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Abstract L

Marine currents are an important offshore source oED
renewable energy. A lot of effort is spent on the devel-,:D
opment of technology for, for example, electricity gener-F_
ation from tidal currents. In the present paper, the perforFyy
mance of a vertical axis marine current turbine is examFr
ined numerically under the variation of certain parame-+nc
ters. Fi

The turbine is modelled with an in-house code, based
on the double multiple streamtube model. Correction
are made due to a finite aspect ratio and tip losses for t
blades. Published experimental data for the lift and drag,
coefficients of the blades for different Reynolds numbers,
are used in the model. Vi

Structural integrity is a major concern of any under-p
water machinery due to the considerable hydrodynamig, y
forces involved. Special attention is paid to the impor-r
tance of struts and related supporting structure for thé
turbine blades. As a rule of thumb, the efficiency of theXblade
turbine may be expected to rise with increased aspedplade
ratio of individual blades. However, with leaner blades P29
more support structure is required, which carries a cost
in terms of a negative effect on efficiency. We study how
the level of acceptable stress on a turbine blade influ-
ences the total turbine efficiency depending on the numl

0SS

distance between struts

drag coefficient

lift coefficient

drag force

lift force

normal (radial) force on blade

tangential force on blade

centrifugal force on blade

total normal force on blade per unit length
torque

rotational speed of the turbine

flow velocity

flow velocity at the blade

flow velocity at the centre

relative velocity at a point on the strut
free-stream velocity

water density

cartesian coordinates in the turbine plane
coordinate along the direction of the strut
angle in the turbine plane

x coordinate for a given blade

y coordinate for a given blade

6 coordinate for a given blade

losses due to drag of struts

Introduction

ber of struts required to support the blade.

Keywords: Turbine, blades, struts, simulation

Nomenclature

number of blades

number of struts

chord for the blade

chord for the strut

reference chord length

stress

stress proportionality constant
turbine height

turbine radius

DToQeLOCZZ
L 1 s 1 1 A 1 O { B 1

© Proceedings of the 8th European Wave and Tidal Energy
Conference, Uppsala, Sweden, 2009

477

Turbines for marine current power generation come in
many shapes and sizes. In a recent review, Khan et al. [1]
considered several ‘turbine’ and ‘non-turbine’ systems
for hydrokinetic energy conversion. From an engineer-
ing point of view, different concepts entail various pros
and cons, and what technological solution is objectively
best in a given situation is rarely very clear.

One main category of turbine is tloeoss-stream axis
turbine, characterized by having its axis of rotation per-
pendicular to the main direction of fluid flow. There are
sub-groups within this category, and for wind power ap-
plications several variants of the Darrieus and Savonius
type turbines have been used [2]. For applications in
water, however, it is mainly the straight-bladed Darrieus
turbine — either in a 'squirrel-wheel’ configuration [3] or
in an 'open-ended’ configuration [4] — and the Gorlov



support struts for the blade will be required. These sup-
ports cause drag without adding to the lift, and this drag
penalty may or may not exceed the gain in terms of in-
duced drag reduction from the increase in aspect ratio.
The limiting factor for the number of struts to a blade
is the stress on the blade due to the radial hydrodynamic
force. Depending on the thickness of the blade, the prop-
erties of the material it is made of in combination with
(0) the construction method will allow a maximum distance
between support points. Given the blade length, this
translates to a minimum number of struts to support the
blade.
turbine — which resembles the Darrieus turbine but has The dominating force for sizing the struts is the
helical blades [5] — which have been used (Fig. 1). Duaveight of the blade. The stresses due to gravitational
to the orientation of the axis, these turbines are often reforces dominate over those due to hydrodynamic forces
ferred to as vertical-axis turbines, but obviously the axigfor the struts. This is again in part due to the choice of
may be cross-stream regardless of its orientation relativenaterial and method of construction, which highly influ-
to the horizon. ence the blade weight.

