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ABSTRACT

The momentum theory is applied to the tornado wind energy concentrator system. It is shown that the power coeffi-
cient of the system can be written as a product of three factors : a mass_concentration coefficient, an energy augmen-
tation ceoefficient and an extraction coefficient. By this splitting, the relative importance of the three components in
the power output of the system can be analysed. On small scale systems, including a real turbine, the three coefficients
are determined and inherent drawbacks of the tornado system are detected. Extrapolation of the characteristic coeffi-
cients for large scale systems is possible leading to a performance prediction for real applications.
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7T L INTRODUCTION : )
. X
- S R
The Tornado Wind Energy System (TWES) was introduced ' sl

by _Yen [1,2] . Figure | shows the concept. The main part of
“the system is a tower which collects the wind through
adjustable vanes that are opened at the windward side and
closed at the leeward side. A vortex is created in the
tower with a low pressure coré that sucks air through a
turbine in the bottom of the tower. —

Global performance pre-

P e do L dictions for the torna-

/ do system, based on mo-
. ment considerations

// / nn N were formulated by Loth
— : ,7’ [3} and by Dick {4] .

; . = general momentum theory
. - HJ . for wind energy concen-

“trator systems, separa-
t_lng\the characteristics
of the turbine and the
concentrator parts was
\ formulated by Dick [5].
In this paper, this
general momentum theory
is applied to the tor-
nado wind energy system.
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From the law of conservation of momentum, it follows
that the axial Torce D = (p: - pT)Sy is equal to the de-
crease of the “momen tum £1ox over the turbine. ™

MENTUM THEORY FOR FREE TURBINES

Assuming inviscid flow, there cannot be an exchange

In order to be able to apply momentum theory to a
tornado system, it is necessary to recall the classic mo-
men~ur ' theory of Betz for free turbines [6].

Figure 2 shows the flow through a wind turbine, sche-
matically represented by an actuator disk. The undisturbed
flow far upstream of the wind turbine has velocity vy. The
wind velocity at the turbine i{s vy. Far downstream of the

wind turbine, the velocity is vy. The air is assumed {9 he
im&wﬁ&u P“e to the energy extrac-

tion by the turbine, the wind velocity v, is smaller than
vy. Hence, the streamtube through the t turbine diverges
Some of the retardation of thé flow takes place in front
of the turbine, some behind the turbine. A uniform static
pressure drop p* - p~ over the turbine expresses the ener-
gy extraction. In the wake, the static bressure.recovers
to the, free siream value pp = pg. The pressure profile is
sketched in fiqure 2
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of enthalpy without mass transfer. Hence, the region in-
fluenced by the wind turbine is limited to the streamtube
through the turbine. The decxease i momentum is thys :

pvlsl(vg - VZ) =D = (p - p° )S1 (1)
Since there is né enthalpy exchange upstream and down-
stream of the turb:Lne, the Bernoulli equation holds for
these parts of the streamtube :

+ .1 2 1 2
PT eV =Pyt 3PV, P
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T+ L v? = + LS v2
P YoMV =P T3,
R e i e 3
Since Py = Py this leads to :
T | 2_ 2
P P 3 p vy =vsy) (2)
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The total enthalpy drop across the turbine is
+ -
Plop 1 22
AH 5 7 (Vg vy

fHence, the power extracted by the turbine is

1 2

P = pv,5,8H = 5 pv;S, (vg - V)
The power can be expressed by the power coefficientm
“A——— m
PowER c, =t - (v—l){1 - (v_z)z] (3)
FFICIENT: Polosy Yo Yo
2 1°0
oméinéfs,isn,,.&f“_(el"’. .and_(2) gives
’ v, + v
0 2 2 1
Vl————-2— or v——2-v—-1 (4)

Qe 0

Hence, half the retardation of the flow takes place up-
stream and half the retardation takes place downstream of
the turbine.

The power coefficient expresses the ratio of the

streamtube in undisturbed flow with a cross sectlon equal

sion

v
1 2,2
- [1 (v ) ] (5)
can be seen as an extraction coefficient, J.ndlcatlng the
rt of the energy_ extracted from the flow which passes

'ough “the turbine in uniocaded conditions.

