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: power coefficient C

'LIST OF SYMBOLS

: blade chord
: 1ift coefficient

: drag coefficient ( Cd ='Cd°~+ CdkdZ )

='-——g_TV

p pnR
. e Lt
: thrust coefficient. Ct = SRAVT |
: drag Db : in-plane component of the drag

Dt : thrust component of the drag

: Prandtl's correction factor for a finite number of blades
¢ radial direction index
: azimuthal direction vortex

s Tift Lp :'1n-p1ahe component of the lift

Lt : thrust component of the 1ift
T

: thrust coefficient LT = STRI(RYZ
) - ) P

: power coefficient Lp = ARZ(GR)T
: number of blades

: number of positions

- First subscript :

3

: near wake and blade.
i interﬁediate wake

- Second ‘subscript: ¢ : cehters
n : nodes

: radial direction

-

- Third subscript :

a : azimuthal direction




. center of the rotor
: power ( extracted by the wind turbine’)
: rad1us of the rotor

: rad1a1 pos1t1on of a po1nt

ad1a1 posit1on of the root .of a b]ade '

Subscript

Subscript

Subscript
Sobccript
Subscript
Subscript

X .

y:

”z,i

: thrust on the rotor
: w1nd velocity re1at1ve to a blade section
: free stream velocity‘ |

: induced ve10c1ty

X component ( or rad1a1 component if relative
to a blade ).

y component ( or tangential component .if

re]ative to a b1ade
z component ‘(axial component )

t : tangent1a1 component

.r :
b.:
: attack angle
: stall angle

rad1a] component

olade

: stoII corrected attack angle



An

- circulation

- concentrated vortex sfrengtn
subscripted 1 er.2 :.Tumped.stnength of a sheet element
| | t: strengfh ef the tip vortex
r.: etrength of the roet vertex

B : bound circn1ation

: inflow angle

: radial position ( n=r/R) :

subscripted n : near wake
i 1nfermediate wake
v : node poéftidn
¢ -: center position
ot :,tip of the blade pos1fion

r : root of the blade posit1on

: dlstance between two radia] positions

: solidity of the rotor ( ¢ = NE )

: p]tch,angle

: air density

: azimuth'

: increment in azimuthal direction

: advance ratio ( N = R

V)

: an,alar velocity of the rotor




Section.1

INTRODUCTION

+

" The precise study of the aerodynamics and the determination of the
performances of a wind turbine are becoming necessary,because;of the
appearence of large w1nd turbine for power generatlon B .,,“ .

A few years ago, these probiems could only be approached us1ng sim-
plified models derived from the momentum theory. These models become
very innagurete'in the domaine of;theesmalj-advance retios, which is in -

_fact .the most interesting domaine for. power.generation, .

They cannot be used; except with empirical correctibnéxjn the‘vorte§ ring
conditions ( reverse flow en some sections )s ahd the influence of a fini-
te number of blades can only be estimated usfng the semi-empirfcal |

corrections. ’ . |

A first appreach for the study of these problems, usihg computers, is
the semi-rigid model [ -1 J. The results obtained:using this model show
better agreement with ekperimental.data than the model obtained using
momentum theory. | |

The semi-rigid wake model is based on an,eﬁproximation of the geometry
of the wake ; a free wake model, because it wdfks with a more precise defi-
nition of the wake, is therefore interesting when this eeometry differs
substantially from the approxihation used in the semi-rigid wake model.
This is the case for the low advance ratios, where the spirals-of the wake
are near each other, and for the case 6f a highly loaded rotor, where the .

induced velocities are large.




" The free wake model must also be used to predict blade-wake inter-
actions, for which a precise lTocation of the wake must be deterﬁined."
This last problem is important for computing the effects of blade-wake
interactions for structurai anelysis. . | o

The aerodynamic study of a horizontal axis wind turbine, W1th rotor
of low solidity is a ‘problem similar in many ways to the study of
helicopter rotors in vertical f11ght and of aircraft propellers. [ 2 1
and [ 4 1° | | '

For these problems, the velocity at ary point in space is determined
by the local inflow to which is added the pertubation due to the bré-
sence of the rotor.These pertubations are the velocities induced by the’
vorticity, which is located only on the blades and in the wake. The |
vorticity in the wake is determined by simple deriyation of the dis-._
tribution of circu]ation along the bledes, which itself is determined
from the velocities induced on ‘the blade.

The blades can be modelled using 1ifting iine theory or 1ifting surface
theory, As this study is restricted to rotors of'low sd]idity, the
lifting line theory have been used.

The effects of viscosity are neglected, except for the drag on the blades
and the existence of a core for vortices.

A solution of the prob]emlcan therefore be composed of the actual
distribution of circulation along the blades and 6f the actual geometry
of the wake (‘1ocetion of the pointsfof the wake in space ). From
these’ results, the evaluat1on of . the performances, or the determination

of the velocity at any other po1nt in space ( if needed ). is stra1ghtforward
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Compared to the propeller problems, the wind turbine slows the flow

( to extract power ') instead of accelerating it. Therefore, for similar
inflows, the wake tends to stay near the rotor plane instead of moving
away from 1t and the wake is expanding instead of contracting.

A propeller 3s optimized totéet a maximum thrust per unit of shaft

~ power ( Ly coefficient ), but the wind turbine is optimized to extract
the maximum power ( shaft power ) per unit of w1nd kinetic energy |
( C coefficient ). - '

AIso Mach corrections are unnecessary for wind turbines.:

The study of the aerodynamics of a wind turbine in fits full generality
is“a hery complex problem, Although this study s theoretically possible,
it would 1nvolve not only the development of very large computer programs
but mainly prohibitively long computer run times. |

The simplest computer study uses a semi-rigid wake model, applied

“to the steady state calculation of rotor aerodynamics in a uniform
inflow. This problem is time.independent and has symmetry with respect
to rotation.

The next.genenaljsationswof this problem is a.semi-rigid wake model -
applied to:a non uniform (shear flow, tower interference)xbut constant .
inflon, {1 }anda free wake model applied to a:uniform radia] and |
constant inflow [3 ]. | _

Compared to the first prob]em, the semi-rigid wake analysis applied

to a non un:form inflow loses its symmetry of rotat1on, and is periodic
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in time, although time does not have to appear exp]icitely.

A free wake model applied to a constant, un1form and rad1a1 1nflow.
which is the subject of this: study. is time 1ndependent, has a symne-w e
try of rotation, but involves the calculation of the induced ve]oci- o
ties not only on the blades but.also on the whole wake... t. -

A natural generalisation of these two prob]ems isa free wake
analysis applied to-a time: independant non uniform 1nf1ow . N

A1l these problems can be treated using non-dimens1onal quant1t1es..;.
The linear dimensions are non-d1mensiona11zed with respect to the
radius of the rotor, and the velocities with respect to the b]ade t1p
velocity. . _ .

‘For the resolution of these time jndependent probTems, two procedures :
can be used, one of which is time dependent, the other time independent

A time dependant procedure, starts with a rotor in1t1a11y at rest.
The rotor is started,. and bu11ds up its wake..The ve]oc1t1es 1nduced
by the blades and the new geometry are then calculated for each time or
azimuth increment. The calculation is stopped when a‘steady state
solution is achieved |

It is very easy to understand that in order to- reach a steady state,
the calculation must be performed for a large number of increments
( corresponding to the construction of 2 few spirals.of the wakei and ”

is therefore very time consuming. On the other hand, any 1nstab111ty or.
‘oscillating reg1me can be easily detected

A time independent procedure, wh1ch is used in th1s work, starts from'

a guess of the induced ve]oc1t1es and of the geometry, of then comput1ng
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the circulation along the blades and the_distribution of vorticity on the
wake. The velocities induced on the bIades and ontthe wake (for a free
wake model) are determjned_anq the geometry recqmputed,by”integration of

-the induced velocities (for a.free wake model), . Finally, the old and the 
new distributions 6f‘induced ve]ogi;ies;ahd.ypg o]d qndlne@ngeomf¥ffé§~ -
are compared. .When;thége are\identical;wjthin a re]atiye accuréc}, we
have .the solution, if not, we'havgito fgfjpe_the fir;t’ééy%maté:énd kepeat\
- the process. | | | . -
This procedufg‘is‘re]atiye]y_gasy to'pfogram aﬁd‘gén be very cost
efficient. Theoretically, the results have to be_identic;i With those’
of thg first procedure, but this-may hot bg tﬁe ;ése. Ihe‘lastiéoldtidn
is the real one if: the solution is unfque,'the réa] §olution is a “
fixed, steady state solution. AHowever it is pos§1b1ngﬁat the solution
is oscillating. . In that cése the procedure is'unablé to predict a
mean solution. |
Other problems arise from this procea&re such ég‘numericai cohvérgence.
These problems are unrelated to the existence or not of an unstable regime.
Because of this, a special study became necessary to force the numerical

convergence.
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" MODELLING OF THE ROTOR

2.1 fhe'wind turbine:eonsidered {s a horizontal axis machine, with a rotor

’ compesed*of N identical blades regulanly spaced.

The blades have a constant chord ¢ and may be straight-or tw1sted, each
b1ade extends radialy from e to R in the radial direction.

The rotor. assumed to be rigid is turning at a constant angular velocity
Q, in a steady axial uniform sream ( velocity V ).

Using non-dimensional quantities, we assume that'the radius of the rotor
(R) and the angular velocity (ﬂ) are. equa1 to 1. The inflow can therefore

be represented by the advance ratio :

o = R
The position of aipoint at a radius r on a blade is given by n
P |
The radial position n ranges from n, to 1
" =R

2.2 system of coordinates

The position of a point.is given by its rectangular or cylindrical
coordinates. The system of coordinates is fixed with respect to the
rotor, the origin ( 0} is located at the center of the rotor, the X
axis along one of.the blade ( named first blade ), the Z axis is the
axis of the rotor, oriented downstream.

The direction of rotation is such that the wake leaves the first blade
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in the positive Y direction ( fig. 1) -

2.3 Decomposition of the b]ade'intO'seCtions

The decomposition of the blade into sect1ons 1s glven by a first set -
of points called nodes, distr1buted along the blade.

The nodes:are:numbered,in jncreasing-radial positions.. A _
The radtal location of the firstanode:nnv(l)zcorrespondSEto»the root
of the b]ade ( n. ) and the last node :( numbered n

the tip of the blade ( “nv("nvr) =1 ).
1th

nvr ) is 1ocated~at

There are n_, -1 ;ections. the sections extends ‘from nnv(i) to
'nnv(i+])' N | | S

A second set of points, called centers is also defined.. .

Each center is located at the middle of a'section. and the,ith center
is located between the nodes i-1 and i.

o | Thie.particularﬁnumbering=anises-from the modelling of the wake).

( fig. 2)

2.4 Modelling of the blade sections (fig. 3) .
_Each section is modelled using 1ifting line theory.

f A1l the quantities relative to the ith

section are given for the corres-
ponding center ( located at a radius n=n (1+1) ).
The components of the velocity 1nduced at n (i+1) be1ng w ( tangential

component ) and W, ( axial component ). the local veloc1ty perpandrcular
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to the blade section is U ( module U ) of components

-l
u |° T
Wy +n | (2.1)
Nz +yu
The local inflow angle is A )
with  tor = 2= (2.2)
Ny n

The attack angle is o = A - 8, where 8 is the local pitch angle.
To account for stall effects, a corrected value of the attack angle (o)

is used to compute the bound circulation. ( fig 4 )

o =a if Jal< o o
] | s (2.3)
oy = ag if |a| > a

Where o js the stall angle.
- The bound circulation is then, using Cy = 2m o
T = mcla,
Where c is blade chord '
Assuming that the blades extend to the origin, thgnchord is a function of

the rotor so]idity

U:-NE-
mR
The bound circulation can then be written :
' T?Uoa,
r=-—— (2.4)

2.5 Forces on the blade section. ( fig. 5 )

The 1ift per unit span ( L ), is perpendicular to U and expressed as :

L = pru

where p is the éir density.




The 1ift is decomposed into its thrust component Le and its in-plane

component Lf'

L

¢ L cos A -

Lf ~L sin A

The profile drag ( D ) is given by

D=geCy Ui .
The drag coefficient { Cd ) is assumed to have the form'

- ,
Ca.= Cao * & Cak
Where : Cdo is the minimum drag coefficient
‘cdk is a constant

( o is expressed in radians ) ~ T

The drag is decombosed into its thrust cohponent D£'and its'ih—b1ane

component D, ' ' : R

f
Dt =D sin A
Df = D cos A

The total unit force per unit span has for thrust component :
L cos‘x +D siﬁ A
and for in-plane component :
 LLsina+D gosnk 4 ’
The thrust is then : T= N RJ (L"CG‘JA +1D/)&r\(\)d2

(/

_ and is computed as T:' NR Z(L o\ + D/)i'mc\) A?:

16



The power, derived from the in-plane components is _
" ‘

P- D_Rle( LMMDM\)zdz
S, |

and compdted as :

Pe QRN S (L aimA+ Deoed) A

2

2.6 Performance coeff1c1ents

The performance coeff1c1ents re]at1ve to the thrust are :
- .
Cr = STREVT ( based on the‘w1nd velocity )A

- T : .
Ly = RTERTZ ( based on the tip velocity )
The performance coefficents relative to the power are-:

P

Cp = SRIVT

( based on the wind velpcity )

Lp ='_F§YT§§77 ( based on the t1p veloc1ty )

The most important coefficient is CP. wh1ch 1s a direct measure of the

efficiency of the rotor, it is the ratio of,the»power extracted to twice -

the flow of kinetic energy through the disk® area.

17
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Section 3

MODELLING OF THE WAKE

To define the wake we need :
a) The pos1t10ns in space of a given number of control po1nts, Iocated
on the wake ( called geometry ) | o
b) The distribution of vorticity on the wake.
As the ﬁomputatiéh time increases as the square of the number of control
points, it.is'necessary to keep that number to a minimum,
We need a large number of control points ( small mesh size ) near the
blade, to have a good representation of the wake shape 4 “
As we consider sections of the wake away from the blade from which the
wake originates, the velocities induced on the blade become smaller, and
the predicted location of the wake becomes less accurate. It is therefore
. ihteresting to consider a larger mésh size for these sections.
The wake‘has been decomposed in three sections named S

- neaf wake

- intermediate wake

- far wake |

The two first sections have the same kind of deffnition. only tﬁé mesh

size differs. The far wake has been modelled by semi-infinite cy]inders; 
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3.1 Near wake ( fig. 6 )

The near wake begins at the blade and may extends in the azimuthaT.direc-
tion over 50 to 100 degrees, it is def1ned by 2-D mesh, the node:noted
(1,3) is located at the radial position (i) and at the az1mutha1 posi-
tion (J) | - 4 _ '

The nodes of a given radial position are on the same stream11ne. and’
those of the same azimuthal position are approx1matly at the same

a21muth ( th1s is not a requ1rement ) The az1mutha1 pos1t1on can be .
separated by 5 to 10 degrees. o . |
Note : As the rotor operates in steady conditions. the vortex Tines and d_
the streamlines are the same

L h\ R
(X

" The near wake 1s def1ned radialTy by the blade sect1ons

The nodes of rad1a1 position (1) are on the streamTine or1ginating from
the i th node of the b]ade,e Tocated at nnv(i) The nodes of the first
azimuthal pos1t10n of the near wake cowncide with the nodes of the bTade.