In the case of the open-ended Darrieus turbine, the |n the following section, the expressions for calcu-
turbine blades are connected to the turbine axis by meanating the maximum distance between struts and the re-
of struts. Depending on the geometry of the turbine —quired minimum number of struts per blade will be de-
length, radius, solidity, number of blades —, the numbefived. These equations are then used to illustrate the im-
of struts required to fully support the blades will vary, pact of strut losses on the performance of two example
as will the geometric specifics of individual struts. Theturbines designed for different flow cases.
struts carry a penalty in terms of drag, which will ad-
versely affect the power coefficient of the turbine. It i32 Theory
therefore of some interest to study the impact of blade
struts on the performace of a cross-stream axis turbine2.1 Hydrodynamic model

Figure 1: Two types of cross-stream axis turbine. (a) Open-
ended Darrieus. (b) Squirrel-wheel Darrieus.

1.1 Problem considered in present paper _ The _simulation model chosen fpr the hydrodynamical
simulations was the double multiple streamtube model
The purpose of the present investigation was to studyeveloped by Paraschivoiu [6], which has shown good
the impact in terms of drag loss of adding support strut$esyits for simulating Darrieus wind turbines. The model
to turbine blades as the blades become leaner due to t@@parates the turbine into one upstream part and one
number of blades being increased. downstream part, where both parts are solved separately
Consider a straight-bladed, open-ended Darrieus tusing momentum conservation and the velocity is calcu-
bine with vertically oriented axis of rotation. For sim- |ated at blade positions and at the centre of the turbine
plicity, we assume that the blades are not tapered (i.gnly. Further details about the method may be found in
they have a constant chord length and hydrofoil thickyeferences [7] and [8]. The present model is based on
ness). For a given solidity, the blade chord will be in-experimental data for lift and drag coefficients obtained
versely proportional to the number of blades, and, confrom [9]. For dynamic stall modelling, the method devel-
sequently, the aspect ratio of a single blade will be propped by Gormont [10] and later modified by Massé [11]
portional to the number of blades. Higher aspect ratigand Berg [12] was chosen. For the calculation of forces
of the blade gives a lower induced drag, which will in- on the blades to be used in structural mechanical cal-
crease the lift-to-drag ratio. For the same total blade surgy|ations, corrections due to a finite aspect ratio were
face area, it might then be expected to see lower drageglected in order to get a small overestimation on the
losses for the same amount of lift when the surface aregyrces. For power coefficient calculations, tip correc-
is divided among a greater number of blades. A smallefions were applied according to Paraschivoiu [8] with
chord does however decrease the Reynolds number gde modification that the lift and drag coefficients were
the blade, which usually gives a lower lift-to-drag ratio. recalculated with the dynamic stall model using the re-
This means that the hydrodynamical benefits of increasqyced angle of attack, and induced drag was applied af-
ing the number of blades are lower for turbines whicher the dynamic stall calculations. This modification was

have a large height compared to their radius. made to prevent overestimations of the power coefficient
A leaner blade also possesses less structural strengiy. high tip speed ratios.

Depending on the material from which it was made, a

blade can only withstand a certain am_ount of stress. Th 1.1 calculation of loss due to struts

stress will depend on the forces experienced by the blade

and its geometrical properties, especially the distances The losses due to struts can either be determined by
between support points. As the aspect ratio of a bladealculating the force due to drag over the strut and in-
is increased, thresholds will be passed where additionaégrating to obtain the losses for the whole turbine, or
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by using an equivalent drag coefficient for the entire tur-
bine as suggested by Moran [13], where the losses are ~. .
proportional to the cube of the rotational speed. Here, ~
the force will be integrated for higher flexibility and be- R
cause the drag coefficients for the selected strut profile Yoage- — =~ - - - - - - - -
are known. It is assumed that the changes in flow veloc-
ity due to the struts can be neglected, and that the strut is

