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Abstract \Y

This work studies the effects of inertia (added massfz<
on horizontal axis tidal-stream turbines in unsteady flow,
Experiments have been conducted using both an instryy
mented model rotor and a porous disc as an analogyg
subjected to unsteady planar (axial) motion in a steady
flow water flume. Measurements are presented of the inr
stantaneous axial thrust of the rotor operating at constars®
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the rotor over a range amplitude parameters (Keulegarf-" = Froude number, .
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ratio). These results are compared to Morison’s equa-

tion for axial force on a body in unsteady flow and also

to model predicting dynamic inflow effects. The results1 ~Introduction

provide an insight into the axial added mass and wake True added mass effects are insignificant on wind tur-
effects and they will help our conceptual understandingines, except at very high frequencies, but because of the
of these phenomena which overlap, for a rotor operatingnhuch lower mass ratios, they can be very significant for

in unsteady flow.
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turbines operating in unsteady water flows. The types of
unsteadiness considered here are assumed to arise from
incident free surface waves on moderately shallow tidal
flows, from large scale turbulent eddies, and whenever
large rotor accelerations occur. Likely sites for tidal
stream turbines will be subject to strong tidal flows (e.g.
peak velocities of order 2 nT$ and above) and will usu-
ally involve comparatively shallow flow either around

a headland or in a narrow facing the open sea (Carbon
Trust [1]). Such sites are exposed to both sea waves and
(it is believed) considerable turbulence due to the rough
sea-bed and channel walls.

Unsteady flow effects, such as passing waves, cause
an abrupt change in flow speed at the plane of the tur-
bine which generates associated changes in loading. The
wake of the rotor does not respond immediately, based
on flow conditions and device scales detailed in McCann
etal. [2], atypical time scaleD/U, for a tidal turbine
being of the order 5 to 10 s. This lag in the response
of the wake is known as dynamic inflow and has been
successfully modelled in the wind and helicopter indus-
tries using quasi-steady models such as that developed
by Pitt and Peters [3]. This model introduces the time
lag by giving the rotor an additional added mass equiv-
alent to 67% of the volume of the fluid in a sphere with
the same diameter as the rotor. As part of work on wind
turbines, Snel and Schepers [4] compared dynamic in-
flow models to full scale measurements for a rotor ex-
periencing abrupt changes in pitch angle. The dynamic
inflow models predicted a significant overshoot of load-



ing due to a step change in pitch angle compared witlCarpenter number
guasi-steady predictions. This overshoot was confirmed .
by their measurements. A rotor subjected to coherent KC = ﬂ (3)
wind gusts (abrupt changes in axial velocity) was also D

simulated using the same dynamic inflow models, anqccannet al. [2] suggest an extreme wave case (a 10-
the effect of this was predicted to be much smaller thagear wave event) of significant wave height, = 9 m

in the case of the pitch transients. An initial experimen-anq time periodT = 9 s based on the EMEC site where
tal investigation into the size of the effect of dynamic he maximum flow speed) = 4m s~X. Such an extreme
inflow due to changes in axial velocity in water is at- ave has the potential to induce a maximum oscillatory
tempted here. As a first step to approximate the effectge|ocity, (i, of order 3 s at the free surface. Based on
of waves, a model turbine is subject to planar oscillatoryne suggested rotor diametér,= 15 m the KC number
motion. An experiment is also conducted with a porouss equal 1.8, which is at the upper end of the range of
disc which provides an analogy for the axial resistancec investigated. For the majority of operation however,
of a rotor. This paper presents the result of these experisyen in a turbulent sea-state the KC number representing

ments. the amplitude of the oscillation approximately 0.5.
i u'(t)
2 Experimental procedure Towing track Motorised cartiage +—— >

