Reynolds number can degrade the
dynamical properties of the airfoil and can be poten-
tial source of discrepancy between the test data and
the simulation data.

5 VALIDATION OF SIMULATION WITH TEST
RESULTS

To evaluate the performance of blade theory in pre-
dicting thrust and torque for a marine current tur-
bine, different operating conditions, which were
tested, were simulated using the rotor theory com-
bined with linear wave theory and the results are
shown. In marine current turbine testing, it is
important to know the datum to which the thrust
and torque is referred. For these tests, the datum
for thrust and torque was the value of these par-
ameters produced when a lump mass of similar
weight to the rotor, fitted at the end of the rotor
shaft, is rotated at very small (about 7.5) r/min.
This corresponds to torque required to just overcome
the friction in the mechanism and the thrust induced
due to this rotation. The reason to use the lump mass
instead of the rotor rotating very slowly, which was
the technique used in the tests on our first rotor
[7], is that as soon as the rotor rotates, its blades
start producing lift and drag and these, as the testing
showed, significantly affect the datum values of
torque and thrust induced.

5.1 Thrust and torque in still water

Figure 6 shows a sample comparison between the
simulation (Sim_Thrust/Torque) and experimental
results (Exp_Thrust/Torque) in when the rotor oper-
ates in calm water. In this example, the rotational
speed was set at approximately 200 r/min. Note
that thrust transducer could only measure in one

Fig. 5 (a) Arrangement of rotor and devices. (b) Profile

and cross-section views of the experiments
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direction (positive thrust). The comparison of thrust
is therefore only for positive values as shown in Fig. 6.
It can be seen that there is a good agreement
between the simulation and the experimental data,
especially for torque. The rotor theory applied in
this case tends to under predict the thrust but the
difference is under 10 per cent of the experimental
data. Results at other r/min also show similar
characteristics.

For tests in waves, the r/min is reduced to the
range between 64 and 150 r/min (in order to avoid
the overloading of the motor, which was noticed at
200 r/min in waves). The current speed (model
scale) is kept below 1.4 m/s for test in waves also
because of the same reason.

5.2 Prediction of thrust and torque in waves

Figure 7 compares the simulation results with the
test recordings of thrust and torque in waves of
150 mm height and 0.50 Hz frequency. The
rotational speed of the rotor is set at 150 rpm. It is
also noticed that the prediction agrees quite well
with the test data for both thrust and torque. In this
particular case, our simulation did not achieve

converge at the lowest (0.1 m/s) or highest (1.4 m/
s) current speed. The comparison was therefore
only in the range 0.2–1.3 m/s.

Comparison in other operating conditions shows
similar behaviour and it appears that the theory
can be used to predict the thrust and torque of a
marine current turbine.

During the experiment, tests with parametric
ranges were carried out to see how the thrust and
torque are affected when certain parameters such
as wave height and wave frequency are varied.
These parametric studies are included in section 6.

6 PARAMETRIC STUDIES

6.1 Effects of wave frequency

Figures 8(a) and (b) show the effects of waves and the
variation of wave frequency on thrust and torque at
two rotational speeds, i.e. 90 and 127 r/min, respect-
ively. Generally, the presence of waves tends to
increase torque at lower range of current speed (up
to 0.8 m/s). There is not much separating the two
torque curves when the waves are applied. This
may be due to the small difference between the two

Fig. 6 Thrust and torque curves in still water at 200 r/min

Fig. 7 Thrust and torque curves in H ¼ 150 mm and f ¼ 0.50 Hz at 150 r/min
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frequencies in use. However, it appears that waves do
not have much effect on the mean thrust on the
rotor. Both figures show that there is only a notice-
able difference between the thrust curves when cur-
rent speed is 0.7 m/s. Elsewhere, three mean-thrust
curves are almost coincident.

However, comparison between Figs 8(a) and (b)
shows that the increase of rotor’s rotational speed
leads to a significant increase in mean torque and
thrust. As seen, when rotational speed changes
from 90 to 127 r/min, the maximum torque gain is
almost doubled and so is the thrust.

6.2 Tests with fixed tip-speed ratio

This section looks at the attempt to fix tip-speed ratio
at a specific value (which is approximately 2.34 in
this case), by appropriately varying both the rotor’s
rotational speed and current speed. The outcome
of thrust and torque curves are then evaluated. The
rotor was run in both calm water and waves and
the results are shown in Fig. 9.