With the relationship {4), the extractloa fag%r (5)

has a maximum for v,/vqy = 2/3, equal to

BETZ Cp max ® 0-593) ~ Buiow izt (6)
Ui, 0 ) MEur DES ST
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Clearly, due to the upper limit of the extraction
factor (6) and the rather lim:Lted energy flux which can
pass in unloaded conditions through a free turbine, the

| power of a free turbine is rather l;.xrnlited 'I}Lewg_lm of con-
\,entrator _systems is of a
wmd . en. Pnncz.pally. thJ.s can be done in three
WCh usually are combined : augmenting the mass
flow passing through the system, augment ng the specific
energy content of the wind and augmenting the energy ex-
traction factor.

ed conditions, for a free turbine -
city at the turbine(v is equal to vg. By augmentation of
the mass flow throug! e system, to be understood
that in unloaded conditions the velocity at the turbine is
made to be larger than the free stream_velocity. A mass
concentration coefficient then can be defined by [5] :
amorndfallett ¢ -y, /v
TaokfgENT . L C 10
FTrom (2), it is seen that for a free turbine, the maximum
enthalpy drop is the kinetic energy content of the free
stream (reached for vy = 0) :

= vé/2

0 (7)

m

It is said that an energy augmentation effect is achieved
if this maximum enthalpy drop is made larger than the free
stream kinetic energy. An energy augmentation coefficient
is defined by [5]

CAIERGY
A LedT AT10n) c, = 2Aﬂm/vé (8)
CoLEECENT - =
The absolute maximum _power of the system is then :
{ Prax = pleSIAH ‘]
and an extraction coefficient can be deflned by :
(9)

EXCRACTION cC =P/P
e max
CoELFICELT -
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Clearly, the power coefficient of the system is given by :

c, - 1P _ PVyo 288, Lo el ’P?]\;J)E.)Z
Vo5 veSy ©0 Y0 Fmax cae COEFFIIENT

It is clear a priori that mass concentration 4s a matter

of exe_rtlng ‘forces” perpendicﬁl‘ér To th&"fTow, 1.e. Forces
which do not fransfer enérgy to the tlow viously, in

order to réach am €neérgy augmentation effec forcg gm}cﬁ
éxecute work have to'BE& éXerted Gii"the TIow.

The result of the Betz theorem (6) cannot be inter-
preted as an absolute result, since it is obtained by a
number of approximations. The theory is an example of a
streamtube theory. This means that the energy extraction
by the turbine is calculated based on momentum balances,
on streamtubes, neglecting enthalpy exchange between flows
in different streamtubes. This is clearly an inviscid
approximation.

In loaded conditions, there is always a spontaneous
energy transfer to the wake of the system. It arises from
turbulent mixing with surrounding air which is not affec-
ted by the system itself. This turbulent mixing leads to
the wake decay. For free turbines, the phenomenon of tur-
bulent mixing was discussed Ry to
his measurements, the average axial velocity in the
streamtube through the turbine can be sketched as in
figure 3. The axial velocity at the turbine is higher than
_predicted by inviscid streamtube theory. Downstream of the
turbine, the axial velocity reaches a value that is slight-
ly lower than predicted.
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Except for very low values of vy, the functional rela-
tion between the minimal axial velocity v, and the axial
velocity at the turbine V) can be approximated by

L !

!

P v
‘ ——2-=2v—1-1—0.69 (v—1-1)25 (11)
Yo 0 0 ,

Neglecting the energy transfer to the wake due to turbu-
1ent mixing, before the point of minimum axial velocity,
the power extracted by the turbine ig gtill.given.hy.equas
tion (3). With equation (11), the power coefficient
reaches a maximum for e

, — . Powez
v /v = 0. 676 v2/v0 = 0.280' Cot FRICIE !\)T\‘-/
leading to v
CP,max = 0.623 /10(?—"(0 Z%%J [T
1~ 0,09 - |
This shows that, by the mixing of the wake and the-sur- d " ' 5‘“6
rounding flow,\an increase in extractable energy)may v be P
—— B e S T e e o -0 }}
powee 0T

expected in the order o

For low values of vy/vp, it is not possible to deter-
mine & clear functional relationship between vj/vp and
‘7v “"due to the breakdown of thé régular flow pattern
ith the occurence of a turbulent ‘wake state.

