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Abstract

It is presented in this article, a simplified theory of the active lift
turbine which has been the subject of several patent[4, 5, 11].
A simplified theory is proposed to extend the Betz limit of the yield
on vertical axis wind turbine. This work can be extended either on
wind driven or marine current turbine. Based on kinetic energy cal-
culation, that theory demonstrates that the radial force acting on the
blade can be used to extend the maximum recoverable power, mainly
by transforming a linear motion into a rotating motion. The geome-
try of this new type of vertical axis turbine is described. Finally the
driving power is calculated through the tangential power coefficients.
Consequences on the velocity variation generation and induced vibra-
tions are exposed.
Two parts is treated in this article : The calculation of power coeffi-
cient and the calculation natural modes of vibration

Keywords
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*Inventor of the active lift turbine concept



1 prelude

Vertical axis turbines, driven by wind or water, have been intensively devel-
oped after the 70’s (South and Rangi [12] from the National Research Coun-
cil of Canada). The Darrieus wind turbine type was initialy patented in the
USA in 1931 (Darrieus [7]) in which both curved blade shape (Troposkien)
and straight bladed rotor were designed. Continuous technical developments
have been pursued thanks to experimental works in wind tunnels (Sheldahl
et al. [9], Blackwell et al. [8]). H-type rotor including straight blades and
speed control have been studied by Musgrove [10] in the mid 80’s.

2 The calculation of power coefficient

2.1 Introduction :

German physicist Albert Betz[1] has proven that the recoverable maximum
power for a wind turbine is closed to 60% (16/27) of the power of the wind
that runs through the area swept by the sensor. That theory is based on the
calculation of the kinetic energy. Modern wind turbines are reaching aero-
nautical yields close to the Betz limit. These wind turbines are subjected
to very substantial structural stresses. When the wind speed becomes too
high, in the order of 40 m/s, it is necessary to force these large wind tur-
bines to stall and then to stop. The main purpose presented in this paper
is to transform these constraints into additional energy recovery. The wind
turbines with horizontal axis are facing constant structural stresses without
a complementary system, this type of turbine can not transform directly
these constant stresses into energy.

The (vertical or horizontal axis) Darrieus [7] turbines are facing stresses al-
ternatively in each arm during each rotation. These structural stresses in
the arms are of compression or extension type. the forces causing alternative
constraints can be transformed to recover the extra energy.

The blades of the Darrieus-type turbines have an incidence angle which
varies during the rotation. The induced force of the fluid velocity on the
profile of the blade depends essentially on the fluid velocity and the angle
of incidence.

This induced force can be decomposed into a tangential force and a radial
force. The tangential force associated to the arm radius creates a torque.
The radial force causes alternative constraints on the structure of turbine
arm. Much research is performed on the angle of incidence in order to max-
imize the value of the tangential force or whether to try to keep that angle



at a constant value for each half turn of revolution.

With aircraft type profiles (NACA, etc.), the radial force is substantially
greater than the tangential force and thus creates alternative structural
stresses on the arms.

The first version of the active lift turbine [4, 3] was to put linear stiff gen-
erators directly inside the arms. The rotation frequency of the turbines is
low thus the yields of these generators are very low. The second version of
the active lift turbine is to transform the alternative linear motion into a
rotating motion. This solution allows the energy recovery directly on the
same rotation axis due to the tangential force, associated to the arm radius,
but also extra energy due to alternative constraints Induced force created by
the fluid on the blade profile is due to the relative speed which is the com-
bination of the fluid velocity and of the rotation speed of the profile. With
the active lift turbine, the relative velocity is the combination of the fluid
velocity, the rotational velocity of the profile and the linear radial velocity.

2.2 Geometry of the Active Lift Turbine :

The point O is the main axis of the turbine. The gear F with its center A
is not coincident with the main axis O.The gear F is fixed relative to the
direction of flow. The satellite gear S (center B) is turning without sliding
around the fixed gear F (center A). The slide support is one of the turbine’s
arm and turns around the axis O. The profile (blade) is fixed with the slide
bar in E. The slide bar has a reciprocating translatory motion with a low
speed of movement. The rod is connected to the slide bar by a pivot con-
nection in D and is connected to the satellite gear S by a pivot connection
in C. The slide bar is driven in rotation by the slide support.