The number of nodes in the rad1cal direct1on is. therefore Npvr and

Mva in azimuthal direction. :

The near wake is decomposed in surtace elements, each eTement (T,j) is
defined by its four corners which,are the nodes : (i;j),(i+1,j),(i,j+1),
(i+1,541). S I
Each element is approx1mated by a rectangu]ar element for wh1ch the
formulation of the induced .velocities exists in a c]ose form.

The near wake is also bounded on the first (i=1) and'the last (i="nvr)

radial position by two concentrated.vortices ( root and tip vortices:).
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These vortices are modelled by stra1ght segment elements, the Jth -
element ( azimuthal position ) being. l1m1t1ng by two nodes (l,j)

and (l,3+l) for the root. vortex, ("nvr’J) and ( nnvr,J+l) for the t1p
vortex.

The 1nduced velocities cannot be computed at the points which define the
elements ( the two end - points for a segment element the four corner B
points for a rectangular element ), because of the s1ngular1t1es arising
in the formulation of the induced velocities. It is therefore necessary
to compute the induced velocities on. d1fferent po1nts, called centers.
The velocity induced at a given node will be obta1ned by linear 1nter~
polation of the velocities induced on, the four. centers around it. ‘
It is necessary. Ani rder to. 1nterpolate the velocities at a given node
located on the root or the tip vortex to have centers placed symetrically‘
with respect to the segment element, therefore the mesh of the centers
("ncr = nnvr+l),'the radials positions 1 and n  are located'outside

the wake. ‘ ‘

In azimuthal direction there are n .. (n Mca = Mova +l) pos1t1on for the
.centers and the azimuthal position (l) extends before the blade.

The: center numbered. (i,j) is located at the middle of the four corners a

numbered (1-1,3-1),(1,3-1),(i-1,4) and (i,3).

3.2 Intermediate wake ( fig. 7))

The intermed1ate wake 1s similar to the near wake. It extends from the

near wake, to the far wake.
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In the aZimuthal direction the intermediate wake may span from one spiral

to two spirals in elements of 15 to 25-30 degrees This last value is
1imited by necessity to keep the sheet elements as undistorted as possibie.
The radial position i of the intermediate wake is iocated on the stream-
1ine originating from “iv(1)

There are n _radfal positions. As the radfal positions 1 and Nive

iv
correspond to the root and tip vortices, it is necessary that :
ny() =m0 -
Ny (Myye) = Ny (tpye) =1
The chofce of the distribution of the values n(i) for 1 = 2 to Piyp!
is independent of the distribution nnv(i).
There are also n1v azimuthal positions for the nodes, "icr("icr = "ivr +1)

radial positions for the centers. and "ica("ica n1va+l) azimuthai

positions for the centers.

3.3 Transition wake

Because of the singuiarities in the formu]ation of the velocities induced

by an element, it has not been possible to make the first azimuthai‘position o

of the intermediate wake coincide With the last azimuthal position of the
near wake. Because of the difference of size, the centers of one wake may
be Tocated on or very near the edges or ‘the corners of the element of the
other wake ; and unreaiistic values of the velocities arise.

To avoid this problem a tnmsition wake have been implemented ; the

principle is the foilowing : (See fig. 8 )
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The end of the near wake and the beginning of the.intermediate wake overlap
compoéing the transition wake, over a distance equal to two times the size
of an element of the intermediate wake.
The neér and intermediate wake are composed.of three regions :

1 - The near Wake, trénsitioﬁ wake not included ( notgd<A ¥y

2 - The transition wake ‘noted.B, when defined by the near wake,

| and B' when defined by the intermediate wake

3 - The fntermediate wake, transition wake not included ( noted B )
The induced velocities relative to the wakes will be computed as follow :

- Region A induces ve]ocitiesfon the centers of A,B,C

- Region C induces velocities on the centers of A,B',C

- The transition wake.will: induce velocities :

. on the centers of A using the definition B

on the centers of C using the definition B'
on the centers of B using the definition B

To interpolate the velocities at the nodes of the transitidn wake,
the following procedure have been used : | ‘ |

- Interpolation offthe‘Véloéities induced at the centers of B on the -

nodes of B, - | |
- Intefpolgtion and addition at these ﬁodes_of the velocities induced
at the centers of B'. |

- Interpolation of the velocities at the nodes of B on the nodes of B'

For the intermedia;e wake, the transition wake is combosed of the first

two element rows, and of the centers j = 1,2,3 and 4.
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The near wake, transition wake not included goes.from the nodes i =1,
.to i= Ntva® the centers from i =1 tod =n. =0+

The first azimuthal position for the nodes of the intermediate wake.
coincide with the azimuthal position j = ntva_for,the'nodesAof the near.

wake. .

3.4 Far wake : _

The far wake begins at the end offthe,intermediate wake.aﬁd extendsAto,

Z = 4, | | o .

After some distance downward, the{inf1uence of .a finite number of blades
disappear, and the.wake.is fully'expanded. |

Because of the symmetry, theivoftex Tines are reéulaﬁly.spaéeduspifeis,

of constant radius. ( We assume‘tﬁat the far wake is stable, as may not be
| the case of the real wake, however the induced ve1oc1ties are sma11 and.
- the errors are acceptable ). The system of vort1ces may then be replaced by.'
a vortex cylinder (Append1x B) and a series so]ut1on obtained. )

A convenient procedure consists 1n the precalcu]ation of values:from-the
series at given 10cat1ons; the‘veloc1t1es induced at.any point may.then be

determineq by interpolation.




Section 4

CALCULATION OF THE STRENGTHS OF THE ELEMENTS

4.1 Sheet elements ( rectangular e]ementsr')

The determination of the strengths of the e]e‘ments‘ is based on the--
law of conservation of ciréulation. ( fig. 9 )
For a sheet vortex of strength 3, of width dn*, originationg from

a segment of length-dn on the blade.

" We can write: : r'a'(fz,-de,): WB“_('&.) +* Xd?,,

where Y_ de (c-:‘_‘:'g_) ‘
- dg’/ \dyg

, .

Assuming that the expansion of the shé‘et"‘( a.‘%.} bounded by the

two trailing vorti'ces originating from ny, and np = m + An is -
. ) /

constant and equal to A‘Z, /AZ

we can write : X(?)_:__ h -%%/ d G ()

. 2 |
- Ha- 22 [ R0)- R0

Using sheet element bounded by the line " vortices (1) and (_2)' :

( fig. 10 ), X can be determfngd only when the expansi‘on AZ//AZ
is known. o |

As the‘ 'sheet elements have been modelled by rectangular elements,
which formulation allows us a linear forh for X (lz) s we' intro-
ddce the two followina quantities called lumped strength of the

element




[
() by = 4B () e s

[y = X(‘Zg) Az': Ci_i%(rza) AZ.

Iy and Tp have the ddmensions of concentrated vorfices

/
For an element of width An', the strength will be :

Y= [R(n0)+ G ('2"2')]/[62' A’Z]

the following intermediate values have also been used :
-,.\ = (l". +0 ;_) /2, constant lumped strength “‘component
Al - (rlz- ra,) /2& variable Tumped strength component ’
The quantities I'y and T depend only on the distribution of circu-

lation along the blade.

4,2 Modelling of the root and tip vort1ces

At the tip and the root of the blade, the c1rcu1at1on decreases

very rapidly to zero, and two concentrated vorticies appear on the inner
and the outer boundaries of the wake. ‘
These vortices have been modelled by segments of line vortices.
As it is necessary to make a distinction between these segment ele-
" ments and the rectangu1er elements ( used for vortex sheets.),ithe
strength of the tip vortex is taken'as -K times the circulation on
the last center of the blade, the strength of the root vortex as
+K times the circulation on:the first center of the blade (j=2).
The value K can vary from 0 to 1 ; in the computer program, th1s

value is specified as an input (var1able COEFF)




r' ' "K r'B (nncr' ) ' strength of the tip vortex

rdqu K r1 (JL) stnength of the root vortex

4,3 Calculation of r] and. Iy ( near wake )

For the nddes 1 = 2 “nvr']’ located between the centers i and i+l

The value %&El is- evaluated by

dr ;) - rf"(ca)— )
dlb ’ch (Cet) - Unc ()

T(1) circulation at the center located at n, (i)

. For the node {1 = 1; located an the root vortex, the value of
1s dependent on the choice of K. |

- For the conCEntrated robt. vortex of strength K- rb(l). ‘the: bound circu-

lation at n -‘nnv(1) will be :

andv : _d_r_‘ 4,): ~KK) r‘ﬂ' ('.1}
CLQI(' (a' -EEEZ;T- |
,Azo = Qe (2)- Qv (4); = % [_'an (2) - 'Z“?(")]
“ S 9 (4-w) (4 | "
e (2) - Pne ()

A simllar calculat1on js done for the tip vortex

with




‘ i
Once the distribution %%é,( ) is determined for all the pos1t1on

(i) and Fz(i) for the ith element (i =1 to n

i=1tn
, ° nvr

nvr? 0y
are given by

n@) = S‘_?‘:'_ () Bpn
r'z_Cc) = C(r' (u::t) A'?/m
Ao znv (ix9) - zw (<)

4.4 Case of the 1ntermed1ate wake

s

-1)
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- The same procedure’ has been used for the 1ntermed1ate wake ; a previous

interpo]ation of the circulation at pseudo centers of the blade is
necessary. |
These centers are those obtained by decomposition of the b]adé_in

sections following the distribution of niv,instead of npy

4,5 Methqd used to determiné the strengths of the elements
The strength of the e]ements‘( r](i), rz(i), Ty Fr‘)_are 1inear
combinations of the values of the circulation at the centers ; we

can write for example :

r-2

e (.") =‘Z- H, (")J) r' (“1)

’J:d




where H1(i,j) is the strengfh r](i) for a distribution -of circulation:

rﬂe (:J*'dJ

| Ps (ezm) o ﬁz;‘d |
This method has been used, as the H coeff1c1ents have been ca]cu]ated

for the determ1nat1on of the 1nf1uence coeff1c1ents (Sectjon 5.4 )



Section 5

ITERATIVE PROCEDURES

5.1 The solution of the problem can‘be defined by the knowigdge of :
a) The geometry of the wake ( 10cat%6nspf algiven‘numbe} 6%'p01nts on
the wake, noted C; ) o
b) The distribution of tangent1a1 and ax1a1 induced veloc1ties along
the blade ( noted \W, )
Once these quantities are determined, the ca]qu]ation of the other
quantities is a straightforward problem.
( Example - - determination of the velocity field
- determination of the bound circulation,’of the strength of
the elements
- determination of the forces and performance cqefficieﬁts )
An iterative procedure is necessary to determine ( é ) Ws ).
From a guess ( £§4 ) &é{e4 ), we recompute these quanfities ( géi ’Eé!og ).
if these quantities are jdentical, within a relative accuracy, then the
solution is obtained ; if not, ( G ')\A/u )and ( &2, Wea ) are

used to refine the guess, and another iteration is performed.

5.2 Case of the semi-rigid wake model

The special case of the semi-rigid wake model is used to determine the
first guess for the free wake procedure, Its iterative procedure is a

simplification of the free wake case.
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In the semi-rigid wake analysis, the geometry is. determined complefely by
the distribution of inflow angle ( A ) along the blade.

From a first guess (Wg,),,?\\‘ and z are g\:omputed, then by calculation of
- the induced velocities, the quantities \A/gg ere. obtained and compared
to \A,/-'M ( fig. 11)

5.3 Case of the free wake model, direct method. ( fig 1.2; )

In order to recompute the geometryyv. we need the velocities induced on
the oontrol points of the wake ( W ), .‘which can be comouted from a
guess of the geometry ( 64 ) and a guess of the strengths of the |
e'Iements, derived from. the distribution of bound circu]ation ( X )s

- itself derived from ( \Wps ). ‘

The. ve1oc1t1es are added to the free stream ve]ocity, and mtegrated to
obtain the new geometry ( Gz) )

At the same time, the velocities induced on. the blades ( We»ﬁ. ) are
‘also .computed. | " ‘

The compamson can.be done between G‘ and G;_ » O Wq, and Wz,
Th1s comparison is difficult and long, if G and G« are : )
compared ( a larger test value must be used for the points far from
the blades ) ; it can be reduced to the comparison of %/31 and \A_/e,_
as in the semi-rigid wake ease,' assuming that if éi and _%1. pass

the test, w‘,, ahd \/\*//52 ‘also pass the test.



5.4 Free wake model, use of the.influence coefficients

‘The 1estlprocedure cannot converge faster‘than the procedure used in
the semizrigid wake case.

By introducing influence coefficients, we arrive at a two Toop -
'procedure which, as it allows us to determine a better gneSS, can o
convergekfaster.. | 3
The inflnence eoetficients (:I ) are two anrays : Twy and Twz,m.Which.the
element (i,3) is the velocity induced on ‘the 1th segment of the
blade ( centered at n (1+1) ) by the Jh segment only of ‘the wake of -
current geometry The distribution of strength is der1ved from the

following d1str1butTon of circulation:

I(§+1) = 1 or unit circulation on the jth segment of the blade
r(k+1) = 0 for k # J

Ty .is.tne ‘influence coefficient fon the tangential components and
T . for -the axial components.

. wZ .
These influence coefficents allow the complete determination of the
induced velocities on the'bléde, and of the ;orresponding distribu-
- tion of circulation, for a given geometry} A

These calculations are performed in an internal Toop, called 1oon on
the circulation. ( fig. 13 )

From the arrays T and T , we can write :
yr. -2 wZ
nee

W@ = > Twy (&3) T (i) | B ~‘

W, (3) - 3 T () &Y
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th section we arrive at a new

then applying ('2.1) fo (2.4) to the.i
.dustr1but1on of c1rcu1at10n.