In practice, the energy transfer to the wake due to
turbulent mixing can be taken into account by not measu-
ring v, but by calculating it from the axial force coeffi-
cient of the turbine
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From {2), it follows

v ) SRRV
1 - (;372
0

C

D (12)

TurcTton

Since the difference between vy calculated by (12) and the
actual v, downstream of the turbine is limited to a few
percent, values of Cp larger than 1 only occur in turbu-
lent wake state, i.e. in load conditions which are far
away from optimum. Hence by using (12), it_is not necessa-

|

ry to incorporate the energy. augmentation.effect.due to
turbulent mixing into the energy guamentation coefficient.
To do so would be ver difficult since this effect is not
determined by the system itself, '"fore, in the sequel,
v2 always w111 be e ined by.(fl) The " Eunctlonal rela-
tlonshlp v2 “and vl, obtained in this way, will be
called the g m function.

MOMENTUM THRORY FOB. THE.RQRNADO. WIND. ENERGY. SYSTEM

A lot of studies, both analytically and experimental-
ly, were done on the vortex structure in the tornado tower.
A thorough analytical study can be found in [8], an expe-
rimental study on towers with closed bottom walls in [9],
experimental studies on towers in which the turbine is
replaced by a screen in [10] a dﬁ[ll] and an experimental

study with a real turbine in [12]. all these studies agree

that uye_ygggex in the tower can be seen as composed of a_
core region (0 € r X r.) with appxoxlmately solid body
rotation and an outer region {r. € r < . Tg) with approxima-

tely potential vortex structure The tangentlal velocity

profile can be well reﬁresented bg a E&ing—]iw H
W_‘ l

RA[:\,AKV‘\/NE w = {K/r) (1 - exp(-Re r°/2 zo))

in which vp is the free stream velociﬁy.and Re 'is a

{13)

Reynolds number. This structure is asymptotically limited
by an ideal solid body rotation in the core :
W= (r/rc) (14)
and an ideal potential vortex in the outer region :
w = K/r with W= K/rC (15)

Experimentally, the tangential velocity at r rg is found
to be slightly lower than the free strezm velocity vg.
Therefore, it is believed that a theoretical upper limit
of X is vgrg. In the core region, pressure is approximate-
ly constant. In the cuter region of the vortex, centrifu-
gal force and pressure gradient are in eguilibrium [9] :

1dp _w?

o ar . (18}

For r = ry, pressure is approximately egual to the free
stream pressure pg. Measured tangential velocity - and
pressure profiles are shown in figure 4F [10] .
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According to the measurements described above, the
tangential velocity profile can be modelled by (14)(15)
with K = vgrg. With the potential vortex structure (15),
the pressure in the outer region follows from (16) :
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The result (17) implies that the total enthalpy in the
potential region of the vortex is equal-to the free stream
value. This shows that there is no energy exchange between
the flow in the potential region and the turbine and that
the measured decrease in total enthalpy with decreasing
radius in the potential region is due to losses. As a con=-

sequence, only the core region plays a role in the energy

exchange between flow and turbine.

The complete flow pattern is sketched in figure 4a.
In the lower part of the tower the Rankine-like shape of
the tangential velocity profile is not yet established due
to the mixing of the turbine flow and some of the flow
that enters through the vanes. The lowest horizontal cross
section in which the mixing is completed, i.e. in which
the Rankine—law can be detected, is calleﬁ the mixed- out

:yujggw The flow through the vanes which is collected in

the core region of section 2 18 called the secondary flow.

‘The flow which comes in the potential region of section 2

and which enters in higher parts of the tower, is called
the tertiary flow.