. . .. Ve V \ V1
approximately horizontal giving zero angle of attack. | \
To determine the drag forces, it is necessary to know 12 e r inlialis Bl

the local velocity at the strut. Consider a blade position : ! : \
on the upwind disc. Symbols are illustrated in Fig. 2. | | |
To determine the velocity, start by noting that when the ! !
blade is located at ang#hiace they coordinate of the poi | | |
blade is given by Vs e | | |

| | |

Yblade = RSiNGhlade (1) ¢ O ace X Xotade
Now, since we are interested in a point on the strut, let Figure 2: Symbols used in derivations.
the coordinate denote the position on the strut. We have
and the power loss by
O<r<R (2) . o
This gives the local coordinates as Rloss = NoNsw 7 / T (Bbiade) dbblade 9)
0
y=rSinByage and X=rcosbyjade 3)

whereNs is the number of struts ard, is the number of

We want to find out in which streamtube this point is blades.
located. If streamtube expansion is neglected as done
in [7], this will correspond to the streamtube with ~2-2 Supportstruts geometry

value Cr If the normal forces on the blades are balanced to give
0= arcsm(ﬁS'neblade) : (4)  alow torque on the joint between the blade and the strut,

. ... _the bending moment in the blade will mainly depend on

In the double multiple streamtube model, the velocmesthe distance between the strut and the force applied. For

atthe blade and at the centre are known. To approxmatggiven profile, the bending resistance will increase with

the'velc_)cny at the strut, it is assumed that the YeIOC'tﬁhe cube of the chord, giving the expression for the ten-
varies linearly between the boundary of the turbine an Lion in the blade as
the centre. By using the velociti&4 at the blade and

Ve at the centre for the streamtube obtained from Eq. (4), L2
. . . . . o~D—<Fy (20)
linear interpolation gives the velocity as c3
Wy — Ve whereRy is the total normal force per unit length, and
V=Vet \/mr cosbhiade  (5) D s a constant (see Sec. 2.2.By is given by
: o FaH +F
Following the streamtube model, it is assumed that the Fai = % (11)

velocity only hasx-components. Therefore, in the local

frame of reference of the blade, the velocity in the direcEd. (10) assumes that the distarice > ¢ and that the
tion of the chord is given by displacements are small enough for linear theory to hold.

Ve = —or +V sinByjade (6) 2.2.1 Distance between struts as a function of num-

ber of blades

The corresponding expression can be derived for the . . . . .
downwind part. For a turbine, the tip speed ratio that gives the highest

When the velocity is known, the force can be calcy-Power coefficient is primarily a function of the solidity
’ of the turbine. This means that for a turbine to have the
same optimum tip speed ratio, the solidity of the turbine
V2 should remain constant. By denoting the chord and num-
dFp = CDpCS?c dr. (7)  berof blades of one turbine agsandNy; and of a second
turbine asc, andNyy, a constant solidity gives

lated according to

The torque is given by N N (12)
C1Np1 = C2Np2.

R 2
T (Bbjade) = /CD(L Bbiade) p%(r)\mrdr (8) If it is assumed that the power coefficient is approxi-
0 2 mately the same for both turbines, the torque has to be
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the same (due to the assumption of same tip speed ratigtruts and the blades were considered as fixed surfaces.

giving the relation between the tangential forces of tha~or these boundary conditions, the maximum stress on

blades as a blade is found close to the joints. For the NACA0021
FriNg ~ FraNg (13) blade, the constant was determined tolbe: 18. For

. o an evenly distributed force and a constant chord, the
and, since the power coefficient is assumed to be thg. .

) ) . distance between two struts should be approximately
same, the flow field through the turbine should be sim- . )
; L . 2.5 times the distance between the outer strut and the
ilar, giving approximately equal angles of attack for T . .

: . blade tip in order to obtain the same stress on both sides
the blades, which means that the relations between . .

. . of the junction of the outermost strut. (In the real case,
the hydrodynamical normal forces should be similar to ) : :
Eq. (13), i.e the force is smaller close to the blade tip due to the tip

' e vortices; hence the struts should be a little closer to each
other in the real case to create the same stress on both
The centrifugal force will depend on the mass of thesides of the outermost junction.) By using this result,
blade. For a solid blade, the mass is proportional to thence the distance between the struts has been calculated,
square of the blade chord, and the relation between thigis possible to determine the necessary number of struts

centrifugal forces is as

FnH1Nst ~ FnuHzNe. (14)

h
Ns=—-+0.2 20
FneiC = FnceCl (15) L (20)

; tant rotational 4B bining E 10 whereNs should be rounded to the nearest larger integer
or a constant rotational speed. by combining qs._( )and should never be smaller than 2.