We iterateup to the moment when all w (i) and W, (i) are equa] to their
preceding value in- the last 1terat1on.

The procedure is of 1nterest in that each 1terat1on of the Toop on the
circulat1on takes a very short time compared to the calculation of the
induced ve]ocit1es_on the wake. performed for each iteration of the

outer loop ( called loop on the geometry ),  To obtain convergence .

a smaller number of iterations is needed.

5.5 Weighting techniques. ( fig.14 ')

The procedure by which the new guess at each iteratioh.is,gfven directly.
| by the new va1ues of the induced velocities, never converges. -
It is necessary to use as a new guess a combination of the old guess
‘and of the resultant values, defined by weighting factors.
In the cemi—rigid wake model, only the components,of the ihduced
velocitieé are weighted. In the free wake model weighting has<to- .
introduced at varjous locations in the procedure: |
a) Neighfing of the induced velocities on the wake.
Three factors have been used for the three components ( radial,
tangential and axial componente ) |
b) wefghtihg of the influence coefficients
c) Neighting:o%‘the diStrdbutions of circulation,.as determined from the

~ loop on the circulation



fhe initial guess of the distribution of}gfrcu]atioh, for the inner

" loop is. the one obtained from the last iteration.
The new values for the velocities induced along the blade are

obta1ned from the new d1str1but10n of c1rcu1at1on and the current

1nf1uence coefficients.

Ne1ght1ng of the induced velocities is also used in the 1oop

on the circulation.
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Section 6

CONVERGENCE OF THE SOLUTION

Problems of numerical convergence have been exper1enced by

Humes [ 1 ] and Scu]ly [ 2] with simi]ar procedures. These

problems range from a slow convergence to a catastrophic divergence.
By choosing weighfing faétors on a trial and ebror basis, it 1s

always possible to avoid d1vergence. at the.cost of a slow convergence.
It was therefore 1nterest1ng to find optimum weighting factors, . '
evaluated by the program itself.

The case of the éemi-rigid wake mode! is the most interesting, -where
convergence has usually been successfull.

6.1 Case of the momentum theory applied to a blade element.

The semi-rigid wake procedure has many simiiarities to thelblade
element momentuﬁ theory. , .

According to the momentum theory, the axial and tangentia] velocities-
';can be wrﬁtten-

w, . -4 N |
T wmEgs 6



" where : F is the Prandtl’s correction factor

which can be written :

F

- e

a - S
- g Y Ga)

F-’l anccooe
e (6.2)

The equations (6.1) and (6.2) .can be der1ved from those giVen-in“Vd]ume‘II.

in. which we: neglect the drag. The Prandt]‘s factor F is an approximate

correction for the effect of a finite number of blades

Associating (6.1) with:the equations:(2.1) to (2. 4) we arrive at a
system of equations whtch canbe ‘solved forANy and wz using an itera~’
tive procedure.

Comparihé'this momentum theory model and the semi?rigid'wake model
(6.1) takes the place of the calculatfon of‘the‘fnduced=§e1OC1ties '
on the blade, given A, and I, '

It can be noted that wz(n) in function only of ﬁhe>bound circulation
" at n, therefore all the blade sections.are independent in the momentum
theory. ' |

In the semi-rigid Waké model, the sectiohs are not ‘independent.

A finite number of blade introduces some coupling terms. ;  a

( Note : In the free wake model, th1s effect can be visua11zed by

the influence coeff1cients 3 the values To (1,3) for i f i’

( coupling terms ) are much smaller than the values T, (i,1) ).



Neglecting the variations of Wy in-(6.1), (2.1) to (2.4}, we can
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reduce the system of equat1on to a form
= O) | - (6.3) |
Assuming‘that the solution of (6.3) is w:, ne can write, for a small .

variation &W around w:

Dy + W ) Wy + ASW= Wy 23 SW (5.4)
o | oWy . | |
The value of A determines the‘behavior and the rate:.of convergence.

In the 1terative procedure W f(w i)’ a variation M becomes

Zi+l

%

A" &4 after n iterations.
Therefore it diverges for |A] > 1, converges with a sinusoidal beha-
vior for A< 0, and with an expcnenti’a] behavior for A > 0.

From the value of A we can compute the optimum weighting factors.

For one iteration wz] = W, + &W

*N %

becomes : wzz = wz + AW
Calling f, the weighting factor for the new solution. (u,)

we can write :

W' B Voo o {1-fo) Wer = fr (n;m_sw);(«-ﬁ,)( '+ W)

therefore:

PoaSW g;)swsé;[
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An apprbximation of A can be derived from (6.3), (2.1) to (2.4).
From (6.3) and (2.4) :

W% o ([ U°L| ' (6.5)
(AT
Neglecting.the variations of wy. and using small angles assumptions -

Ao el [4 2% @2 (A

if the b]ade'section 1s stalled : a = ag = Ct

amd gl “(R,,\)""W’ () (6.6)

b oW, grwy 18
if the b'lade section 1s not stalled then 29_(,« - —
OWz oWz
and [ _ Wa ( )~ ( © 1\ (6.7
ey VT th LA

6;2 Case of the semi-rigid wake model
From (6.6) and (6.7) we can draw the following conclusions :
= the behavior of the convergence for a:stalled section is very dif-
ferent from that of a non:sté]led section B | |
- a weighting factor optimum for a section, will induce a slow con-
vergence, or divergence on ofher sections
- convergeﬁce.problems'can be expected when A is large in absolute

value ( highly .1oaded rotor, small inflow angle, large pitch angle )
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These previous conclusions are.in agreement with those drawn from the

examination of a large number_of cases, but an attempt to use (6.6) and
'(6.7) in the semi-rigid Qakeéprogram failé&icompIétly.for”the fol-

lowing reasons :

the éoup]ing between the sections was neglected

the use of a finite: number of sections has a strong 1nf1uence on -

the effective value of A"

the'effect of the axial COmponent of the ‘induced velocity is not
neg1iglb1é

non linearities have been neglected
As théﬂbrevious résdits from the momentum theoryucannot be used quan-

'S
.....

titavely, it was necessary to evaluate A directly ; this can be done

-.SUpﬁbsihg that'at a given blade section the axial induced velocity goes
" ) Cad 1 '

from wzo to wzn for the iteration ( n-1) and from wzo to wzn for the

iteration n.

Calling w*»the solution , we can write :

(W-Z-n - W-’én) A (W?o W? )
(&A/?"-\AIZh) = {) (’V~/?° 7. b4/? )

which can be solved for A :

/

A,~ P ~W'i“ — W}h o
W{O - W}o
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The guess for the next. iteration will be :

Wil = o Wa < (-0o) Wes

where f, is the weighting factor for the new values

{L,: - Wz'e = Wao
4-8 gl - Wao + Wan ~Wan

This last formulatien HaVe‘been successfu11y. but with the fo1low1ng
modifications : |

- 1imitation of f, to the range ( .1, .9 ) ‘

- weighting of f, itself with the factor used in the precedent

jteration

In the free wake analysis this formulation have been used for’ the loop
on thevcirch1atiop, with f computed from the“average}of'the ve1oe174

ties induced on all the seetions{

6.3 Influence of the tangential component

.Assuming that the bIade sections are 1ndependent,'we haye 1n.fact a two

variables system of eqqation§ :
Wq: '24. ( W"(/ W?)
= 4o (W, W]

The concept of weighting factors base on a single va1ue A, is va]id
only if the.variat1ons of wy are neglig i:ble, and this is .ot the case
" for the inner sections. Instead of exhibiting a smooth pseudo-sinusoi dal

convergence, with a period of two iterations, the convergence
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_of some inner sect1ons was based on a per1od of four 1terat1ons.

A small correctlon on wy, could restore the per1od of two 1terat1ons
necessary for the appropriate estimation of A and f 3 it consits,
after we1ght1ng, to multiply w by tay, /] tax |

Wher ta), is the tangent of the 1nflow angle based on the weighted
values of wy andldz, and tgA. the tangent of the 1nf1ow angle used in -

the precedent iterat1on. '

6.4 Case of the free wake model |
The free wake model iterative procedure is based on two loops :

- the loop.on the geometry

- the loop on the circulation
Qualjtative]y it mayrbe_noted, as expected;.that the'cphve?gence
difficulties whieh arise in the semi-rigid wake model have been
in the Toop on the circulation: Therefore, because of
the sma]] cost of an iteration on the circulation, the necessity
of a fast convergencelis not so crucial, and the utilisation of the
The loop on the geometry converges rap1d1y, but it has not been
possible to estimate the optimum we1ght1ng factor‘for the velocities
induced on the wake énd'fpr the influence coefffcients, as the con-
vergence of the gepmetry.depends paip1y on the rol1-up and the

deflection of the wake..
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Section 7 .

RESULTS.

Only a few cases could be obtained 'main]y because of the'vervalong
computer time necessary to have one case. . |

- The detailed results of four cases are presented in tables 1 to 8,

coemparing for -each case, the semi-rigid wake analysis and'the free .

wake analysis.

The input for the casesis given in table 9.

7.1 Power coefficients

The power coefficients obtained from the free wake analysis show

"a small increase ranging from 1.5 to 5% as compares to the semi-rigid

wake analysis.

7.2 Wake distortion

Three effects were expected and observed ( fig.15 )

a) Expansion of the wake ( table 9) ’

The vortex 1ines are moving outward for 1ncreasing az1muth.

The exact measure of the expansion is d1ff1cu1t because of the roll -up

of the wake and the tip vortex rad1a1 position is not the best measure

of it.
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b) Roll up of ‘the wake ( fig. 16 ) _
Because of the small number of sections at the tip and the root,
_the exact shape is not well represented ; we observe in fact a progres-
sive folding of the‘wake, and after an azimuth ranging f}om‘45 to .
110 degrees. ( tab]e 10 ), the vortex line (5) is gf'akradial posi-
tion longer than that of the tip vortex ‘ | '
c) Deflection of ‘the wake ( figd7)
Because of the bound c1rcu1at1on, the wake has a tendency to. remaln in
" 'the rotor plane when it leaves the blade, then to movegdownward when

it comes near the last blade.Only a weak deflection has-been ‘predicted.



~ Appendix A o ‘ L - 43

Formu1dtion of the wake .elements

We have considered three types of eLements_foeﬁghewdeqqmposigion ‘

of the wake.: . . - SR = |
- A semi-infinite cylinder element (,SeejAppeHQiﬁqB“n). : oo
- Segmeni elements . -
- Rectangular elements. . . iy .

When computing- the induced velocities at_1arge¢Qj§t§nce§;fromfghe“sggment
or rectangular elements, the elements can be assumed pgpbe"pgjnysjpf‘lp
concentrated vorticity. It is convenient to introduce this assumption

into the formulations.




NOTATIONS :

M(X,Y,Z )
MCXx, Y, ')
Ry
R

r

8(0,0,0)
W(wx,wy,wz)

M'l’ Mz. M3’ M4
aX

AY
AS

n, ¢
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: Poiﬁt where the induced velocity is to be evaluated
:.Point on the element

: Distance from M to the center of the element

: Distance from M to M’

+ Ratio R/Ro

"t Mean or reference vorticity

: Velocity induced at M by the element -
( Subscripted : o for the 1imit1ﬁg point element
s for the segment element
¢ for the constant vorticity rectangular
~ element
v for‘the linearly varying vorticity
rectangular element ).
: Points limiting the segment or reﬁtangu1ar element
: Half length of the segment element or _ )
half side ( X direction ) of the rectahgu]ar element
: Half side ( Y direction ) of the rectangular element
: Length of the segment element ( S =2 aX )
or surface of the rectangular element ( S = 4 aX aY )

. ', '
: Reduced coordinates of M' ( n = %7 g = %7 )



Thickness of the wake effect

€ . core thickness of a rectangular element
gp ‘mir . i core radius of a segment element

Z, . corrected Z coordinate of the point

Qc < . corrected vorticity

Velocities induced by segment elements, case of the semi-rigid wake

routine. ‘

" : position of -the point, whereAthe ve\qcity:is calcula-
ted » }

ny -t radial position of the centers of the element

¥ , -5 .+ azimuth ofﬁthe4e1ement

I\ : . azimuth increment { size of the element )

AA . projected length of the element ( on XOY )

AS - oo S ]ength of the element

A -+ angle of the segment with the plane ( X0Y )
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A) Segment elements ( fig. A-1) “;’\‘ f}

The segment element is used to mode].ooncentrated vortices;
We consider an element of length AS = 2 AX, which is bounded by the
points : M] ( -2X, 0,0 ) and M3 ( +AX 0 0 ).

The veloc1ty induced . at the point M ( X, Y, Z ) is given by

the Biot-Savart law :. . Ot )
W, (M| = - = ’ - ax ( A-1)

] . .
Defining n.= %X; which ranges from -1 to +1,

" M' has the coordinates ( n X, 0, 0 ) and R is written as :
R- \/(x X YEL 2

It then follow that :

.W"S.‘ O Sy ‘
W, (M) = | 4 ssz O Lo

(a-2)

Wi g _+___ ns Yﬂf,,zR*

If we consider R to be constant equal to Ro» in the 1ntegrat1on we a

arrive at the 1imiting point element whwch induces the velocity w (M)

-
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Wo (7) = | wy, = -1 85 2o |
| RS - b
Wa . 44 _os' Yo
?O * 4(‘ &3

where: R°=V7(2 <1t +2% l

The componants of Ws can be optained'by multiplying the comp’onanté‘

of w by I o’ where

1%
o...

where: R \/(X 9 Ax)z-f— Y +22‘
= Re V 1-2p X282 XAX g

) :

Then Io can be written:
t!

.. [ d ' o
’ j | ¥R, (a-4) =
g (@10

Any I0 js then function of only’ two parameters’:

A= "’)—(—A—" -~ and o= .é)..(
Ro* | R
It follows, after integration: : ' :
. 0 -
4 L7« R B
410(914): — - - + .
2 («-p) LVZ ZA w2’ V4-2R c®

(A-5)
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Using X,Y,Z,AX Io can also be written :

I R.2 X+0X X - DX
T e (YY) Re &

where R] and Ry are the distances from M to the two end pdints of the

(A-7)

segment ( M, and Mg )

Rﬂ = \/()(‘f Ax)g* Yzf?z.

Ry = \(x-0x)T & 2 22

The geometrical interpretation of I, is shown in fig} [A-2]

. It should be noted that Y +Z2 is the squared distance from M to the Tine

supporting the segment, and K—E—Ai- ( or l_ﬁ_él_) is the cosine of the
1 3

angle formed by the intersection of MM, ( or MM3 ) anq the-ségheht.