The ratio of secondary to primary mass flow can be
determined theoretically by expressing conservation of
moment of momentum between section 1 and section 2. In
case the turbine is replaced by a screen, the moment of

mqmentum just behind the turbine can be neglected and con-

_servation of moment of momentum, based on the model flow,

gives :
rc2 R
i pv,wr2wrdr + S pvK2#rdr = K(m,+m,), K = V.r
0 2 v 273 0" 0
c2

The axial velocity in the core region in section (2) is
denoted by vy while v is the axial velocity in the poten-
tial region. By assuming vy to be constant :

1 . . . PP
3 K(m1+m2) + xm3 = K(m2+m3) or mz/m1 (18)
The result (18) only holds for the model flow. In a real
system, the secondary mass flow is lower than the value

predicted by (18).

It is to be remarked that the mass flow ratio can be
influenced by the moment of momentum in the primary flow.
By denoting by g the flux of moment of momentum in the
turbine flow, the balance (18) becomes :

2
or = =
m

..

1 L. . . .
2 K(m1+m2) + Xm, = K{m2+m3) + KTml (19)
Clearly, by giving a postrotation in the turbine flow,
opposite to the sense of rotation of the vortex in the

tower, the secondary mass flow can be increased.
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From measurements [10] it is clear that the pressure
which is maintained in the mixed-out section, in loaded
conditions of the turbine, is below ambient pressure by an
amount which is much higher than the dynamic pressure in
this section. This means that the core flow has to recover
to ambient pressure while energy is transfered from the
tertiary flow by mixing. It .is clear that this combined
diffusion-mixing process actually determines the pressure
that can be maintained in the mixed-out section. By assu-
ming that the energy transfer from the tertlary flow
occurs without losses, an upper limit for the power of the
turbine can be found from an energy balance between section
(3) and free stream positions for all flows involved [3].




? The distinction between secondary and tertiary mass
f flows is very fundamental in the understanding of the
energy transfer processes in the tornado system. Detailed
measurements by Windrich and Fricke [11] show that the
mixed-out section is an equilibrium section without radial
flow and without axial pressure gradient. A consequence of
this observation is that the flow field in the mixed-out
section is twodimensional, such that the tangential velo-
city | proflle and the | pressure profile in the mixed-out

_section are independent of turbine Iocad and tower exit
conditions. It i8 clear ‘that this only can be valid, if
the velocity and pressure field in the mixed-out section
can freely develop, This implies a sufficient height of
the tower. This was.clearly demonstrated in {10] in which
towers with free suction are used in contrast to the

e s 'L}ll in which by means of a blower the pressure
@fzon, of the screen is kept at atmospheric pressure,
“independent of turbine load. In [i0] it was shown that the
diffusion process between mixed-out section and tower top
requires a minimum axial length in order to avoid return
flow. For aspect ratios H/d, higher than 2.5, a regular
diffusion, involving only pesitive axial velocities is
observed, leading to a well developed mixed-out section
with a pressure profile that is twodimensionally deter-
mined and is independent of tower height. As a consequence,
for tower aspect ratios higher than 2.5, the power that
can be extracted by the turbine bscomes independent. of
tgxgx hexght. For aspect ratios lower than 2.5 return flow
in the axial diffusion is observed leading to a decrease
of the subpression in the core of the mixed-out section
and a decrease in extractable power. As a consequence,
based on frontal area, the power coefficient reaches a

maximun for the aspect ratlo 2.5, i.e. at the onset of
~ ~return flow, independent of other system parameters.

7 The existence of a mixed-out section, observed expe-
"Trimentally, can be used to simplify the theoretical analy-
sis of the tornado system. Since, at least for sufficient-
ly high aspect ratios, the pressure profile which is main-
tained in the mixed-out section is twodimensionally deter-
mined, i.e. only dependent on the form of the cross sec-
tion of the tower and its diameter, independent of load,
the turbine flow can be considered to exhaust in a can-
stant pressure reservoir similar to an infinite atmosphere.
This makes it possible to extend classical momentum theory
for free turbines to tornado concentrators as was princi-
pally shown in [5]. In this section, the momentum analysis
of the tornade concentrator is further developed based on
- the concepts that were introduced in (5] for general con-
centrator systems. In contrast to [3}] and [4], in the
sequel, momentum theory is used in the classical sense of
Betz. This means that the energy balance is taken on the
streamtube passing through the turblne between mlxed -out

transf T ue ‘to mixinn. A correction for mlxing can be
1ntroduced, as shown in the previous section, by calcula-
ting v, from the axial force coefficient of the turbine
by (12).