OA=e¢ AB=2r BC=r, CD=L DE=d OE=R()

R : radius R : mean radius R= %—}:

Standard Darrieus Turbine :

R=2r+d+L R=R R=0



Slide bar

Figure 1: geometry

Active lift turbine :
v = angle ODC cosvy~1 avec L>2r

R~2r+d+ L+ (r,—e)cosf R~2r+d+ 1L
R~ R+ (r, —e)cos B (1)
R=(—ry+e)Bsnp (2)



2.3 Theory on Power Coefficient :

2.3.1 Transformation of the slide force into a torque :

Fstide

i

Figure 2: Actions on the rod

AE ~2r +d+ L+ (r, — e) cos AB = 2r —ecos 8

The variation of the length AE is negligible compared to the variation of
AB

rp~e AAEna =|ry—e| AABpag =e¢ AAE < AAB AAE =0

The system is equivalent to a crank rod.
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Figure 3: crank rod

Equality of powers provides the couple

. d(AB .
CT’/B = Fslidebar% = FslidefbarR

By using (2), the torque is equal to:

Cr = {6 sin B}Fslide—bar

2.3.2 Power coefficient calculation

2.3.2.1 The Bernoulli equations

l Voo Patm

. Pu+
l Vu <

Pu
v |
| v
Patm

l Vs



Figure 4: Pressure variations

Vo = VY  with Vo <0

1 1
Patm+§PV02<>:Pu++§PV£
L L o L

Py +§qu ZPatm+§ﬂVa :Pd++§PVd

1 1
Pd_ + §de2 = Patm + §de28
From these equations, we can defined these pressure differences

1 1
P —P,_ = §p(V020 - V2 Py — Py = §P(Va2 - VdQS) (4)

2.3.2.2 The continuity equation along a streamtube

dAz,V, = dAzsVy dAz, = R,dfy|sinBy|dH dAxg = RgdSy|sin Bq|dH

dfy

b

dAya

dA:Cd



Figure 5: streamtube

dAy,, = R,dp,| cos By |dH dAygq = RydBq| cos Bq|dH
dH : elementary height of the blade

We can define the relation between these two elementary surfaces

Vi

dAz, = dAz, 2
Td i Vd

2.3.2.3 Forces on a blade crossing a streamtube

1
0<p<nm dFy,=(Py+ — P,—)dAz, dFz, = (Pyy — P,_)dAzx,——
tanf
m<B<2r dFyy= (P —P, )dA:cE dFzq = (P —P, )dACU& !
<p < Ya = (Pyr — Py “y d= (Pay—Py- Vo tanp

By using(5), these equations become

Vu
Va
Vi 1
et (7
v Vi tanp )

1 1
dFy, = 5,o(vgo —V2)dAz, dFyg= 5,o(vj —V2)dAzx, (6)

1 1 1
Fa, = =p(VZ —V23dA Far— ~o(V2 —V2)dA
dFz, 2p(VOO VZ)dAx, tanD dFz, 2p(Va Vid

2.3.2.4  Euler Equations

dFy, = (Voo — Vp)dm,, dm,, = pV,dAz,
dFyy = (Vo — Vgs)dmg dmg = pV,dAx, (8)

By using(6), the previous equations, we determine the following relations
between the velocities

Vo =2V, — Vo Vas =2(Vg — Vi) + Vo
Finally, the Euler equations give

dFy, = 2(Voeo — Vi) pVudAy dFyg =22V, — Vg — Vo) pVudAy, — (9)



2.3.2.5 Projection of the aerodynamic force Induced velocity cre-
ates an aerodynamic force on the profile which can be decomposed into a
lift and a drag force.

Figure 6: Lift and drag force on a blade

At the turbine level, it is important to know the decomposition of this
force into a normal force N, and a tangential force T.