It can be seen that I0 rapid]y apbroacheé 1 as thé disténce from M to
the segment becohes large compared to AX. »

In that éase wyo and‘wzb‘gan be substitufed in plasewof-wys gnd wzs.;f
The simp]er formulations for wys and wzs are even more gppropriate in
that case, as the evaluation of Io,i" a computer progfam is very ihprecise

because of round-off errors.

A}




ﬂfmi (-0%,0,0) (n=-1)

M (X,Y,Z)

( figure A-2 ) interpolation of I,

N




B) Rectangular elements
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We consider a local syStém of coordinates (0

» X; Yy 2 ), such that the
rectangle is on the plane ( X 0 Y ), centered on 0, the direction of

vorticity aligned with the (0X) axis. { See f1gure A-3).

The four points 11m1t1ng the rectang]e are M] to M4, of coord1nates
( £ aX, £4Y,0).

The vorticity may vary linearly in Y direction, and for simplicity we

can consider the rectangle element as a linear combination of.a constant

vorticity element ( subscript ¢ ) and a linearly varyihg vorticity element

( subscript v ) with zero mean vorticity |
The vorticity at M' ( X', Y', 0 ) is ( @, 0,6 ) for the constant

, .
vorticity element and ( Q %7, 0, 0 ) for the Tinearly varying vorticity
element.

The velocity induced at M by the constant vorticity element is W_(M)

izzz (r1) W= O 4 ?
ay
Wye = -4 Z-Qf—i———- (A-7)
“cC | ((’ ) S K'.S . ‘
| - YY) oo
For the linearly varying vortic1ty e1ement we have N M)
— v\[K\; =0
n) /
ot Wyy = -4 2 T Y cdx’dy’ (a-8)
yv - Q{T ‘ J ‘A\/f(3

: (((4-Yry) Y
Woy = 4 m‘js(wr@ dx” dy?



- We then consider the redueed eoordinates4for M': N 51

S L

n:.x.— '
AX : aY

and the reference ve]oc1ty w ( 0 Ny zo.) given by the point element

limit of the constant vorticity rectangu]ar'element.

L O |
~ 1,OMXQ'A5"" X AZQ/_}S
Wooot OHXSEAsS s - 2
‘ 4’1'( Ro R . 4“ Ko .
fW’°-= 1 YL b5
4 Ro
We then define the factors I] to 14 such that: |
Mo Ty T L
Wae = Wz ™ 12
wyv ) wyo * 130
Wov = Mz *_ I
It follows:

I,= f_f'f"dzds s

Ly = qu('f- 2y S) d?,d;
I-g,: __,fﬂ < SJ;(’(L ds

R ”f'fﬁS( v ) dids

.23

with : | = R/Ro.,
Rz y/(X=g AXF+(Y-50Y]+ 2%

RozV X%t Y24 2%
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The integration of the four I coefficients can be derived from the -

fo]lowing integra]s :
G [T e (]
J'L (4_*0*2 V'—)’*‘ V-ifui*vz
v dv c\v" B A« 2 vz
in fJ (4*uz*yg>3/2, " “ -'Q/“(U f\/ O% +v }

ol o (1)

C R

| :.‘(:2-.4“5{‘-‘1"—3 (u;v+ \;1/«1w‘l* vtl’) -

The reduction of these integrals to.more common forms is developed at the
end of this appendix'

The general form for a I coefﬁcient is:

2 . _
I /‘ f [ O-S +k T+C . C‘Z dS ; (A-TO),

with : \"=R/P«.0 R S s

”"Vi“z'z,“x “bzAx _23 ww ¢t AY



We introduce thg intefmediate notations -:
AL -X8X LB B =YY s OY

Using these notations r can be written :

-’L:\/ifﬁ,ﬂm*&tq} ,+26§ + &25

IfJZ is different from iero'we can make the fol]owingJChange of variables

'to get a form (1 + uz +<v2 ) at the denominator.

U= Coi n,* H/K)/E
v (Bg + 8/A)/E o o
an E=\[1- (ARF-®/f = 121/Re .

The general form of ‘the I coefficient is :

- A E* 7 bE QQBEJJ oy
L- Lfo(rbeg ' 3( ) }: &) 03 ( )
[ c-58 28] R0 | |
N

Where ut and vt are the new limits at which the integrals must bé,eva1uated.

We get :

(A/oL o<)/r:
Ve (B/('S o) [E




The square root becomes 54

Vi‘t Uj *Vt .. 4\/6*(6/(5 /5)4 (AA(‘PO()Q‘

or, us1ng X, Y, Z, &X, AY
V(X5 8%)% (Y3 8Y)%« Z2°

\ZI

then : - ‘ o
" (xzox) (Ys8Y) |
= ()2 ax fy _

3, (o]
1 o '\ l?l\/(x 0K (Y o -+2’~'
e [ Ve ‘ .
J;.('J,V) ‘1(3)(:),"‘01\ { X ﬂX, VX AK} (Y‘AY"‘-Q—'JZ
U- v | E
Uy Ve , A |
Jz(o,v) -.-(rj(_){ X 7 6 ﬂ[ (Y5 8Y) NG oK% (Y- 01 = &
| L E BE]
V‘.L_v- i L .
e anc kg [‘(":A*J‘(Y:AY)+’V(x:)sx)',(Ym~r}tz=“, |
| |zl
1 . 4/{4 sX - BY m] RS>
pe L R 218
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Using Jy, J, and J, defined in(A-12)
we can write the I coefficients f

I, ( a=0,b=0,c=1 )

3 f | |
L = (P;j 5 Jq (A-13)

12 (. a=0,b= Axsc 1) _, N .
Iy= ~YRZS R

Iy ( a=0,b=1,c=0 )

3 3
-.[5- . R _ Y J‘lv + j ,(A'J 5')
Y AS X |

Ig ( a--—%,b 1,c=0 )

]:,*:“P"3 y Jz,'fléng (A-16)
ASOY L |

At this point we 1ntroduce some propert1es of the formulas. | _

a) |Z| appears in J; and J3 and at the same t1me in I], I3, and 15 in

such a way that every |Z| can be rep1aced by Z. |

b) In J, which is the sum of four logar1thms, IZI .can be removed, as -

the constants in |Z| cancel each other, two by two.

c) Because of the symetry all ( X+AX ) and { YFaY ) can be changed 1nto

( X£aX ) and ( YAY )




o , ' : 56
d) Appling twice the transformation :
arc tg a + arc tg b = arc tan ( a f gb )

One can verify that :

(3¢ one Tﬁ[ (x£0%) = (Y $0Y) « Vixzax)® +(Y+0Y)L+2~‘

| Z JxtAX)*+ (Y2 AYY + 2

“@)(t) - [(x«@x) « (Y20Y)+V(Xxz8x) +(Y+0Y)*+2”}
i wa(xmw +(Y+A\r> yz8

e) Using the property ( valid for any a,b,c )

_ |
%(-M aw) = - dm (“_*’“”“" ) (r13)
¢ + Vbt C «Va?+b '

We can transform J2 and J3. |
2= () ) A [Q‘*“)‘r\/(x*‘OA'%(Y*AY)%zi] |
' |Zl
J3 (‘*}(‘*’){ X£dX _,ey\[\(ié\( +\/(X*0K)sz{té3Y} *22,]
TZ

The functions I, to I, are jnteresting only for comparisons and verifications.

It can be shown that I] and 12 go to 1 ; 13 and 14 go to 0 as the point M
goes far from the element ; furthermofé the calculation of J],JZ,J3 is
always lengthy and becomes very imprecise because of round-off errors

in the same conditions. It is then appropriate to substitute the formulation
Wo instead of W and to Qegléct ﬁyv when R0 is.larger than a predetermined

yc
value.
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Th1s yalue which can be expressed in term of the square root of the element
area is a comprom1se between the accuracy des1red the round off errors,
and the CPU time in the computer program.
Verifications : (.for Ry >>AS )
As 1 goes to 1 : J; & 05 /Ro

I, goes to1: Jy -Y 03./Ro
J, and Jé‘ verify 13 gces to O

I, goes to 1 : J3 « ,_\_f__ JL% 1 L2

Final formulations ( wake thickness effect non- included ).

R VX« 0%/ «(Y + oY + 2%

Rg, = \/(X- AX)2 t (\{ ‘f'@‘()l < 22'"

Rg:\/(XfQX)?.-(— (‘{—A\/)z <+ 22"
Ry VO 87 < (Y- OV 42
| Jq = oncly { (XTAX)(\(*'/‘W)]

Re'Z
onc ?‘3 [(x 0X) (\{+M)
Re 2 J
- onc Ty [(xwx) (Y-o9) 1
Ry 2 -
o T(x-ax) (1-aY)]
* ?AC .‘FA | th, 2z -




X‘Qx *RZ .x (X‘(’AXJ '(R
)

j@“[(xx‘ AX) + R1 (X-Ax) + Ry, ]

J,- i‘.[(xmx) ,()m(YHw +R4_)'
Tz

Y AY‘*R}

~(x-5%) 4 (Y+0Y ; Rz)] |

Y0Y+ Ry

+2,[ onc Fj(xf@XfY-tAY.{.Ri) |

Z ]
e iy (x 'AX*Y*A‘MR,“)
(

-~ GC Ré

'("OAC \'2) X~A)(.t\( AY{'RQ)] |

"

X+A>(+ Y-AY+({3) |
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X’M ( X,Y,Z )
f
M](‘]"'1) Mz('] »"])
0 —> (V) |
n :
Ml
M(1,-1) TS I PR

('figure A-3 ) geometry for a rectangular element

' 59
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Si_gulgrities : . o ,
They occur when the point M where the induced velocities are computed is

Iocated on the piane ( xov ) or Z = 0. '
If the point is outside the eiement. there is theoriticaliy no singularity,

in fact when they occur - they cancei each other in the formulations.

a) Case of J] :

J] which is composed only of arc tangents is bonded by -Zn and 2, but the
arguments of all the arc tangents go to infinite. ‘

By symmetry Wyc( X, ¥, Z ) = W, (X5 ¥, =12 ) If M is out51de the element
it is continuous, therefore J] =0 tor Z=0.1 _

If M is inside the eiement, the induced ve]ocity experiences a discont1nu1ty
of intensity @ when M crosses the surface of the element. Therefore the
strength of the discontinuity is 4n for_J1.lbut by synmetryLWehcanlstiliﬁ
consider that J = 0 for Z = 0. This resuit i{s‘also obtained if one performs'
the direct integration of Jy for the case Z = 0. | |

b) Case of J2 '
J2 is a logarithmic form, therefore it can go to infinite, for this, at

)
least one of the forms XtAX+ \/(X:tAX)" (Y taY!
must go to zero, this happens when ( X+ AX ) is negative and when ( Y AY )

goes to zero, or on the two vortex lines bounding the rectanguiar eiement

(Y=..AY')



For a point M near the vortex line Y = AY and of coordinatés 61

x,v AY + 6Y, Z--az (GYand 8Z << 1)

Oy = ( K OX \(xw bRt (2A‘1+Sw’% se*'
R X -BX + Y(X-Ax)1+ @61 ¢54)Y <527

I ( X +8X < Y(Xt0K)'x S= ST~ |
K= O8X+ V(x-ax)t« 340 «$2*

The first part is finite, the'sécond_paft is also finite when X s larger
than AX. If X is smaller than -AX, the numerator and the denbminétor go

to zero together, but using. the transformation . ( A-13), one can see that
the argument of the logarithm is still finite. If one must eva]uate 1nduced
"velocities for'Z = 0 outside the‘eTement, he must,'1n that case, apply

the transformation to avoid overflows and round-off errors in a computer
program.

If -AX < X < AX ( M‘located a1on§ the segment bounding the element then

the numerator is finite but, as X - AX is negative, the denominator is equal

to |7( AXI (V/i* E;qziﬁ_l -4)‘

and ﬂ% Vg%i SQL
| (x AXI

T
€ is the distance from the point to the segment bounding
the element. ‘ R ‘ | |
This singulérity is cancelled by the next element if the two element

match perfectly.




62

c) Case of Jy

The logarithmic part is div1ded by Z, therefore J3 cannot be defxned but
the value 2J4 which in fact appear in Iy has no singularity.
although , the individual 1ogarithmngoe5~to the infinite on the two

segments bound1ng the element, perpendicular to the vortex 1ines, they are

multiplied by ( X & AX ) and the products go to zero ; but this case’ shou]d :

also be very carefully avoided in numerical calculations.

While the argumenfs.of the individual aré tangent go to infinity the arc

) tangent part of,ZJ3 is bounded by - 2nZ and + 2wl therfore'we can conclude

that 7J, has no singularity.
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Thickne;s of;thg wagg 3ff?9?r

In the physical wake, there are no singularity, the velocities are always

- finite and continuous, because of viscous effects. The physical wake is ‘

. hot -a zero thickness surface, but the velocity is distéibuted around the
mid-sufface of the wake. ' '
Viscous effects have to be considered not on]y because of their reality.
but mainly as a convenient mean to eliminate the singularities’ wh1ch
arise from non match1ng elements.

It can be shown that even a large value of the artificial thickness does
not change significantly the final values, except that the vortex core
size of the tip and root Qortices may have an effect on the predicted
roll-up of the wake. ' | .

A first approach to. the problem consists of multiplying the inducéd
velocity componénts by the correction factor, this'factor has to be ‘
c]ose.to one for the poinfs far from the segment ( for a segment element )

~or the mid-surface of a rectangular element.

For examblé : 4/(4,-(— 8}/(12)

where ¢, = cbre radius _ _
d = distance frém the point to the line supporting the element.
This factor has been choosed for the segment elements.
This formulation has been satisfactory for the segment elements, as it is
'very easy to'chobse control poinfs away from the line,supporting the element

_( where the singularities occur for this element ). For the rectangular
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elements, however although_reasoﬁebleAvelocity components were obtained; the problem
of the singularities was not solved ae many control ?oints, even far from the
'elements, are very near their mid-p1anes (z2=0). This last case had to be
detected and a special procedure used.

Futhermore, for each point, the case had to be reduced to X>0and Y >0
with all the transformations involved, in order to avo1d numerical errors
and round-off errors. ' | . |

A new approach, 1ntroduc1ng physical cons1derat1ons, can solve. the problem
of the singularities, and is very efficient 1n_the computer program as the
test for Z = 0 and the transformations are efiminated. |

We consider a rectangu]ar element of constant vorticity, to which we add

thickness by distributing the-tyor‘ticity uniformly along Z, between -%
and + S/

1 (X)Y,2)

a
o
A ")




For a point M crossing the'origina1 zero thickness_eTemenf,ethe:Nyc

velocity profile is symetric and has a discontinuity of strength 4x

at Z = 0.