Experiments were carried out in the water flume in
Imperial College, which has a working section 9 m long,
0.6 m wide and deptz = 0.62 m. The flume was run 1 ==
at flow speedy, of up to 0.3 m s?, corresponding to a ,~Support shaft
Froude number, Fr, of 0.12 at full depth. Instantaneous Rotor
measurements of axial force were made on both a porous
disc with a resistance coefficieft,of 2, withD =0.4m
and on a rotor with @ = 0.56 m. A porous disc is a |£ —Uu -
physical example of an actuator disc often used to simu;
late a turbine in small scale laboratory experiments. De+ Instrumented hub
tails of both the porous plate and the rotor can be found
in Whelanet al. [5]. Both the porous plate and rotor
were mounted from above the flume from a motorised" ==
carriage which was oscillated back and forth according
to a known time historyy/(t), leading to an instanta-
neous velocity at the turbine plane of

Free surface

Flume bottom

Figure 1: A schematic of a sideview of the experimental layout
u(t) =U +u'(t). )

0.04

A schematic drawing of a sideview of the experimental
set-up of the rotor experiments is shown in Fig. 1. The 2 %/

porous plate was mounted on a similar support shafi *

Measurements of axial force were taken using a strail 2 o2}

gauge arrangement on the supporting strut. A constar ‘ ‘ ‘ ‘ ‘
torque was applied to the rotor shaft inside a water- 0 s 10 1 0 % %0
proofed hub using an electromagnetic brake. It was nc
possible to oscillate the carriage sinusoidally due to re
strictions in the carriage damping system, therefore thi
time histories of velocity approximate displaced sinu-
soids with a hesitation as the direction is reversed. How
ever the velocity time history was acquired at the sam ‘ ‘ ‘ ‘ ‘

time as the measurement of axial thrust so their relativi 0 ° 1 on—dimensonal tine 2 2 %0
phase was known. The acceleratia(t,) of the carriage
was calculated from the velocity time history. Typical
time histories (both velocity and acceleration) of the car-
riage are shown in Fig. 2, where the non-dimensional

time is ort 3 Modelling of axial force
'[' _——

T (2) The most established model for axial force on bodies
A series of experiments were conducted over fenerating axial resistance in oscillatory flow is Mori-

range of amplitude parameters defined by the KeulegarsOn's €quation, in which the fordé in the flow direc-
tion on the device (aref, volumeV) subject to velocity
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Figure 2: Typical velocity and acceleration time history.
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U(t)is: was placed 1m upstream of the rotor plane (so as to be
out of the interference of the rotor) and a time history of
Fx(t) = }pu(t)|u(t)|ACD + pU(t)VCy. (4) the surface elevation was recorded relative to the the ax-
2 ial force and carriage movement measurements. A typi-
A'is the facing areaD?/4 and it is usual for disc-like cal corr_ection is s_hown in Fig. 4. The surface_eleva?ion is
approximated using Eq.(7). The corresponding axial ve-

bodies such a rotor to také as the volume of the cir- loci lculated at th ial ii g Eo.(8
cumscribing sphereD?®/6. It is possible to determine _ocrcy calculated at the same axial position using Eq.(8)

drag and inertia coefficients in Eq.(4) for any periodic's then added to the velocity of the carriage to give the

flow by multiplying Eq.(4) byu(t) andui(t) and averag- corrected velocity. It can be seen that the correction to

ing over an exact number of cycles as detailed by Beart_he velocity introduces an asymmetry in the cycle. After

manet al. [6]. This is true irrespective of the profile of applying the correction this asymmetry is more consis-

u(t) becausau(t) andu(t) are 90 out of phase in the tent_W|th the asymmetry in the force signal. The_cor—
rection could only be applied accurately when the input

mean. Thus 6 < FxlU > oscillation of the carriage had a time period within a rea-
Cum = pmD3 < Ui >’ (®)  sonable range of the fundamental period of the Seiche
wave. This restricted the experimental tests to a min-
Co = 8 < Fxu> . (6) imum time period of 10s. In order to cover both the
pnD? < uuju| > low and high KC ranges, two different oscillatory cur-
rent numbers,
3.1 Corrections to the data a