Forces are set according to X and Y axis from the normal force N and the
tangential force T



Figure 7: Axial and normal force on a blade

2

n

Fy,

Figure 8: Resolution of forces

Fy, = Nsinf — T cos 8 Fx, = Ncosf+TsinfS
T = Lsina — Dcosa N = Lcosa+ Dsina

1 1
L= CLipwfcdH D= CDipwfcdH ¢ : blade chord

1 1
T =Cry pW2cdH N = Cng pWicdH

Thanks to mathematical approximation, drag and lift coefficients can be
defined for a symmetrical profile of a Naca0012 type and for low incidence

values.
Cr =2rsina Cp = constant

Cp has avalue far below Cp intheorder of Cp < 10C}, Cp =0

Cr = 2rsin’a — Cp Cy =27 sinacos o (10)
1 9 . cos 3
Fy, = Qqucstmﬁ(CN —Cr Sinﬁ)

cos 3
sin 8

1
and Fyg = §pW§cstinﬁ(CN —Cr ) (11)

10



2.3.2.6 Calculation of the value of Fy, For a two blades turbine,
only one blade follows a half-turn. 2]

Fyu ................. —

dFy,

0 RS R(B+dp)

Figure 9: Equality of surfaces

The following equation is given for a turbine with Np blades and by inte-
gration :

2

Fy; =dF
Yd dede

N, 27
F =F Py =dFvy, ——
dFyyRr = Fy,RdB—= Fy, = dFy, N,d5

by using the equations (9) and (11) and previous equations

1 Npc cos B,
8t R Wul(Cn = Cr sin )= (Voo —TW)Va
1 Npc cosfB,
8t R Wd (CN - CT sinﬁ) - (2Vu - Vd - Voo)Vu (12)

2.3.2.7 velocities triangle

11



Figure 10: velocities triangle

V_}; = Wu +U+RT U= RBj’ W, : vitesse relative
Vo.=-V,Y U=U7 U>0
U=RB R=(-r,+e)Bsing R>(-ry+e) VymW,+U
The Naca profile is following pretty much a circle trajectory during one

rotation turn. R=0)

Vusinﬂz—}%—i—Wusina Vucosﬂzwucosa—RB

N,
g : stif fness coef ficient o= T@’C
X : welocity coef ficient A= ‘};—5
b=2ao\
Voo Vi . Voo . Vi N o —
sina:WuKsmB COSO(ZWU Ve cosﬂ—i_)\rb]fi e}cosﬂ (13)

12



by using equations (2),(10),(12) and also the above equations.

2
Cry —277%811125{%;}2—017
V2 V. . Va A -rp—e
Cny, —QWWsmﬁcosﬁV {V +cosﬁ+)\ 5 }
2
CNu— CTqu)bg 2T “;/QSID,B)\—{l—F I cosﬁ}—{—CD% with Cp =~

1 1
A=AV = Va}  Ag= {2V, — Vi — Vi
Voo{ } d Voo{ d }

AW,BW) = o (o WiOx - Cr 20y
(V,8,W)=—sinf(1+....) (14)

Au - A(Vu757 Wu) Ad - (Vd757 Wd)

b
Ay = Zsinﬁ (15)

Inorderto simplifythe calculations, we will use A, insteadof A, or Ay

inthe calculation of Vy, or Vy

1 1
Ay = = (Vo = Vi) Ay = —— 2V — Vi — Vi
(Ve =) An = e (Ve Vi~ Vo)
Vo _1_4, X—d:1_3Am (16)