(11), (12), (14) and (15) and assuming that the maximum

allowed stress is the same, one obtains the expression 224 Calculation of the size of the struts

No1 FnH1 + Faner The forces on the struts can be separated into three
Lrlig— (16) ) : )
Nb2 \/ FnH1 + Fner 2 parts: the normal (or radial) force, the tangential force
No2 and the gravitational force. The normal force has two
It should be noted that by changing the chord, both th&ontributions, the hydrodynamic force and the centrifu-
Reyno'ds number and the aspect ratio of the blade W||ga| force. Since its direction is para||e| to the Stl’ut, the
change, effects of flow curvature will be different and Maximum tension will be obtained at the point where the

the behaviour in dynamic stall will Change_ Thereforeystrut chord is smallest. At the strut root, this force will

the assumption of constant power coefficient, and hence negligible compared to the other forces, which cause
Egs. (13) and (14), can be questioned. bending moments. The tangential force is an oscillating

force, and will cause a bending moment that is largest at
2.2.2 Distance between struts as a function of design the strut root.
flow velocity The last force is gravity, which also causes a bending
moment. One difference between the tangential force
and gravity is that in the tangential direction, the blade
V2 can move freely, while in the vertical direction, the blade
- (17)  cannot move freely since there are several struts con-
nected to the blade, preventing it from rotating. This can
and the assumptions that the variation in lift coefficientcause additional bending moments in the strut tip, and
due to the change in velocity is small and that the anglalso in the blades. For the case of blades with high den-
of attack remains constant, one will obtain the relationsity, the contribution from gravity will be the dominating

Using the expression for the hydrodynamic lift force,

F. = pchC_

between the forces at different velocities as term at the strut tip.
Vo2 Based on FEM calculations, the strut chord was cho-
P~ Fl(\T) - (18)  sen as 0.8 times the blade chord at the tip and 1.2 times
1

the blade chord at the root for a blade with chord 0.2 m,
By combining Egs. (10) and (18) and assuming constarwhich causes the tension in the blade to remain within
chord, one obtains the relation between the maximurnthe chosen limits. Since gravity gives a constant load,
distance between the struts and the design flow velocitfatigue will not be a major concern here, since the point

as where the stress from gravity is located is where strut is
Ly~ Ll\ﬁ. (19)  atits maximum thickness, while the tangential force will
V2 give its largest contribution at the trailing edge. How-

ever, it is desired that the deflection of the struts is lim-
ited, since it can affect the performance of the turbine
The constanD in Eq. (10) can be determined from and can cause additional tension in the blades. The de-
FEM calculations. This was carried out assuming thaflection increases approximately with the chord of the
the force was evenly distributed over the entire bladestrut to the power of four, while it decreases linearly with
which is the force distribution obtained due to the as-the force, which for gravity decreases with the square of
sumptions outlined in Sec. 2.1. The joints between thehe blade chord. Considering this, the chord of the strut

2.2.3 Number of struts per blade
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04 ‘ ‘ ‘ would give an expected maximum power output on the
035l ~. order of 60 kW depending on the power coefficient of
s the turbine and the efficiency of the system as a whole;
not a very large station but quite sufficient for our present
purposes. Both the blades and the struts were given the
NACAO0021 profile, and all components were assumed
to be constructed from solid steel with a mass density of
8 times that of water. Using data from ship propeller de-

Chord [m]