=—, 9
Processing of a first set of experimental results led to : U ©
negativeCy values for both the rotor and porous disc. Were used in the experiments. For the lower KC raage
This result was unexpected particularly for the porous= 0.08 whilst for the higher range = 0.22.
disc. Wanget al. [7] has shown that the coefficient of
mass is positive for a porous plate in oscillatory flow for 18 — ‘ ‘
a wide range of KC numbers. Zhou and Graham [8] 16} ,
have also shown that the coefficient of added mass re
mains positive for a solid body when a current is super-
imposed on an oscillatory flow. Upon further investiga-
tion using a wave probe to measure the surface elev:
tion, it was confirmed that a standing wave (or Seiche
wave) was excited significantly in the flume facility by
the streamwise oscillation of the rotor and porous plate:
(see Fig. 3). The resonant period of the Seiche wave i
the flume was approximately 13 s. This is the funda-
mental period for a standing wave in a constant cross
section flume of lengtH, = 16 m. The actual length of 10 15 20
the flume is approximately 11 m but it has much larger TE
cross-sections of water at both ends so an effective length
of 16 m is reasonable. Using the shallow water wave Figure 3: Amplitude response of the Seiche wave.
equations it is possible to calculate the axial velocity at
the rotor position due to the resonant wave. Using a si
nusoidal approximation, Coulson [9] shows that the sur-

u/U=0.22
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first mode is
TIX 2 5 10 15 20 2 30
{(x,t) = Ascos(l—)cos(wt), (7) _ o1 ‘ :
where A is the amplitude andv is the frequency of g ° 1
2

the oscillation, 2r/T. the corresponding axial velocity, o1
Us(x,t), at axial positiorx and timet for the first mode is

sx) = “sin( X )sin(aa). ® “M

wherec = ,/gz. In some cases this velocity was as much 0 ° 1 on—dimensonal tine 2 » %
as 50% of the oscillatory carriage velocity and therefore
a correction to the data was required.

A second set of tests was conducted using the rotor

operating at two mean tip speed ratifs,A wave probe

Figure 4: Corrected velocity data fd{C = 1.61.
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3.2 Coefficients of inertia and drag

Using the corrected velocity time histories, values of
inertia coefficientCy and drag coefficientCp for the
rotor were computed using equations (5) and (6) ant oer
are plotted against KC in Fig. 5 for two different mean o4r
tip-speed ratios. A blockage correction has not been af
plied for this investigation which was conducted at a high
blockage ratio. It will be assumed however that the ef-
fects of blockage and unsteadiness can be separated ¢ = 4!
a factor found from a momentum model can been ap ;|
plied toCy andCp as done by Whelast al. [5] for
power and thrust coefficients over a range\of

Normalised trace
o
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Force

1 1 1 1 1
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25 . . : Non-dimensional time T
o O O O o () le) le)
2 CDi T o+ o+ Figure 6: Normalised force and velocity time histories.
15l il rotor. The drag coefficient in Morison’s equation has to
represent both the mean and oscillatory force. Verley and
1t < oo itz Moe [10] offer an alternative form of Eq. (4) to model
the axial force which provides more degrees of freedom
05f 5 o , to match these effects:
cMm £ % 4 ¢ 1, , , 1 - )
0 ° 47 o Fx = Epu O]u (t)|ACD+§pU ACp + pU(t)VCy,
o (10)
055 o5 1 s 2 whereu'(t) = u(t)-U andC'p is the oscillatory drag co-

efficient. Fig. 7 shows the results of the reconstruction of

the oscillatory part of the force using both forms of Mori-
Figure 5: Variation of coefficients of added mass and drag withgon’s equation. The Verley and Moe alternative form
KC . -+- denote tests run with medn= 8.5; -o- denote tests |eads to a significant improvement in the agreement be-
run with meam = 11. tween the measured and reconstructed force, particularly