When energy transfer in the streamtube through the
turbine is neglected upstream of the turbine and between
“ine and mixed-out section, the Bernoulli equation

{as for these parts of the streamtube :

+ 1 2 1 2 —
+ = . = +

P T30V =Pt P

. ’ i
Hence : . P =P = PO +'% OVS - %’DV; =Py (20)

2 _ 1 2
pVy =Py * 3PV

(N1

In contrast to the free turbine pj; # Py and as a conse-
quence, in unloaded conditions, vao is different from vg ¢t
m

1 = 1 -
7 V20 = Pp + 3 PV - Py 2n

Hence, according teo the definition (8), the energy augmen=-
- tation coefficient is :

ca = v;O/Vé (22)

Using (20) and (21), the power extracted by the turbine is
given by :

P = = 2 - 2
| PVi8p 7 o - V) ﬁ
The power coefficient is :
P Y1 (Y20 v
S Ry [(—v »2 - (—2>2] (23)
= PVAS 0 0 - Vo
27071

Using the energy augmentation (22) and the mass concentra-
tion coefficient (7), (23) becomes : =~ T

v v v

10 20

¢, = D ch [1 - (—) ] (24)
0 0 10 20

Hence, the extxﬂ;;ignicggffigient_has the form :

V1 [
c =— |1 - (——) } (25)
e Y0 V20

It is clear that (25) is a generalisation of (5}, since
for the free turbine Vip = Yo and Voo = vo.

From (20), it is seen that VZ/VZO can be calculated
from the measured force coefficient of the turbine :

+ _ - v,
c =B~ R ¢ [1 - (.___32) (26)
D 1 a v,

) ovo 20

(26) is to be considered as a generalisation of (12).

RXEERIMENTAL VERIEICATION

It is clear that the quality of the vortex structure
is strongly dependent on the geometrg of the vanes. In
order to circumvent e problem of designing optzmal ‘vanes,
for analysis purpc a logarithmi& spiral shaped tower
was introduced by Yen {1, 2] in which the ideal vortex
structure (13,14) is easily reached. Results for models
of this type with closed bottom walls were reported by
"Windrich et al. [9]., The same logarithmic spiral shape was
used by Haers and Dick [10] in_studies on t i
bottom openirg in which the turbine is simulated by a

EH. A similar study was “done by Windrich and Fricke

l!l . In [12] also results are reported on cilindrical
towers with vanes.
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Figure 5 shows the logarithmic spiral tower used in [9 12]i

“The form of the splral is

g r=r, e'16 f 0% 8 < 2n

The logarithmic spiral tower is to be seen as a tornado
tower with diameter dp and one, large, vane collecting the
wind in an optimal way. Therefore, the frontal area of the
system is calculated as H dp. Figure 5 also shows the
model of the cilindrical tower used in [12] . Vanes are
copened in one quarter of the tower.

Figure & shows the power coefficient, based on fron-
tal area for the logarithmic tower and the cilindrical
tower for several values of tower aspect ratio H/do and
turbine diameter to tower diameter ratio dy/dg, in func-
tion of screen porosity a. This figure shows that the per-
formance of the omni-directional tower is consistently
lower than the performance of the uni-directicnal
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(logarithmic) tower. This is due to the lower quality of
the vortex structure in the omni-directional tower. The
tangential velocity profiles in the outer region of the
vortex are asymptotically tangent to v = k vorg/r. k is
found to be approximately .8 for the uni- directional _to-