0.0 ] sign [14], the allowable stress in the blades was taken as
0 ‘ ‘ ‘ 100 MPa, which gives reasonable safety factors.
- ’ Tip spoed atio ‘ e Neglecting for the time being the strut losses, the op-
timum turbine solidities for tip speed ratios from 2.5
Figure 3: Chord lengths of the 2.5 m/s turbines. through 4.5 were calculated (Fig. 3). Given these solidi-

ties, the maximum normal (radial) force on the blades

was chosen as was calculated, neglecting three-dimensional blade tip

Cs = 0.8,/CoC (21) effects in order not to underestimate the force, but in-

for the strut tip and cluding centrifugal effects due to the mass of each blade.
Based on the normal force, the minimum number of

s = 1.2,/coC (22)  struts for operation at each speed vas computed, and fi-

. nally the losses due to the struts as well as the blade tip
for the strut root, wherep = 0.2 m as in the FEM calcu- effects were included. This process was carried out for

Iaug_n. the bendi ist d ith th tt)wo flow speeds, 1.5 m/s and 2.5 m/s.
ince the bending resistance decreases wi € CUDE 1o power coefficient curves of the turbines opti-

of the strut chord, while the drag on the strut only de-

creases linearly with the chord, small optimisations ofmised for 2.5 m/s are plotted in Fig. 4. The curves as-
yv ' op .~ .”'sume a stair-step character, due to the discrete addition
the strut chord will not lead to any major reduction in

the drag from the struts of strut losses. As predicted by Eq. (16), for the 6 bladed
Different thicknesses of the hydrofoil were investi- turbine with the thinner, leaner blades, the steps occur

; N i ore frequently than for the 3 bladed turbine, and as
gated, bufc the posgble redgctlon n strutlchord obtameq consequence the power coefficient drops off consid-
by choosing a thicker profile were basically compen-

: - ; erably more quickly as the tip speed ratio increases.
sated by the higher drag coefficient of the thicker chord, Since the turbines were optimised for 2.5 m/s, they

giving approximately the same drag losses. The Samr‘?’night be expected to perform less well at 1.5 m/s. In

was seen for a thinner profile. Therefore, the same Pr%iq 5 th - .
file was chosen for the struts as for the blades. g. 5, the power coefficients of all turpmes are plotte.d.
at the lower speed. The 6-bladed turbines again exhibit
more steps in the curves and a quicker drop-off with in-
creasing tip speed ratio. Not surprisingly, the turbine
In order to illustrate the effect of the equations deriveddesigned for 1.5 m/s performs consistently better than
in Sec. 2, two theoretical turbines were studied; one withits higher-speed counterpart. For the 3 bladed turbines
3 blades, the other with 6 blades, but besides that essethe difference is less pronounced, and the two curves be-
tially equivalent. have almost identically until the slightly leaner-bladed
The size of the turbine was taken as 5 m in length with2.5-m/s turbine takes a step down due to extra struts be-
a radius of 2.5 m, and the maximum flow speed was asng added at an approximate tip speed ratio of 3.2.
sumed to be 2.5 m/s. These admittedly arbitrary figures At almost any site considered for establishment of a

- - -3 blades
— 6 blades

3 Application

- - -3 blades (2.5)
-7 —— 6 blades (2.5)

e BRI 3 blades (1.5)
= --6 blades (1.5)

0.4F e T T T T L 04 -
- -~ vV T T e e N e L OO

Power coefficient
Power coefficient

35 3 35 s 25 35 3 35 7 25

Tip speed ratio Tip speed ratio
Figure 4: Power coefficients of the turbines optimised for flow Figure 5: Power coefficients of turbines optimised for flow
speed 2.5 m/s. The stair-step shape of the curves due to-the ispeeds of 1.5 m/s and 2.5 m/s, all run at 1.5 m/s.

clusion of more struts with increasing tip speed ratio isadie
visible.
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marine current power station — be it a tidal channel, a&changes would influence the mechanical properties of
river reach, or some other location — the strength of thehe blades and struts, and might serve to mitigate the ef-
water current will vary with time. The main point illus- fects of strut losses. These considerations are however
trated by Fig. 5 is that it is far from obvious that a tur- outside the scope of the present study.

bine should be optimised for the peak flow speed. The
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