- The velocity prof11e for a real wake of th1ckness £§ has no discont1nu1ty

but experiences a rapid change in the reg1on |Z| <- e]/z the modified

element gives such a profile.

If we con51der a point inside the element ( Z = e]/Z - 6 ) the contr1but1on

of the part A and B of the element, to wy cancel each other exact]y.
therefore: N induced by the whole element is equ1va1ent'to wy induced

by the rema1ning part (c). This equivalent.element is. centered at a constant

distance e][z of the point but-has a residual strength in the ratio of the

61 - 26 .
thickness ( Q , — )
, " .
A st ‘tA 26,
. B
I 3
70 &g/ |
— - {ﬁ] - ——
C

Considering the'equiva1ent element, we can formulate a corrected

Z coordinate { Z ), and a corrected strengh Q..

Z forI>é/2 o, = @ for |z| > e]/2
1 = _

-e]/Z for -51/2 ¢ 2<0

Z fo 1< ‘-81/2
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As the vorticity of a real element is not uniformaly distributed from )
—51/2 to +e]/2=but is more concentrated around the mid-plane -by

viscous effects, smoother formulations are more appropriate.

2. NEEA e

=

Nz LGAE <)

-~ (A-14)

o= 20 Q

Z:>"

42,

“M

S~
I
NV

ZC(Z) for a uniformly distributed

. -

vorticity element -

) ALQ_C

> Z
QC(Z) for a uniformly distributed QC(Z) - 72 / 72

vorticity element



This concept of a midified coordinate, can be-applied alsG to the M,
component. Physically the wic component does not vary significantly
when the point M moves around Z = 0.

. We consider a point moving on the surface of the element w is eqUal to
zero for Y = = 0 ;3 for Y =34 the contributions of the parts A' and B' of
the zero th1ckness element cancel éach other exactly by symetry.4

wzc induced by the whole element is equivalent to w 1nduced by the
remaining part ( C'). ‘ ‘

" As 8, goes to AY2 the parts A’and B’ disappear and W, “approaches the’

zp

_singu]arity

The element then contributes principally by its;eircu1ation,:neer the.
bdundary for Y ; AY. This contribution, for zero thickness elements is
cancelled only by the next element, 1f this one is on the same pIane, but
because of non match1ng elements and . some angle"between the e]ements, -the -
cancellat1on is not exact, futhermore the singularity in the formulas are

not avoided.
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If we consider an element with thickness, the contribution of the C1rcé¥ztionA
located near the edge and part1cu1ar1y at Y > = AY - 51/2 is gradua11y -
reduced ( and effectively nu111f1ed for Y = AY ), for a point M located at
Z=0and Y =AY, as the circulat1on is distributed along the Z direction.

To cancel the contribution of thé circulation near'the edge as ﬁ aﬁpfoachés
"it, we can consider.an.equiva1ent.zero thickpess C' element with ‘édge |

position moved up to a distance e1/2 from the edge as M,mbyes to ¥ = AY

4

)

W ol s o
€y/2 St .- - 1
o 2y
. _ Y e
- X% 'z,
I 8 |
-~ :
a) ' | b)

( elementary contributions of a point M' ( X', AY, Z' ) to a point
M (X, AY, 0 ): a) for an element of thickness_fellz '
| b) for a zero thickness element .
This can be 1mp1emented in J2 by transform1ng the value ( Y £ AY )

( squared d1stance from the point to the edges ) into ( Y * AY )2 + ( e]/z)2

The radical becomes : (X * AX)2 + (Y ¢ AY)2 + (51/2)2 + 2%

2 2

as Zc

and one can identify ( é]/Z )2 +7 which was used for W, Therefore

A yp

the viscous effects ( thickness of the wake.) can be reduced to a single
transformation on the Z component. It can be noted that all the problem
arising from the singularities in the computer program, disappear as the

corrected Z value is never zero.



Velocities induced by segment‘g]emgpts.

Case of the sémi-rigid‘wake routine. ( figure A-4 )

Because of the particu]arﬂgeometryJof-the wake, and of the positions of the
pointS_WHeﬁé the induced velocitie§'aré ;omputed. a special formulation

is more appropriate, as it can reduce the computation time.

The only p@inté where the induced velocities are ¢omputed, are on the
blade.. Therefore, the position of M is given by np.

The elements are drawn on a cylinder of axis Z and radius s the positions
p.w-H);
they make an angle A with the (XOY) plane, and their projections on.the

of their éenters are given By the cylindrical coordinates ( n

plane spans over an angle Ay = 10°, small angles assumptions are made.




70

X
X ’-.;np
A -
. A
=/ J/r\ ¥
ey
7/,
YAy
/ /
F //,
< e, 0
. Y - / /
s 1/ 7/
AS ;.
oy
/
1, .MO
‘Aw
/. = ]
z

( figure A-4 ).geometryAfor a segmént elemenf,‘case of the semi-rigid

wake routine



- . n
'The projécted length of the segment {s M % n, & (. small angle assuptibn ).
The components of 28 are then : 28 : |- M sin ¥
' | A AR cos ¥
. A tg A
Rectangular coordinates of.M; 2 ny cos ¥
n, siny.
H
The coordinates of a- p01nt M' on the segment are g1ven by

o = <5 !o.

QLV _Aun\‘y '+'3 13 F} Cd"ky\
Then the components of ﬁTﬁ'are s ,
. _t OB Y
e [qe- (wetss )
S AA GA*)

~(He 5 AP )
ib
and  Riz HQ’Z‘— 0f Ly tb,z 2!@ '?)’ o
) (ot

N ¢ Es (:5%53) (;fi' « ¥f§e\)
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The d1stance from the center M to the point M is R ‘

Ro- MH = R(5:0)
P\e—\/‘b cut =20y C‘”W“f HQ

R= Ro\/4 ¢ zs(_%)('ze M%HYQ(\)&S (%)n( 1%(&)

Ro

ZRo\[ifZ:ESS:%HS%'.
e A= (1;& )% (4+Fg )

6- ‘Z(" ow‘V-tHth}) (A15)
(22) (* .

‘ _The velocity 1nduced at M by the element is w g1ven by the B1ot Savart 1aw

% fS“ An' x d5
) l(.(( -§>( .- R3
yre ==, Iy
\éb HNOXAS
Jy:- R

- .
-~

g\

.—_1
o)

as Mo /X d =0
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W::* B Wo’_; o v sim ¥ By A lHeo®
o =pe ot
°Ta s:_‘_@

I, which is identical to ( p-§ ) is written ; using ’(A'-ls)
4 A+ B

_ , _h-8
' 26." ] 6%)"_,_ V 1128 +A

N 4-2844 ]

1o

1, goes to 1asR,/ (AS) goes to infinite.

In the semi-rigid wake analysis, I, has been jncluded for the near wake and

neglected for the far wake.
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Derivation of the integrals J'], Jy and Js.

a)

SC( d
2
Ji(m) ff(awz,"*s*)”*

.Change ‘of varwable--‘; - X = S /\/4 tqgt

deS i} f dx' -
G0 " I Taq) (1o

. | f dx X
We use the common form : =
3/ -
(’l x‘) * V 4¢ X2

| 5 I
Therefore f dS . : S v
~ (g™ 7 e Ve gre®

J L 5 dg,
1('?,/3) (’1*‘2})\/4*Q2*S‘

Change of varijable ": ?) V {1132 - ’. o

(dy= Vgt ch C”)

3, - ( < dF B
Rlcacr
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Which is of the form ;

f = - 4 a\'amp C‘Z PsL i‘a«v»f« axJ |
i

24 g% pinhtax QFW . p

with p=1,q=U+c?t)and‘~.a;'-{] | o L
3 db o S L a\—qm{vies? \'am,&t]
[_4,+(4,+32)Mﬂ 4_{_52 1' ..

R I Y
EEL W

‘ 1% - | obim 5 !
| \/'1.th}-e5 |
by, (k) - |
d d -
5,(03) - f f sdgds
‘ZJS (/l.(, +S '3/2‘, L

fsd5 ~4 _3 d(s) 4
( ? 2)3ﬁb T N\ T T T =

1+ Qb 2 q(‘_"‘“‘rl?* < Viffﬁ;”sz'ﬂj

Then :

508) = f S 2 I (VT
| f?J?eSL o . |
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¢) 3y oz ) |

3('&;5) f,s‘(i*d%fj W,

Integration with respect to ¢ |

We have the form

{xxldx Cx %(X+W)

(atex)® " \atexz

5
grdy .S
(Ao qre) T -W *'Q'"(S*V;qufsz)

In'tAegration with respect to n ! we apply again(

dx Vo] e
f""f"‘""‘_"" -@\f\()( * *Xz ) .» to the first part

' therefore.

Lesldy |y b (g4 VTR
V’I.-(-rL -eg o
Integration of -: ./gh (S-ﬁ—\/i*rLsz.)

Change of variable :

1= vw me (dg=VEep cht 4]




\(?ﬂn(ng4ﬁqﬂ529 :'
f“g"(sf'\/?g? d)r\t) \/ ’L+S’Z Jat dt

Change of .yariable ;

=\ Leyt dhtr o = \/’_Hg‘l'%t' SA

77

C(,t - dv o
Vor ]
Then . | - : _
9 ! -4%\ *~J o dv
H jﬁn(si—\/i&qts& drz, J (S VU _(4“;‘1}."4
Integration by parts of A : o | |
X :"-LL\ (:S f*? ) o -(ﬂ X = g%:i)
d"ﬁ v do 4 = V vt (1+Sz)'lv

\F (ugi .
\/ ?_ ,1;(§Z
A= \or- Mfsz)«%CSW)-f Z _‘

with




P24t z,?./\z
- 2p
| (33 2l+)lj\+?1)»~@-(5 ) D-
('25,&67, »T,A-)-S:)u?r%! +(21— 23»{6»7«/\)\«7—3- =

.*.

. - 4 '.."'L‘Z-IZ‘zZA“
’A(zs"z’&’f‘sz-‘-?))wo' = . z.pf

?)-1- = _(39.4—1",) 20 /\ = 'Lt,—zrgnz/\'

L T-24%- aZ/\Z 3243 zZ/\ -
1-248-32/\=
T j | J aalns|la:
S 1 940494943
| £+Xq‘3-zXo.A;"~ ) 9 4—)( 9% 3X‘OA
XP ClN j

s xq * zX‘O/\ D> X Q¥ XD /\J‘

: WAO) BYJ BARY O

°p ')52’42’ zzj\f =9

A S =‘:Z“ salqeue/\ 40 abueyy

8.
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Jg: ‘Z;“OM(B}CV/-{“Z?*?>'?) + - |

Vz2-erz 4!
integration of C.= f dz
Z|ziogra-q

C: J dQ . - J‘ d’t ' .‘ '
TR oty VTegr chb <3

O@( t - e’\.'f-e"-
2

'-
change of variable : €& = X

C - 9 dx o |
V1+§z' (xif?i) 25X - | o
. Y -9
which is of the form : dz , &= V 4+4§7? (X ——
4+ 2% | N4exe
therefore : . .

C-= 2. QAC \—‘Q[V ifsz'( X -3 W)J

-

= danc Fy ‘[V “S‘i(e"-jS/\/z?S-"’z)J
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As f&:/{g‘f\t we have e,l‘ = .._Z.__ +\/ _ ?) + 1 :
” V’L-(?} (’LJ«ZZ)

C= & ovam. ('z 5 V4+?f+s&)

J (rz),s ZJQV‘(S*’V A+ 2?*5 ) Z-rz, CULC FS ('Z}S«-Vi*z,‘y)u_,f

Note : The term - n can be dropped, it will disappear in the '-do_ub1e

integration :
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Appendix B

Velocities induced by a semi-infinite cylinder .

If a stable geometry of a wake exists for a constant inflow, -
once the expansion of the wake is finished and the azimuthal influence

of a f1n1te number of b]ades becomes negl1g1b1e, the tra111ng vort1ces
take ihe shape of spirals of the constant ang]e and d1ameter

The amount of calculation for the induced ve]oc1t1es can be great]y
reduced by using a semi-infinite cylinder of vort1c1ty to model this
part of the wake ( called far wake ). This model can be constructed by
centinuity from the incoming trailing vortices by spreading the
vorticity of each helicoid over an angle of 2n/n, wnere n is the number
of incoming trailing vort1ces ‘ |

The veloc1t1es at any point in space by the semi- 1nf1n1te cylinder
can be evaluated by series -or by interpolation in.an ayray of

precomputed values.




NOTATIONS :

Mo(x,y.z )
MC(x',y',z' )
R

( ps0,2' )

p

: Point where the induced velocity i$~caléﬁ1atedi

: current point on the cylinder.

: distance M to M'.

: Cy]indricél.cqordinates of M'.

¢ Radius df the cylinder.

: Angle of the incoming vortices with the

( x,0,y )kpiane.~"'

:.Number of b]adés{

Strength of each incoming ‘vortex.
Vorticity ohifhe'cy1inder at Mf:(module w).
. Reduced parameters of the problem :

n=x/p and g=z/p.

: Reduced variab]es‘c'=2'/o ..f=R/p.

: Value offwx for.cos A =1 and w =1
: Value of W for sin ) = l.and w = 1
: value of W, for cos A =1 and w = 1



M :‘('X!'!Y'sz') .‘
(1e.8)

R

' e8

‘geometry of the semi-infinite cylihdér



The velocity induced'at-a point M is given by the Bio-Savart law ;

VV(M)- K( N xcu l‘aéh‘

where (S) 1s the surface of the cy11nder

The problem can be reduced because of the symmetry of rotat1on
Only the point M on the ( x,0,z ) p]ane will be considered
Using cylindrical coord1nates ( ps6,2 ) for the point M*,

one gets :
(x €CM9 —eACMQ) 2'-'2’)

o> (~w/)tmec:.mé CUCUOGC‘-’O%\ w.ow\})

It becomes. for the components of [] (M)
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with :

R= \/XQ' + Qz' + 2"2}‘?’-.“’26 X coo®

The induced velocity N is dependent of the parameters P X,Z A.
The prob]em can be further reduced to only two parameters

n and 4 by using reduced coordinates for x, z, z! and def1n1ng

xX *

W and w as w and w for w-= 1 and cos A = 1, '

*

W as wy for w =1 and sin A = 1

<

t=2z/p ; g = 2'/p
n=x/p
r = R/p

It becomes :

fm (S 5’ (ooe ds’cle

X (% Cooe) d§
L ‘m AR

e | |
wo = A f (4 - '?)69'256)9[; de

with

| 2 = \/L-e n+ (S’-'S)g", 2,098

Patde

(B-2)




Integration in azimuthal direct1on
The 1ntegrat1on of ( B-2 )can be ‘reduced to the two forms

| 2ad9
LA)= f@ Ok
and o

. w h
| 6 de
A (4- A co8)™

These 1ntegra1$ can be evaluated only by series.