wers and .6 for the omni-directional towers.
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For both tower forms, it was found that, wlth free suction,
turbine diameter was found to coincide with the diameter
of the core in tie mixed-out section. For the small scale
wedels used in [10-12] the optimal turbine diameter to
tower diameter ratio was found to be about 0.5 to 0.7. It
is however clear that for large systems thIs Value should
be much lower since according to (13) the core radius is
inversely proportional to the Reynoldsnumber. It is easy
to interpret the experimental results in terms of the mo-
mentum theory. From the mass flow in unloaded conditions,
C. can be calculated according to (7). From the pressure
in the mixed-out section C, can be calculated according to
(21) and (22). The system function then can be obtained
from the measured power coefficient and the measured mass
flow. For_the logaxitbmic spiral.tower with H/9g = 2.5 and
dy/dg = 0.5 : Cc = 0.549 and Ca = 2.14 o3
rectional  tower with B/dg = 2.5 and d,78g 7=
0.348 and C5 = 1.538. The experimentallx obtained system
functions are_ shown in figure 7. o
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Fig. 7. System diagram
1:Theoretical system function of tornado system.
2:Experimental system function of log. tower (screens).
3:Experimental system function of vaned tower (screens).
O Logarithmic tower with real turbine.
4:Theoretical system function of free turbine.
5:Experimental system function of free turbine.
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With the simplifying assumptions introduced above and for a
constant mass flow ratio m,/my, obviously there is a conti-
nuity relation ween Tiow passing through the turbine
and the flow passing through the constant radius core of
the mixed-out section such that the.system function theore-
tically is : vq/vyig = v2/v20- -

The accordance between the experimental and theoretical
system functions is reasoﬁ"mg. TE*16335 to the con-
cIUsioh that there is approxxmate a SEIhnoe between the

_neglected 1osses_aidethgmpeglected.y ergxatransfer from the
secondary to primary flow. For reasons of comparison, “the
theoretical and experimental system functions For a free
turbine resulting from the Betz analysis (4) (11) are also
shown in figure 7, together with curves of constant extrac-
tion factor. The theoretical maximum extraction coefficiént
for the free turbine is .593 (16/27), while for the tornado
system it is only .385 (2/3/3). The theoretical optimum for
the tornado system is obtained for

vi/¥0 = ValVyo = 1/V3 = vlf 27
The experimentally determined optimum cor esponids to :
Vi/vp = 05 vplvgg X025 € ., 04T ¥ (28)

Figure 7 also shows the results of a tornado system with a
real turbjne. The ‘turbine was not ‘designed’ to match the -
experimentally ined ‘optimaj. conditions (28) since this
would result in gh disk loading with corresponding
blade forms similar to these in gas- and steam turbines.

It was felt that the miniature constriction of “such a blade
was too difficult. Therefore, load conditions corresponding
to the theoretical optimum (27) were chosen. It was found

that for these conditions, a turbine with approximately
zero postrotation and approximately constant axial flow
velocity could be deSLgned based on NACA ‘4412 aerofoil sec-
tions with a blade torsion of 15° [iZ]. The point shown in
figure 7 is the gross power point (power taken from the v
flow) . The net power corresponds to.O 75 of the gross po-
wer. It is seen tha
t i e iva

h
screen. In [12] it was shown that the same per ormance is
SRNGErT .

reached, independent of the postrotation in the flow.

CONCLUSION

It is clear that the performance of a large scale sys-
tem can be much better than the performance measured with
the small scale system used in this study to illustrate the
momentum theory The mass concentration coefficient and the
ener: entation co ept can _be expected. to. be. much
be cer for large scale systems. It is clear however that
the product of ‘these coefficients never can be larger than
the frontal area to turbine area ratio, since mass concen-
tration and energy augmentation express the transformation
of the kinetic energy flux of the wind captured by the
frontal area to the energy flux in the turbine flow. This
means that based on frontal area, the power coefficient
cannot be larger than the extraction coefficient. The mo-
mentum interpretation of the results for small scale sys-
tems shows that the system function of a tornado wind ener-
gy system is not_as favqQurable as.the system function of a
_free turbine. As a consequence it is to be expected that
" for large scale systems the gross power coefficient is lo-
wer than the Betz limit. It can be expected to be -'0,4
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