Generally, at fixed tip-speed ratio, the presence of
waves reduces the mean torque on the rotor. It is
interesting to see that at approximately 110 r/min

in waves of 0.833 Hz frequency, the torque on the
rotor suffers a substantial dip whereas thrust is sig-
nificantly increased at this condition. Analysis of
test data implied a stall in this condition as a sub-
stantial loss of torque was observed. As a conse-
quence of a stall, axial load or thrust is
considerably increased and this matches the beha-
viour of thrust curve in Fig. 9. In longer waves
( f ¼ 0.625 Hz), the reduction in torque is more gra-
dual within the middle range of current speed. The
torque, on the other hand, shows little change com-
pared to calm water.

6.3 Effects of wave height

In this section, the wave frequency is fixed and the
wave height is varied from 20 to 140 mm at an incre-
ment of approximately 21 mm. Results for three
current speeds are presented as in Figs 10(a) and
(b). Generally, as the current speed increases, both
torque and thrust increase. It is also noted that in
longer waves ( f ¼ 0.625 Hz), the torque is relatively
sensitive to variation of the wave height. Torque
curves in Fig. 10(a) show a considerable oscillation
at the lower half of the variation (between 20 and

Fig. 8 (a) Effects of wave frequency on mean torque and thrust when rotates at 90 r/min.

(b) Effects of wave frequency on mean torque and thrust when rotor rotates at 127 r/min
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115 mm). In shorter waves ( f ¼ 0.833 Hz), there is a
steady trend in the increase of torque with the
height of the incident waves. The mean thrust, how-
ever, stays relatively unchanged (Fig. 10(b)). How-
ever, the time histories of thrust (Fig. 11(a)) show
that even though the average thrust acting on rotor
blade is not that sensitive to the increase of wave

height, the peak value of thrust on rotor blade is. As
wave height increases from 35 to 84 mm, the peak
torque increases by approximately 40 per cent. And
when wave height increases to 126 mm, peak
torque is more than doubled. This renders significant
assessment of maximum loading sustained by
marine rotor blades in design process.

Fig. 9 Torque and thrust with fixed tip-speed ratio

Fig. 10 (a) Effects of wave height on torque and thrust when rotor rotates at 90 r/min in waves of

0.625 Hz. (b) Effects wave height on torque and thrust when rotor rotates at 90 r/min in

waves of of 0.833 Hz
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Though not as distinctive as for thrust, time his-
tories of torque applied on rotor blades also show
that wave height does have significant influence on
the range of variation of torque on rotor blades
even though the mean torque may stay relatively
steady. Figure 11(b) shows that in waves of
0.833 Hz, when wave height increases from 35 to
84 mm, the range of variation of torque on rotor
blades is almost doubled and it further increased
by another 20 per cent when wave height increases
to 126 mm. Again, this influence is important in
design of marine rotor especially in terms of fatigue
and sustainability.

7 CONCLUSIONS

The paper explained the introduction of linear wave
theory into blade theory to adapt it for solving
dynamic problems associated with marine current
turbine. Experiments were also carried out to vali-
date the simulation results based on this adapted
mathematical model. Parametric studies were also
implemented in order to better understand the influ-
ence of related parameters to the performance of the
rotor. Based on what has been presented, the follow-
ing conclusions are drawn.

1. Blade-element momentum theory combined with
linear wave theory can effectively analyse the
wave–current interactions in marine current
turbine.

2. The presence of waves will increase the torque on
the rotor at lower range of current speed whereas
mean axial thrust is almost unchanged.

3. In longer waves, the change in wave height has a
greater effect on the rotor torque.

4. When the tip-speed ratio is maintained constant,
in shorter waves a stall may take place leading to
a sudden reduction in torque and increase in
thrust at medium rotational speed. In longer
waves, stall was not observed and hence,
torque and thrust curves show more steady
characteristics.
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APPENDIX

Notation

d water depth
ds rotor axis depth
D diameter of rotor
fe encounter frequency
H wave height
kw wave number
Lw wave length
n rotational speed (rev/s)
Q torque
r instantaneous vertical position of centroid

of blade section with respect to rotor axis
R radius of rotor
Re Reynolds number
T thrust
Tw wave period
u wave particle velocity in horizontal

direction
Uc current speed
v wave particle velocity in vertical direction

g kinematic viscosity of water at 20 8C
u incident angle of current
uw incident angle of wave
fw phase angle of wave
f angle between incident flow and the chord
r water density
1 tip-speed ratio
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