If one considers the deveiopmenf of ( 1+8 )k in a power serje of B

@»«6)‘"—.— 4448 + b (& 4)15_| )

‘- + b (b-q)-- ~v;(%*“*<‘~. + -
| one gets for f.he development of ( 1-B ).3./ 2
(1 6) s 1 }’: B+ 2x2 %;*
e 1 B xB e o202 ‘:‘
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I] and I, can then be transformed into :
20

J =§. A (2nfi)!... f(wn@deA o ‘)

n=o O‘”Z 4"

: o) n 4

¥/ : .
: vfllxo €9 do6 can be evaluated by success1ve 1ntegrat1ons by

parts and yields :

2] %
2 ‘L(ﬁl_()fb f |

O o | S)db n—2&.+’i’ |

By using n=2k for I] and n=2k+1 _for.I2 one gets :

& Az&, (4—'21.-&4—)‘
{A)= AT |
! {6) | &é (28)! (&!)_’“43.&’,‘;_, o

s (1ht)l  [4he3 )
I (p) - ampy-£ e ( _ )
(% Z (I e
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These results can be apph‘ed to :

\/4*7) “(37-5)% - Z,ZCMG
which can be written : C\//l_ A Ccea &
with: C =V 2eg¥4(3-51% |
and : A = 2'2;/[4‘“@2'*(3/‘5‘)2]

. - *
It becomes for NX H

W 2 leeea)l (4043 ) ranid)
T nZO e ( ) Ji(zn‘ i)

(2all (1)

bnt &t . |
- (B-5)
, :.¢) AV dg/
where : J4 (c) = f C)B -
W: = "LS«J. - SL

with S:l 4 § Oﬂwi)! ,‘J;.(z"‘)
_ 2 s (Zn)’(“} ELE |
R 2 IV IICORG («m Bemet]

3, ()= AL dg’

( B-6 )




Integration in ¢ direction.

a) Evaluation of J]

© .0 ! 7, o ‘
T, ()= (8818 e (5-51 (22) __ a5
R o [LegtssV

an anti-derivative exists for this form, one-gets :

”'( )' (o) S (87 ) ;
(2(;#1 (/1+(L7+Sz) »

b) Evaluation of J,
00

30 = fﬁ AS/- (2e)" ds'
: % O : o [’if 9’ +'('§'—§)2.] CeR,
which- is of the form fdx |
| (alext)"

this form can be integrated by parts-gnd‘yﬁelds the reduction formula :
Y S .

fdx I x._.,~Qn3 X
(o)~ 2pt) oF (xGd)  @(n) J(xTet)™

( B-8)




| . 5 | 9.
using n=3/2+i this reduction formula becomes :

(/’ d x _ X .

J (Q.Q-t- S (26{_1} o (xétd_z)éfd/z, .

. 9. . [ dx
) a?(lnri) (Xziaf)&ﬁ*“d)

The final integration will be :

(eat) ™ aR(xtea)*

Using the notations Ti’ An’ Ck

Hf(. dx ﬁA- '
_ (xz+az) ‘3/1{4-(',

aﬁd after k integrations by parts T.'beihg written :

such that : Vo

:EE‘ FA,, + (:4Q, -rl-lb

nesd

the reduction formula can be written

X _(_ 2 Teea
(&«1} 2 () ot (%)

(B-9)



or, for i-k :

| -4, = —
[g(c-4)+4] a® (xt+a®) ‘«“.. L
| 2 (i) Tiles)
a"'_,['zcc‘,- i.,)*:t] C
using . “
| %’: .
Tg, - Rn + C%_, ;
" [a(c-t)ot] o [xteat] * 4

+ Cl, L&) T"?"(J*~""‘)-'

By identification it becomes :

X . R e .
[2(:(:*21.)-(-1] o> ( xz,(, a?,)%‘.“i*(i’{) .

| Ho').ﬂ: Cl;

c@»[zcuﬁ)mj o (em)

S
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[zcj[i(c-ﬂ][zu-z)j el (—em ]
o2 [ 2ca][ 26-9)+4] - -- [2,( =l 4))+4J

j“"')z [a6-81eg]l
o [(i-w]t @)

2 4" (u) z[uw]\[z(g +1](¢ &;Lz (i-4)- 4]

( B-12 )

) GZ»*1 R T T e T

this last formula can be reduced and for the subsr1pts k one qets :

il ') ok m}'[z,( )]

A% | 2% ‘%“4
(9\" [(L [Z(t 2:,)-+2,] (x +0,
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The development of ( B-8 ) to the order  k is then :

fdx _ i X(‘- zt [l(t n)]' [21((_ ")4»1-}

(x?-(* 0"-2)3/1’*“ " _ Nz (ZL{’])‘ n BL n)' [Z(L"h '(’L_] X q 3/2*‘ eu

1%.[( {)( &wi)l (Xz'f 1)9/1_“»4’1,

By replacing x2= by (';'-_-; .)2 and a2 by .H-n? and \eva1uat1’.ng thé integrals

" from zero to infinite,. we get:

\S/ S ' _> o '00': : S
(o6 | ey 2
and for k=i

dy’ A [4 LS -
[4”8 5’ 5)2'] (fzz) . \/’Lf%z-e'gi‘l

( B-13)



Then : 94.

e
[1“&2 (s S)z]/&u'

S( Z [_1(0 h)]‘LiL h)fi} o ol |
{eeetl |4 [u, *[2(- nm](i% (4%5 e

1

G {1_ 44 s ]J L
(2L<1){ (44 } (1«2’7-) .vi_(,l}_“_s'z‘ I R ( 514 )
The terms ¢an be rearra‘n‘ged bty:c_hangir;g_ﬁ 1n‘t§ 1':+1-n: . o
[—
1+0 5 s) J Yyl -‘
S("‘f { (- Mi(in)'(?mi)
(@l [ (n) (et (2egl) I (deqlesy e

4’(“ 4 1. 5
(2(.{1)'(4.((& [1«2’) ( W)}
TS PO J ST )]

(2cet)!{4eq)™ S (NG (e

( B-15 )



THéAexpansions of S],and 52 can then be derived from 9?

Se=—A L
(44f)Vi+2'+5 4 o | |
) 2h, O
(l‘i)' g\ | s (2 442 }
DLZO ()" ™ ( )[12 S %Z <) (1%5%)
E;; 4 ( 8-16 )

;2(@@)\/2?5123?( o o
((5&4“)(42:;)[ 7"32""32-(“}1 ('iwz }j

- ¢ Qj*'gz/ '

the-final-formu]ation for w., wy .and w are then :

o 261
W > (bl ( 2n
Wx = -4 A
. Z.V'l* 2?*3‘1 ’ AZ., (222_ ‘(‘L‘)z%}i(lreb 4) /‘{4?/*3?.

2
{
. ! '
o
e

(B-17 )




Mathematica] properties and numerical evaluation of the series.

From (B-16)one can.consider the fo]lowing_decomposition

er-§] and S, :

E—t [Dﬁ’u s €« ]
: 9;(’1\“2})'

|

1

L (1<) Videntest' |
with : f_l{*i o |
o) Conn ' ‘ Q
D . v bl (,21 )2
T QP ER gt
D i (2\%.{1)' 2.7_. | 'M—H
* -0 (‘a()y\ 2‘,‘4" 4 'UZ,Z ( B-18 )
(e) (2 VBl [
E’1 - S Z 3 )
=o (&,) 4 i& =0 ) 4 1eqgtag?

2l g

E. - 2%4 ( “‘(m‘ 4&22):
£ ev.a (’2» 4 (zm) * :() L 13
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There are closed forms for Dy and Dy :

Z (2 &-)l 9;. A is the development in power semes N
§-0 ({!/2 4 of(H\)"2 I |

 thus D:-‘- [4- (.%L_)?] B Vi«ZQ « 'Zf' . 1 +9%. o
B A d-ttent o |4-02 |

2444

:. AZ (::zﬁ); (i- 224-2) (:szva"v)
' R, = ‘. 0ea)
Elpi S

‘(/LML) S (»29?—)' | (27/ 9”&‘*2‘.
\ 211. o 4-&?(:1,”2'(2&{2 )

A+ Z
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One can recognize the left part as ( 5 ) [)1

and transform . 1 : (ZQ' ) * into
' 2hed

- .9A.1 )
D, < % -(4*,&2] (22,) 2 d L
n_ e (m .
hogl L 2g 14~ Zl (4—* ) 6

Two cases have to be considered.
.Ist ‘

case. |n| > 1

Dy __,_29_ 4.+Q,2(4. .,Cf)
(£-92| 0 4+t

'since'Dz'goes.to 0 for infinite n, Ct=0

D, = =2 -4

- e—

M-l %




zhd

case |n]< 1

D- %2 . i*‘b‘?( 4, ch
W-¢ %\ 4 |

as D,=0 for n=0 ; Ct=-1. - ~ 2% |
' | Dy = —m= ~
|4-2°]
The two last formu]atwns can be merged into :..
ooy (o) - |4- VL | (B-19) .
‘ 4% “.1_(22-'- .

this 1ast formulation is valid for any n d1fferent of & 1.

These results can be applied to wy and N

L - g ' Dtl Dz) (tbl:t‘EZ) ‘
((’S o 2('1 ) [(Z : SVM?JNsy ‘

:.’1_.[1+ vt ]+ S ’l ['Z»E' ]
| -t 2(’1*?}) ' Vﬁi_ﬂL -eS?f_

‘ .
The left part (.i [4 + -1 ]) is equa] to 0 for In| < 1
&, l4-9tl 1

and to -2- for Inl > 1

As the right part is odd with respect to z, it becomes :

N (n.-c)—-w (n.c)forlnl<1

*

Wy(n.t;)-w-w ( n,z ) for |n} >1




‘If:the serie Sy and S, are evaluated according to (B-16) there is 100
divergence~dn1y for n=t} and ¢ positive, the discontinuities of
Dys D,s E], Es. concelling each other for negative values of z.

This behavwr can be explained by cons1der1ng the deve1opment

of \/{L 2.2%  in a power serie of _;ﬁ;fjif;__ -
;%-*Sj S (4‘°z‘f<37) .
: o AR ; | . { ‘146
\f—/l* .Q*_S‘Z‘: ‘S\ ‘:‘S! /_L... __4_;"_'2/_%’___)
YT | S /lfuz/?«gt
4’“2‘?*52 :
which can be deve]oped into : : ,
A% ¢
5] Z G L e )
ézo L‘) L4t/
The following term which appears in S] .
2b, T
1 ) ‘ 4_1—'2?"
\‘[14 Toet 4 (2(_) | ( )
1§ S Z’, (l‘)L 4t 4,4'«2/21557'
can be written (2 )( ‘ / 2, C
)b 1+ for ¢ -
A qte’T - -
0\ _5,22@“1. (P 4T \deqeas?] positive.

¢ L

’ (2‘ )' ( 1+ sz/ ) for ¢ negative .ot
‘S.‘ ZA« (P ed ,44'13?*3% o o )




Similarly for w* 101

W< S-S ______[(oi-?)o o (E-062)
3 1- '2, %L = );[4*21] 2 3 V__ﬁi*?,’”fs"'
- :1_ 1-9%4 ’1[-42f‘. . 3 EE,'~ 2){52;

N ' |
& K 'Z' l('luzi) \/ i{?}{,;z' ( B-21 )
the left term is eﬁual‘to 0 for jn] >1
T and to 1/2 for nf < 1
Then it becomes : ‘
* W
Wy ( ne=g ) =W, Ln,g ) for [n] > 1
* *
W, ( ny=g ) = 1-4, ( m,g ) for [n] <1
* * _
for W, we have W.( n’jF‘)[f.vX;( nt )

Convergence of the series.

- The four series Di. DZ’ E];and E2 conQérge for any value of

nandg, except on the two lines n=t1 which are the intersections

of the cylinder with the plane ( x5, 0,72 ). | |

The close forms for D] and D2 indicates that these series go to
infinity when nz-l For pos1t1ve values of c there is discontinuity
of the components wy and N when the po1nt M crosses the surface of

the cylinder, explaining the d1vergence, but for the negat1ve values of

z there is no discontinuity of wy and . w but the four series st111

diverge.




The term ( B 20.)  is bounded by \{4 + L and 4 ended
et &

for ¢ positive, therefore S] converges like D] wh1ch dlverges

for n=t1, When ¢ is negative ( B-20 ) 1s'bounded by :

(4%.«1,” ®© :‘4.*_.9“,';
l ‘[Um “] 41&.1 Z (——Z—-)

2
'2.0.-0( - 4* OL? *S

2%4
| _(4he2)! 4~ ) AeQ Sz’
[Q& dl)&[tkﬁel 4(22* sz 52/ .

S] is then bounded by a convergent geometric ser1e and always

'4converge when ¢ is negative. | I
Therefore. to have a rapid’ convergence for the numerica1

evaluation of S, and §,, D, and E] ( respectively D2 and E2 )

must not be evaluated separately or the closed forms of Dy and Ey must

be used. Furthermore if one needs cogevaluafeqthe series-for positive

values of %, he has to evaluate them for ( n;;c ) and use. the ”

transformations.
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Evaluati s A L ko ok
valuations of W, wv, W, at M ( x,y,z ) from Wy wy, W,

From the modelling of'n concentrated Vortices by a .
semi- 1nf1n1te cylinder, we can cons1der that n segments of
concentrated vortices of the. length AL and strength Q are spread ;

over a surface AS = 2m'p A% sin A on the cylinder.
n L
JQ,(T (:.0»4\P\

To obtain the components of the velacities 1nduced at a pomt

then': w =

M ( x,y,z ) by the semi- 1nfinite cyHnder, one must ‘evaluate
lz) V Xz*YZ'/( and S 2/ f , then compute ‘the components_
' for the point M (\/X ,‘,\11- O -;_l '
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" then one has to make a change of vamab]e :

W= (W £ X = W, M}/a/xw“
Wer (Who v X+ W, Y) /vsmz
Wz - Wgo . . ‘



Particular values of the induced ve]ocitie§

a) Velocities induced at points Tocated on the plane limiting the
cylinder (T =0 ). | ' : ‘ ‘ '
0 for n<1 and

For ¢ = 0 in [B-17], we get : ; (n,0) =
. ' *
y ( n,0 ) = 1/n2 for [n|>1
Similarly, for £ = 0 in [B-17], we get : w: ( n,0) =0 for n>)
' w: ( n,0) = .5 for n<l

b) Velocities induced on the axis of the cylinder

=0

=
|

W, =0 .- o
m 0 1 d /
from [ B- 2] W J' '__dsd_e, :if --§-—
2 4-(( Q3 2 Jo 1?,3

- with

n= \ 4+4(5~sf
after integration

—— 5
W*:_ _/_{_ {_[’_Q,__'_.____
R e

Numerical evaluation of the series |
Due to the comb]exity of thé terms involved in the calcualation of

' N Ny Wz, it 1s interesting, in order to limit the computer time, to

evaluate the terms by recurrence. Using this method we limit the number. of

elementary operations to a minimum.




a) Calculation of N:

*
From (3'17%Wx can be written

W: = | C -|. Z Ta,
1V441$£§4 b0 o

s The (@)} (A'M%uew)(
Cc._
' 4+Q}§S?

we get the recurrence re]at1on P

NEGEE
Th = Thoq . (&(Ju)/

The first term 1s Ty = 3\

b) Calculation of S; and S, .