13



2.3.2.8 Calculation of the mean dimensional values of Vu et Vd

Nyc
o : stif fness coef ficient P

_ _ RA
X @ velocity coef ficient A= lv—ﬂ\

b=lo\

Qi

Amam =

Vu 1 4 1 . 1
Uy = (K)moyen: ;/0 (1_Zb81nﬂ)dﬂ:1_%b

b|sin |

o |

1

ith 1—=-b <=1

w1 1 <
Vi 1 [ 1. . 3
— ) oven = — 1-3=b dB=1——1b
odmosen =+ [ (1 =33 bsimp)ds =1

UdZ(

3 4
w1 1 < — 0 < 3
Defining

a=1for0< < a=-=-3form < <2

v .
@—1—a151n5

(W—GZ) T =wuorv



Figure 11: curve of Vu and Vd

2.3.2.9 Tangential velocity, angular velocity and rotational veloc-
ity

Inorder to follow the mazimum angle amay of the profil, withR =0 8 = T

Qmaz Mazimun incidence angle of the profil

1-2ginZ)V,
Umin:( 4 2) >

tan amgqr

The angular velocity is following : w=p8= n}%m

w
Rotational velocity is Nrpm =

fuy]
>~

U= (R~ (r,—e) cos f)w A= b <= —

&5
Q
I
|
9}
I
@2‘ ?U\

2.3.2.10 Incidence angle By using (1)(2) and (13)

tana = sin § a- a%) hl (_TJ’,’;E))\] (17)
s F1(1—af) + % + 7N

1
tana = tan g3 (

A 1 rp—e ) (18)
L+ (1-ab sinﬁ)(COSﬁ + 7R )

2
. . . «
Incidence angle having a low value, a ~ tan o =~ sin « cosa~1l-— =1

~

2

The incidence angle must be below the maximum incidence angle of the
profile.

15
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Figure 12: incidence angle variations

2.3.2.11 Calculations of the tangential and normal coefficients
By using (10), the following incidence angle definition below

avecCp = 0 Cr = 2rsin® o Cy =27 sin acos «

16



- Cn 1 (P52 =0.02:A=3:b=0.5) / \
/
— Cy t (222 =0.02: \=3:b=0.75) /) \
/) \
/ \
/
1+ /

--» Cp : (”’1—;6 =0.02: A=3:0=0.5)

— Cr : (%:0.02:/\:3:sz.75)
0

Figure 13: tangential and normal coefficient

2.3.2.12 Calculation of the relative velocity : by using (13) dimen-
sional relative velocity is

w? V2

7z = V—2(1+)\2+2)\0085)
v b .
Ve —1—a151n5

17



1+ = e (25 =002:A=3:b=0.75)
W . (rv-e . — - h =
. oy (P =002:A=3:5=105)
T T T T T

|
I
0 1 2 3 4 5 6

Figure 14: relative velocity

The dimensional relative velocity % can be approximated by

W, Va 1
(V—OO)—)\(K)—)\—(W—a—) xr=wuorv

2.3.2.13 Torque and power calculations Following the document
[6] , a mean deviation angle can be defined ¢ like being the mean value of
¢ = % and the section of the flow area dAx,, of a streamtube ruled by

the velocity V;,. The mean flow area is defined by dAz,, = Rd¢sin ¢dH.

dAx, + dA
dAx,V, = dAxgVy = dAx,, Vi, dAx,, = #
. ., dBy
dAx, = R,dp, sin B,dH = R, sin ﬂu%d(bdﬂ'
_ : _ posin g, 3P4
dAxgy = RydfB,sin SgdH = Rysin ﬁd%dgde