Over the range of KC numbers tested, and both at that the lowerA. The amplitude of the oscillatory force
high and low mean\, the coefficients of added mass areWas consistently found to be higher in the lowecase
considerably smaller than the coefficients of drag and@s Shown by Fig. 8.
there appears to be no obvious dependen€obn ei-
ther KC orA. The error in evaluation aZy is very high 6
due to the small absolute value, which amplifies any er
rors that could have been introduced by the approximat
correction for the Seiche wave excitation. This large er-
ror accounts for the small negati@ values obtained
and a mean line through the data points indicates that th
inertia term is insignificant compared with the drag term.
A plot of the normalised force and velocity time histories
(as shown in Fig. 6) confirms that there is only a small
phase difference between the two signals.

Since added mass is a largely inviscid phenomeno ~ = ~Morison
and the key non-dimensional parameters (KC #)d v verley and toe
have been matched these results can be scaled up direc % 5 10 15 20 25 20
to a full-scale device. At small values of KC the added Non-dmensionaltme t
mass of porous plates is relatively insensitive to KC and ) _ ) )
since the magnitude of KC numbers for incident wave in_F|gur(_e 7: Reconstruction of force signal using various models
teraction with a full-scale turbine are small, it is expelkcte for axdal force.
that the added mass is unlikely to vary significantly be-
tween wave states. 4 Comparison with dynamic inflow models

The evaluation of the drag coefficient using equation i o
(6) leads to a clear dependency An The magnitude In order to |sola_1te the eff(_acts of dynamic inflow the
of Cp increases with\ which concurs with the steady S@M€ rotor used in the oscillatory tests was also sub-

tests conducted by Whelaat al. [5] using the same jected to a quasi-step change in axial velocity by towing
it through a mean current. The flume was run at a flow

Oscillatory force (N)

Measured force
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Figure 8: Oscillatory drag coefficient Figure 9: Step response of the rotor in the presence of a mean

current - experimental measurement.
speedl, of 0.3 m s and the carriage was moved at a
speed of 0.05 m& in the downstream direction until it
approached the end of the working section leading to twt
guasi-step changes in velocity at the rotor plane. The ax
ial force response is shown in Fig. 9. A small overshoor
in axial force is observed after each step change. N
correction has been attempted for any Seiche wave thi
might be excited in the flume due to the movement of
the rotor. These results agree qualitatively with work on
wind turbines summarised by Snel and Schepers [4], ii
which dynamic inflow models predicted the effect of dy-
namic inflow due to a step change in axial velocity to be
small.

The Pitt and Peters [3] prediction for dynamic in- ‘ ‘ ‘ ‘
flow is commonly used by industry for the inclusion of 0 20 o © 60 80 100
dynamic inflow effects on rotors, such as in the indus-
try standard code GH Tidal Bladed [11]. .The addl'Figure 10: Step response of the rotor in the presence of a mean
tional addgd mass useq to model the dynamlc_: |_nflow efeurrent - simulated in GH Bladed.
fect modifies the equation for the thrust coefficient that
is derived for unconstrained flow obtained by applyingbe small. A secondary investigation comparing the ro-
mass conservation and Bernoulli to a first order differentational added mass of the turbine evaluated under these
tial equation in terms of the axial induction factor, a: conditions from experimental measurements and a rotor-

blade strip-theory model based on Theodorsen’s theory
16 R%— Rfa (11) is currently underway. The results of this investigation
3nJ R% — R% ' are to be incorporated into a Blade Element Momentum

o ] ] ] ) code as used in the industry. More details will be given
This differential equation has been incorporated into thgy, the presentation.

Blade Element Momentum (BEM) code described in de-

tail in Whelanet_ r_;tl. [5] (including 'Fhe correction for the Acknowledgements
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