It is convenient to compute $; and S, together :

We first introduce the following notations :

U= (i_)
, det

H’:(_____"”l?*) |
44‘42}{‘52
Fo_ 4

2\[4-( Q?tggl‘
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:T;'\: \/4—'(’?17(32" < Z ¥H<: . ) L “ 107.
P*{ = Es jggf:ll____ (r{/)t C
We can then rewritte S.l and S2 :

S1e—F

©

Cﬁ,: (24)! . Uz‘ ‘pr < EC:U«, Tag,

(L)l T -’"T L
Gt - ((Qé.)zleh(ﬂwl) v _Tew i ;C% jw? |

The calculation js initialized by :

To= V -1-“8&3‘1 ‘ -VS,
T To+ 35 %%; |

e = T4/l
Ho = S .
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The recurrence formulas are ;

F{n //\4n-| = 2;2 1 ti/
h

Tz&,-. ng, -+ erb = Tg(&¢)+1+ Hzé;,
» 124 4/4 :
Hoz Hatoe ( S A

Hoteo = Hgog = (2”4/4) H
- L + /5,

% %
'C;t&,,: Ca@wu x-U *(%Aé/z)

i - ’ci@z o % (i_bjf)

For each terms added,to the series, C]k ié first recomputed from C](k_]j '
then T, ( used for S],) is computed from T2k-1_= T2(k-1)+1 ( which was

computed for‘Sz-in the last iteration ) by adding_Hz-k = Hn then TZk#l
used for S2 can be computed frbm TZk by adding H2k+1 = Hn
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Appendix C.

PROGRAM FUC

Generalities

The program FWC, which performs a free wake analysis of a wind turbine;
has been developed with the Time-Sharing-Option ( TS0 ) of the. )

IBM 370/168 system at MIT-IPC and with fhe IBM 360/65 bafch‘system af
MIT-LNS. ' | |

The program is written in FORTRAN iV,.comgfléd with the IBM FORTRAN IV'GR
- level 21 compiler. ft complies with the American National Standard ( ANS )
Fortran,X3.9-1966, except foéithe fo11oQing extensions :

- NAMELIST statement -

- ENTRY statement _

- END and ERR parameters in I/0 operations

The ﬁrogram has been 1inked with the IBM 128K design.1eve1 F Tinkage
editor ( F128 ). A | |

To be executed, the program needs approximately 158K bytes of core.memory'
in a 360/370 System. w1thout the overTéy structure, approkimately

256K bytes are needed. . . '
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‘The program also includes an additional program ( GENERF ),-for the -

generation'of the map of the far wakes. GENERF has to be executed only
once, since the map is written on a sequential file, which.can be used any:
number of times. | |

The program can compute any number of cases, descr1bed sequent1a11y in
1nput,-or cont1nue on an unfinished case, from the point this case was
discont1nued by a preceding Job before computing other cases. Th1s last
opt1on was necessary because of the 11m1tat1ons ( CPU time and number of
“lines pr1nted ) at LNS.

Before performing ‘any computation; the program reads parameters, which
describe the datasets'usedi.the levels of output desired, or command the
optional executions of verification routines, and the optional continuation.

Because the user's input;is read in using NAMELISTs,_standard parameters
are‘defined in the main program, anq'the user needs only to specify the
barameters he Qanfé to modify.

for the description of the cases, the user must describe completely,
only the first case ; for all the others, he only needs to spec1fy the

data which differs from the preceding case.



(IPR) : / plottings

_ map of the ’ main
program . ) program = J(1wR) Cutout
. ar wake utpu
GENERF FWC
(6)
' (5)
control . s F/ﬁ (IRD)
output L parameters . (1P0)
. v - (1PN
h ;;ﬂﬁ - .
i / .‘ o - ]
- | description
of the cases
* optional

( - ) fortran dataset reference number

Input/Output of the programs GENERF and FWC

data for

continuation

Lt
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Notes :

- The input for the description of the cases can follow the parameters
input, in thét case, IRD=5.

-4The plots and‘the*main'output-cén be directed to the same device

( TWR=IRD ).* - - '

- The inpuf ( parameters and dgscriptidn of the cases ).comes,in general.
from the card reader in a batch environment. They have;been separated to
allow the parameters and thé cases to be described in different sequential
files or from the terminal in a TSO environment. . -

- The main output and the plots are directed to a‘printer in'a batch..
environment. In a TSO environment, the plots cannot be directed to the
terminal, therefore they can be separated from the main output, since it
is interesting to have it at the terminal.

- Thé maé of the far wake and the data-fOr_cgﬁtinuatfon must resiae on

mass storage devices, since they are read and written without format.

- Any dataset reference number can be specifies for the I/0 operations

except 8, which is reserved for the map of the far wake.
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Structure of the program FWC

The program is composed of a main program and f%fteen subroutines, ( not.
jncluded GENERF . ).  The decomposition in subroutines is done on a
functional basis and each module is independent from the others, and
depends on this data structure reflected in the commons. The task of
the main program { which size'iS’kept to a minimum ). is principely to
command the'-eiecution of each module, it does not{perform‘any calculation.
The calling structure of the main program is reflected in the overlay
structure. Each module may group a series o?”depeﬁdentvor similar functions,
each associated in general to a different entry point, all arguments with

a few exceptions are transmitted. by -commons.




. General flow chart of FWC

114

( Begin: FWC )

{define.standard parameters |

/ load map of the far wake/

/input of the parameters/

/input of the case (INPUT)/A : end
- ‘ -error ' :
=1 ICONT) - -no more case

calculation of the constants
(ENIVND, INIUWN)

|

semi-rigid wake analysis (SEMRI)

initialization from the results of SEMRI|
(COMPA,COFN) .
|
| f—————2] loop on the geometry|
——

ve]ocitiés induced at the centers
(LooP2)

velocities ét fhl podes (WNOFC) |
integratiln (INTGR)
new centeri"(CbFN)”
Toop on the 'circllxl*ation (LooP1)] -

No_convergence

/output for continuation (PUNCH)/
|

K plottings, intermediate outpg}/
' (KTRC,0UT)
[ .

( convergence

no

> limits exceeded

/ output_(0UT) fo———




Overlay ;tructure :

All subrouttnes ean be over]aiﬂ once exited, except :

- INDVEL between the call to the entry COORD and all the
correspond1ng ca]]s to the entry WXYZ.

- TRACE, between the call to the entry TRCINI and all the fo110w1ng)(
calls, up to the final call to the entry TRCEXE. ‘
The commons cannot be overlaid, except those holding work areas for
some subroutines :

WNDATA ( .used by ‘WNOFC ).

WDATA ( used by INTGR ).
OTDATA ( used by OUT ).
TRCDA ( used by KTRC ).

If the overlay structure is not used, all theee commons can be renameq |
under an identical name: | -
Because they are used only in overlaid subroutines, but must be'kept
‘during all the execution, the following commons must be inserted explecitely
in the root segment
- CWNOF ( precomputed constants used by" wNOFC ).
- CVIND ( precomputed constants, created. by INIVND, used by LO0P2
and VIND ).
- VORT v
_ The common SAVTW cannot ‘be overlaid by any segment between the call to

LO0P2 and the call to wNOFC




UNLIMILS AYTHINO

Segment 2

e

MAIN

e

Segment 1 System routines
.CWNOF,CVIND,FARC, INIVND
INPUT COFN segment 4 -SAVTH ouT
segment3 segment_7
COMPA : LOOP1 Loor2 WNOFC L OTDATA
INIVND VIND | INTGR
SEMRI _INDVEL | WNDATA
segment 5 |ppry | WDATA Segment 6

o

.

KTRC

segment 8

TRACE

TRCDA

9Lt
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F128 level linkage editor input.

Note :

Each subroutine is supposed to reside in a library, under a membér name
identical to the subroutine name. “
ENTRY MAIN |

INCLUDE SYSLMOD (MAIN)

INSERT CWNOF,CVIND,FARC,VORT

OVERLAY N1

INCLUDE SYSLMOD(INRUT,COMPA,INIVND,SEMRI)
OVERLAY N1

INCLUDE SYSMOLD(COFN,LOOP1)

OVERLAY NI

INSERT SAVTW

OVERLAY N2

INCLUDE SYSLMOD(LOOPZ,VIND.INDVEL,PRTV)
OVERLAY NZ' ' i

INCLUDE SYSLMOD(WNOFC,iNTGR)'

OVERLAY N1 |

INCLUDE SYSLMOD(0UT)

OVERLAY N1

. INCLUDE SYSLMOD (KTRC,TRACE)

NAME FWC |
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List of subroutines. o

- in parenthesis : entry points

- underlined : entries not used - a
MAIN .

INPUT ( PUNCH )

SEMRI

COMPA

INIVND

COFN

‘LO0P2

VIND (SVINDB. VINDN, VINDI, EXECN, INICN )
INDVEL ( COORD, WXYZ.)

PRTV ( PRTCEN, PRTNOD, PRTVD, CLV, PRTVN, PRTVI ) -
LooR - |

WNOFC ( INIWN )

INTGR

OUT ( OUTINT )

KTRC ( TRCPT, TRCN, TRCVEL, TRCW, TRCT )

TRACE ( TRCINI, TRCPTS, TRCLIN, TRCSEG, TRCCUB,. TRCEXE )
Independent program : |

GENERF -
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Descr;pt1on of the user's input .

A1l input varlables types fo]]ow the FORTRAN convent1on ( real s1ngle

precision A-H, 0-Z 1nteger,s1ng]e;prec1s1on IfN ).

A) Parameters

The parameters are described in the NAMELIST NPARM, this NAMELIST is
read from the input dataset number 5, it must appear-only once.

( in parenthesis, value given by default in the main program )

IWR(G) : main output dafaset referenée number, must specify

~a printer or a TSO terminal.

IRD(5) : description of ‘the cases dataset reference number

IPN(9) : 1nput/output ddtaset reference number, used for
the: cont1nuat1on option. |
( must specify: a sequential file on disk or tape and '

~ must not be 8 ).

IPR(6) : output dataset reference number for the plots ; it

- must specify a .printer.

ITRACE(O) : output Tevel.
Range : 0 or 1? R
0 : no output i
1 : the fol1owfng are printed on (IWR)

The parameters ( in MAIN )

The descr1pt1on of the current case (* in INPUT )

The coeff1c1ents used for the calculation of the

strength of the elements ( in INIVND )

The interpolation coefficients for WNOFC ( in INIWN )
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The values WZM and R3 ( in COMPA )

The positions of the nodés generated by COMPA

( in MAIN )

The return code of LOOP1 for each iteration ( in LOOPT )

A message each time the intermediate results are
written on ( IPN ) i |
- LPSEM(1) : outpﬁt level for the semf—rigid wake Aﬁa1ysis
o ( subroutine SEMRI ) - o
Range :'0 to 2
0 :-no output . ) '
1 : output of the final results of SEMRI, includes :
vinduced velocities and circulation distributions
.along the blade, forces and performance coefficients.
2 : same as LPSEM=1, but the induced velocities and the
circulation aiong-the’b1ades are printed for each
jteration. ( This option may be useful if convergence
problems occur in this subroutine ).
- NMES © 1 not used ‘
- ITRCL1(0) : output 1eve1'f6931665 on the circulation (LOOP1)
Range : 0 or 1 S
0 : on output
.1 : for each iteration are printed :
© = The  initial guess for the induced velocities at the

blade level, the corresponding distribution of

circulation.
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- The final resqlts and the return code Qf LOOP1. - | |
This parameter is useful to examiné tHe convergence of
o , the_circu]atioh.
- ITRCLZ(O)' : output. level for the subroutine LOOP2
Range :.0 to 4 ‘ - 7
0 : no output ‘
1 : the fina) velocities induced_ét the centers are printed
2 : the induced veiocities,at thé qenfers are printed after
® the contribution of each type of elements. This
‘f:parameter is reset to 1 after the first call to
L00P2 |
3 ::samé as ITRCL2=2, but the arrays containing the %ﬁduced
velocities are c]eared.affef~each output, so that the
 <output represents'exactly the contribution of each.
. type of element. This pafamétér is then rest to 1 and
the calculation of the induced Qeldcities is
reexecuted. ' ‘
. 4 : same as ITRCL2=2 but the'parameter is not reset to 1
- ITRCG(O) . : output Tevel : strength of the elements for each iteration
( in LOOP2 )
Range : 0 or 1
-0 : no output
. 1 : the distribution of circulation and the strength of
, the e1ement§ are printed for each iteration of LOOP2
- ITRCNT(0) : control of the influence cdeffipients'( see LOOP2 and VIND )

Range : 0 or 1




- ITRCF(0)

- ITRCW(0)

- ITRTG(0O)

: no control performed

: a simple verification of the calculation of the '
inf]uence'coefficients'ﬁs perfofmed ; the velocities
induced.at the blade IeQel-are computed by two different
methods and then pr1nted . \
This parameter is reset to 0 after the first call

to LO0P2

: control of the far wake modal ( performed in LOOP2 ).

‘Range :0orl

0: no contro] :

1 : the veloc1t1es 1nduced by the far wake using ‘the
semi-infinite cy11nder are pr1nted, then these
velocities are recomputed, using 1ine vortices and

then printed.

: output leveT for WNOFC

Range : 0 to 2 -

0: no'output

1 : the veloc1t1es induced at the nodes and the influence
coefficients after 1nterpo]at1on are printed.