18



We infer
dAz,

& . 2Vd dAmd . & . QVU
dAzm — Vi Vu+Vy dAzy, Vg  Vu+Vy
dAr,  R,dB,sinf, R o~R % _ sing dAx,  sing 2V
dAz,,  Rd¢sind v d¢  sinf, dAz,, sinfB, Vi + Vy
dAz, = R, sin ﬁu%d(bdﬂ' R.,~R
'dACCu B R% dp — smgb 2V, do
sin 8, dH do sm Bu Vu + Vg
The angle ¢ is of the same order of magnitude than f.
dAx, _ 2V
.796 — 48,
sin By, dH Vu+Vy
likewise
dA.%'d — QVU
0% _ p_ g,
sin BqdH Vi + Vg
The torque due to the tangential force dT, is defined by :
T, = CrspW2edH T, = dT,—— 21
u = HTHP ~ YN aB
dCT, = R, dT,, dAx, = R,dpB, sin B, dH
1 - dAx 1 _,  2Vy
dCT, = —oRCrpW2i—-—"" = —oCrpW2R? dBuy
Ar TP “sin 3, 47 0 TTP Vi + Vg p
likewise
dA.%'d
T — 2 _ 2
dC d = O'RCTpW sin ,Bd I O'CTdeR V Vd d,@d
The wind power is
1 3 1 D 3
Pwind = §pSwept—areaVoo = §p2R dH Voo
The power coefficient is
Powerturbine Torqueturbine ﬁ ‘ )\Voo
Cp — = 5 = —
Pwind Pwind R
Torqueturbine Torqueturbine
=A—=77p— =AC imyess C imiess — T 5o 11,0
P pR2ZHV2 Pdim, Pdim, pR2ZHV2

19



the torque due to the tangential forces is equal to

T 2
TO?”(]UGFOTCEST = (/ dCTud,B + / dCde,B) H
0 T
o [T _Va Wi, /2“ Vi Wao
Coliimens = 3ot | g P ab+ | iy (i)

By using (3) Cr = {e sin 8} Fyjige—bar

1
Faide—bar = —CNiprcdH =-N Cr = 27w sin® a—C)p Cn = 27 sin « cos o

Cp~0 cosa =~ 1 sinﬂz%sina (=—) = A (=)

e
Cdeimless ~ § A CpTdimless
The dimensionnal power coefficient has a value of
e
deimless = (1 + E )‘)Cdeimless

Thanks to an analytical calculation, the analytical power coefficient can

be defined by

e 9 22 T .
Cpanalytical = (1 + = )‘) (?b3_§b2+§b) b=oA with Cpanalytical < 1.

R

— Cp : (

€
R
CPBety fevvvreererrr e N e

Zlo

20
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Figure 15: power coefficient

2.4 Conclusion about Power Coefficient

Mathematician Betz determined, thanks to the kinetic energy (with appro-
priate parameters), that it is possible to collect 60% of the wind energy. The
remaining energy (40%) is not lost and generates forces on the turbine.

For a standard Darrieus turbine, the normal force creates compressive stress
and extension of the arms. The active lift turb ine is partially transferring
these normal forces thanks to the crank rod system into kinetic energy.
Concerning standard Darrieus turbine, the driving power is calculated through
the tangential power coefficients C, ..

Concerning active lift turbine, the driving power is calculated through the
tangential and normal power coefficients Cy, and Cy, .

21



3 Theory on vibrations :

3.1 Resonant modes

The relative velocity is not uniform during each turn. This generates ve-
locity variations of the rotational velocity and induced vibrations. By using
Lagrange equations (virtual powers), we will estimate these vibrations

The velocity variations are

3 has been considered as constant ﬁ = w = constant

The rotational angular velocity w follows the variations.

In order to take into account these variations, the angular velocity can be

defined as
8= B +8 B = w = Mean constant velocity

The velocity variations compared to the mean velocity are corresponding to
the terms ﬁ

First approximation is giving ﬁ by a 8 a being a constant

B=B+af=w+ap

The kinetic energy is

T, = (B3 4 B2 = Lm0 4 1y — 0 — 20, — ) cos )

Consideringthe profil mass being in one point m for simpli fy calculations

The Lagrange equations terms at the kinetic energy level are

%1; = mB{R% + (r, — €)? — 2(rp — €)Rcos B}
d aTe s _2 2 = = '2 .
% o5 y=mpB{R*+ (1, —e)* —2(rp, — e)Rcos B} — 2(rp, — e)RmSB*sin 8
%1; = —m(ry — e)RB?sin S
% ?;; }— %1; = mB{R*+ (rp—e)? —2(rp —e) R cos B} +m(ry — e) R sin

22



4 Powers calculation
Power priving = {N7+T7} A {Rz"—i— TRBf} = NR+TRp
NR+TRB = —(r, —e)NBsin 8+ T (R + (r, — €) cos 3)3

PowerResisting = - CResisting 5

CResisting : resisting torque due electrical generator ,tothe friction, etc

The lagrange equation terms of the power level are
Ag = TR+ (r, —e)Tcos B — (1, —e)Nsin 3 — CResisting

The Lagrange equation is

d 0T,
dt* a8
mB{R?* + (r, — e)? — 2(77, —e)Rcos B} =
TR+ (ry —e)T cos 3 — (1, — )N sin B — m(ry, — e)RBQ sin 8 — CResisting

The Lagrange equation for a Darrieus turbine type r=0

}— :Aﬁ

. _ _ 1
mBR?> = TR — Chrsistant T = CT5 pcHW?

. 1
p= mR2

T depends on Cr and on W2, for a blade, simplified curve || is

23



Figure 16: approximately curve of | 3 |

For one blade, there will be two pulsations per turn. The blade pace will
be equivalent (translation of 120) for a three blades case. The association
of the three paces is lowering the vibrations and is increasing the vibration
frequency. Six pulsations will be obtained per turn.

The Lagrange equation for an active lift turbine with a controlled displace-
ment is

B = 1 X
1
m{R2 + (rp — )2 — 2(ry, — €) R cos 3}
{TR+ (ry—e)T cos B— (r, —e)Nsin 3 —m(r, — e)RBQ sin B — CResisting }
(19)

X

The same kind of equations is obtained for standard Darrieus turbine
type.

The attenuation of the amplitudes has almost the value of (T"—}%e) .

4.1 Conclusion on vibrations

The same range of vibrations is generated for a Darrieus turbine type or for
an active lift turbine with a controlled displacement. Vibrations are reduced
slightly.

These frequencies can be a source of fatigue for the structure or of noise
generation. For Darrieus type turbines, manufacturers are building heli-
coidal blades or stepped blades. The yield of the active lift turbine is higher
than any other turbine types but the vibrations are not cancelled. These
are slightly dampened.

5 Conclusion

cf. conclusions : 2.4 and 4.1

24



It has been theoretically demonstrated that active lift turbine is deliver-
ing a power coefficient greater than defined by Betz [1] for classical vertical
axis Darrieus [7] type turbine. The active lift turbine will not solve the gener-
ated vibrations problem. It will be necessary to add devices (such as twisted
blades for example) in order to limit the vibrations. The first version of this
turbine was the subject of a Phd work (numerical and experimental)[3] which
validated the concept. The latest version of the active lift turbine provides
a real gain on the theoretical power and requires a research plan to validate
and optimize this concept in order to achieve an industrial version.

25



-Annexe

6 Betz power coefficient

Maximum wind power (from kinetic energy)

1

EczimVZ
AB. _ Ldm oy, 1 oav?odv
dt 2 dt 27 dt dt

dE. 1

1
—mV?= §pSV3

dt 2

R

[

v —

Va
P1 = Patmosphere

V Wind speed at the turbine level
Force applied by the wind on the rotor

av

F:m%:mAV = pSV (V1 — Vo)

P=FV = pSV*(V; — V)
AE _ gmV{ — gmVy L. 2 2 1 2 2
P—W— At —§m(V1—V2)—§pSV(V1—V2)

From these equalities

i+,
2

V=V-=

1
F=pSV (Vi = Vo) = 5pS(V¥ = V5)
1
P=FV = pSV2 (V] — V,) = ZpS(vf — VAV + Wa)

26



i ¥
defining a = v

1 1
== 5,05‘/12(1 — d?) P = Z,oSVf’(l —a®)(1+a)

The wind power is P,;,q = %pSVl‘3

1 3012
The power coefficient is defined by C, = PP — 2pSVill—a){1ta)

wind %pSVf’
%(1 —a?)(1+a)
Search of the maximum power coefficient

dcC 1
—L2 —0=-2a(1+a)+1-d? a>0 a=z
a 3
16
= — =0.593
Cr 27
The maximum power coefficient C, . is defined by Betz
C =16 =0.593
PBetz 27

27
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