2 : same as ITRCW=1 but the velocities induced at the

nodes are printed after each step of WNOFC.

: output level for the integration ( in INTRG )

Range : O or 1
0 : no output
1 : for each azimuthal position, the result of the

" integration are‘printeéd, including the corrections.
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- IVERGR(0) : control of the integration ("in INTRG ) |

Range : 0 or 1 _
0:no control performed | : L
1:a s1mp1e ver1f1cat1on of the 1ntegrat1on is performed
by 1ntegrat1ng and pr1nt1ng the resu]ts tw1ce, the
‘ . results have to: be 1dent1ca1 L .
- ICGEN(O0) : ohtput Tevel, loop on the geometry i
Range : 0to2
0 : no output after each iteration |
1 : output of the induced ve1ocities on the blades, of the "
circulation, forces and.performance coefficfents for
each iteration. | |
2 :-same as fCGEN=1, but the pesitions of the nodes are
fncluded. | .
- JPUNCH(0) : output of the results after each tteration. on mass
storage { IPN ) . '
Range : 0 or 1
0 no output
| 1 : output for each 1terat1on ‘
This parameter must be set to 1 1f the user wants to use’
the continuation option. In that case, a dataset must be
supplied to the program.
- 1CONT(0) : continuation option
Range 0 or'l

0 : no continuation
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1 : the program w111 continue on the unfinished case at

lthe po1nt a precedent job- left it. In that case
'va11d data must be present in a file, referenced by
( IPN ), all the other parameters are ignored.
- IpLOT(O) : oﬁtput Tevel : pﬁotting of the positions of the nodes in
(R-17) coordinates. '
Range : 0 to 2
O 1 no p10ttihg' '
1 : plotting at the end of the case’
2 : plotting for each iteration on the geometry .
- iPLOTV(O) : output level : plotting of the induced velocities at
the centers. |
Rahge : 0 to?2
0 : no plotting
1 : plotting at the end of the case
2 : plotting for each iteration on the geomefﬁy
- IPLOTW(O) : output level :plotting of a side view of the wake
‘Range : 0to?2 | '
0 : no plotting
1 : plotting at the end of the case
2 : p]otting for each iteration on the'geometky
- isw(l) : size parameter used for the plotting of a side view of the
wake B
Range t:lor?2
1 the plott1ng is done on a single width of 1isting
2 : the plotting is done on a double width of 1isting



- IPLOTG(O)

- IPLOTT(O)

- ITRANS(1)
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: output level. : plotting of the d1str1but1on of circulation

along the blade and of the strength of the elements
Range : 0 to.2

0 : no plotting \

1 p]ott1ng at the end of the case

2 : p1ott1ng for each 1terat1on on the geometry

: output level : plotting of the tip vortex versus the

~azimuth ( first two spires, axial position and distance

from the Z axis )

Range : 0 to 2

0: no plotfing

1 : plotting at the end of the case

2 : plotting for each iteration on the geometry

: transition wake parameter

Range : 0 or 1

0: no transition wake used

1 : a transition wake is used

In general, this parameter should net be modified.
It can be set to 0 if the elements of the near wake

and the elements of the intermediate wake have approximatly

the same size.
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Each case is described in a namelist CASE.

The cases are read from the input dataset referenced by ( IRD'), if this

parameter has not been modified in the parameters 1ist, the namelist

CASE follows immediately the namelist NPARM.

A1l variables are realsingle precision ( 4 bytes ) or integer single

precision ( 4 bytes ).

In parenthesis : initial value given to the variable, when applicable.

- NBLDS1

- LTWIST

- SIGMA

. = KNNVR

- NNVA

: number of blades

Type : integer

‘Maximum value : 8.

: twist parameter

Type : 1nteger
Range : O or 1

0 : the blades ara not twisted, the pitch angle is THETOD

1 : the blades are twisted, the pitch angle distribution

is given by THETAD .

: rotor solidity ( blade area / rotor area )

Type : real

: number of nodes ( blade and near wake )

Type : integer.

iMaximum value : 15

: not used



- NTVA

- DPSIND

. - ETAN

KNIVR

NIVA

DPSIID
ETAI
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: number of nodes ( azimuthal direction ) for the near wake,

transition wake not included. -

'Type . integer

Maximum value : NTVA+2*(DPSIID/DPSIND) must be smaller -

or equal to 18

: azimuthal size of the elements of the near wake

( in degrees )

Type : real

: radial positionsof the nodes ( blade and near wake )

Type : array of reals, one dimension.

. They must be éxact]y KNNVR positions defined, in

increasing values, the first position ( ETAN(1) )
correspondsto the root of the blade, the last position
( ETAN(KNNVR) ) corresponds to the tip of the blade

and must be 1.

: same as KNNVR, but for the intermediate wake
" Maximum value : 6 ‘

. same as NTVA,. but for the intermediate wake, the

transition wake is included.

Maximum value : 50

: same as DPSIND, but for the intermediate wake

: ;ame as ETAN, but for the intermediate wake

ETAI(1) must be equal to ETAN(1), and‘ETAI(KNIVR)

must be equal to 1.




- THETOD

- FMU

- THETAD

- ALPHAS

- CDO, CDK

- LIMS(30)

. C4
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: pitch angle ( in degrees )

Type' : real

This value must be defined only for untwisted blades

( LTWIST=0 ), it is ignored when the blades are twisted

: advance ratio ( inverse of the tip speed ratio )

Type : real

: p1tch ang]e d1str1but1on ( in degrees )

_ Type array of rea]s, one d1mens1on

THETAD (I) is the p1tch angle at ETAN (I) ; there must

be KNNVR elements def1ned The array must be def1ned

‘ onTy for twisted blades ( LTWIST= 1 ), it is jgnored

when the blades are untwisted.

: stell angle ( in radians )
Type ..real

: definition.of the drag.coefficient

3y
!

Type : reaTs
The drag coefficient Cd will be :

C CDO + az CDK if the blade section is not stalled

d
2 DO + o CDK if the blade section is stalled

( o : attack angle in radians )

: maximum number of iterations for the semi-rigid wake

- analysis routine ( SEMRI )

Type : 1nteger

If the convergence is not obtained w1th1n LIMS iterations,

" the case -is terminated
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- LIM](ZO) : maximum number of fterations for the circulation loop .
L ( in LOOPT ) L
Type : ihtegér
If convergence is not obtained within LIM1 iterations,
the case is terminated
- LIM2(15) ' :-maximum riumber of iterations for the loop on the geometry
| Type : integer
Ifﬂéonvekgence is not oﬁtained withiq LIMZ iterations,
the case is terminated
- FPS1 . core size for the rectangular elements
Tybé : real ‘
The core size is éXpressed in term-of the ra?ius 6f the
rotor | |
- FPS2 : core size for the segment elements
Type : real

The core size is expressed in term of the radius of

the rotor

COEFF1(.5) : tip and root vortices coefficient

Type': real

The strength of the vortex is taken as COEFFT times

the circulation at the nearest center 6f the blade.
The following parameters, which appear in NPARM; can also be defined
for the current case : IPLOT, IPLOTV, ITRANS, JPUNCH, IPLOTW, ISW,
IPLOTG, IPLOTT.
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~ Examples of input.

a) No modification of the parameters, 2 cases,~the second differs from the
| first only by thé advance ratio. |

&NPARM &END ‘

&CASE NBLDS1=2,SIGMA=.1061,

KNNVR=4,ETAI=.2,,3,.5,.8,.9,1.,NTVA=8,DPSIND=10

KNIVR=4,ETAI=.2,;4,.9,1.,NIVA=20,DPSIID=20 :

FMU=.1,ALPHAS=.2,C00=.01,C0K=.5,

FPS1=.01,FPS2=.02, &END

&CASE FMU=.222, &END

b) continuation of the last case only :

&NPARM ICONT=1 &END
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The user' 's output is composed of two parts :

a) Distribution of the quant1t1es relative to the blade followed by the
performance ‘coefficients.

b) The coordinates of the nodes and tﬁe velocities .induced at these
points. ' | '

The user may have also-intermediaté resu]ts(by speékfying some parametérs
as input ( Refer to subscetion " Descriptionibf‘the user's input "y

In part a) are included :

1 - The description of the case :
- the number of blades
- the rotor solidity (SIGMA)
_ - the mean pitch angle (THETAO)
- the advﬁnce ratio (MU) |
- the drag coefficient formulation (CD)
- tﬁe stall angle
2 - For each blade section ( refered- by the pos1t1on of its center ETA )

- the radial induced velocity component on the blade (WXC)

the tangential induced velocity. component on the_blade'(wYC)
- the axial induced velocity component on the blade (WZC)

the total velocity relative to the blade (U)

the circulation (GMC)
- the inflow angle (LAM) in radians
- the attack angle (ALP) in radians'




the pitch angle -(THE) in radians

the
the
the

lift (LIP) .
thrust éqmponent of the 1ift (TLIP)

in-plane component of the Tift (FLIP)

the drag (DP)

the
the
the
the

thrust component of the drag (TDP)
in-plahe compqnént of the drag,(FDP)
thrust (TP)

in-plane force (FP)

3 - The performance coefficients

Note : C_and L

P

Cy

n

P

T/ (pmR2V2)
P/ (pnR2V?)
T/ (pm*R")
P/ (pm2°R®)
T is fhe thrust

P is the~power ektracted

3

p is the air density

1

R is the radius of the rotor
- V is the free stream velocity
- 0 s the rotational speed ot the rotor

are negative when power is extracted from the wind

132
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Part b) : geometry of the wake

For each wake { near wake and intermediate wake ) are printed :
1 - The distribution of the nodes on the blade, from which the streamlines
originate.
2 - For each azimuthal'ﬁosition :
~ the coordinates of the nodes (XNV YNV,ZNV for the near wake,
XIV,YIV,ZIV for the intermediate wake )

the components of the induced velocities,.in‘cylindriéaT coordinates

( WRNV,WTNV,WZNV for the near wake, WRIV,WTIV,WZIV for the interme-
diate wake ).

the azimuth position of the nodes +in degrees (PSI)

the radial position of the nodes (R)

the components of the induced velocities, in rectaﬁgU]ah coordinates

( WX* and WY* )
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List of commons

In parenthesis : subroutines where the common is used.

PARM . ( MAIN, INPUT, COMPA, INIVND, SEMRI, LOOPI, LOOP2, VIND.
INDVEL, PRTV, WNOFC, INTGR, OUT, KTRC ) , ..

GEOM ( MAIN, INPUT, COMPA, INIVND,-SEMRI, COFN, LOOP1, LOOPZ,

| ~ VIND, PRTV, WNOFC, INTRG, OUT, KTRC ) |

FARC . ( MAIN, INDVEL ) |

VEL ( INPUT, LODP2, VIND; ‘INDVEL ) = o

RESUL  ( INPUT, COMPA, SEMRI, COFN, LOOP1, LOOP2, VIND, PRTV, WNOFC,
~ INTGR, OUT, KTRC ) |

CVIND ( INPUT, INIVND, LOOP2, VIND )

CUNOF  ( INPUT, WNOFC )

VORT  ( LoOP2, VIND, KTRC )

SAVTW - (-LOOP2, WNOFC.)

WNDATA  ( unorc ).

WDATA  ( INTGR ) .-

OTDATA  ( OUT )

TRCDA - ( KTRC )
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List of variables in_common

Common PARM

‘This common contains the parameters ( see description of user's input ),

as read by the main program, they are not modified during the execution,’

except : IVERGR,ITRCL2,ITRCF, ITRCNT,ICONT.

The common contains also :

- NITER
- ISAMEB, ISAMET

- ITEST

: current loop- index fof thefiobp on the éeometry.

. test values : Comparison with the precedifng case

Type :~1nfegers

Values :0 or 1

If the rotor described in thé cur;ént case 'has the
same number of blades as the rotor of the preceding.

case, then ISAMEB is set to 1.

In the same way, if the distribution of the nodes, for

the ‘near wake and the interhediafé'waké; and'COEFF are

not modified, then ISAMET is set to 1. = -

When one of thes values is equal to 1, then the cal-
culation of the constants which depend on the number of
blades or on the‘distribution'of the control points, -

can be eliminated.

: return code

Type : integer
This return code .is set by SEMRI and LOOP1




Range : 0 or 1 (SEMRI ), 0 to 2 ( LOOP1 )
0:
1
0:

Common FARC

convergence is reached in SEMRI

: convergence is reached in SEMRI -

convergence i reached for the case

: convefgence is not.reéched for the case, but the
‘1oop on the circu]atibn‘haé'cngérged
( LIMI iterations )

: the loop on the circulation has not converged within

3 LIM1-iterations.

This common holds the map of the far wake ( velocities induced by

-1

semi<infinite cylinder ).

A1l variables are reals single precision.

ETA(40) : single dimension array : positions of the points which

appear in the map.

WXx(22,40) : double dimension-array : X components of the velocities

induced by the semi-infinite cylinder.

WX(I,) is w: / 2n for n = ETA(I) and ¢ = ETA(J)

WY(22,40) : same as WX, for Y conponent
Wz(22,40) : same as WX, for Z component
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Common GEOM

Description of the current case

: number of blades, as read by INPUT

- NBLDSI
~Type : ‘integer.

- NBLDS : number of blades
Typg : ihteger ‘

-. SIGMA ; : rotor solidity (o). ..
Type : real '

- FMU : advance ratio ( u )

o Type : rea] . .

- ETAN(15) : distribution of nodes in radial direction ( blade and

near wake ), as read by INPUT .
A ) Type : arréy“of rgals, one dimensipn

- KNNVR : number of nodes in radial dirgction ( blade and near
wake ), as read by INPUT.
Type : integer ‘ |

- ETAI(6) : distribution of nodes in radial direction ( intermediate
wake ), as read-by INPUT: -~
Type : array of rea]s,'one,dimension . .

- KNIVR : number of nodes in radial direction ( intermediate
wake ), as read by INPUT
Type : integer

- LTWIST : twist parameter

Type : integer

Range : O or 1




THETAD(IS)

THETA(15)

THETAC(14)

THETAO
THETOD
ALPHAS
€D0,CDK

DPSIND

DPSIN

DPSIID

0138
0 : blades are not twisted

1 : blades are twisted

: distribution of pitch angle ( in degrees )

THETAD(15) is the pitch angle at ETA(I)

Type : array of reals, one dimension

: same as THETAD, but,fn radians

Type : array of reals, one dimension

: same as THETA, but for theicenters 2 to NNCR2Z of the

blade
Type : array of reals, oné d{mension

( -THETA(I) is the pitch angle at the position ETANC(1+1) )

: pitch angle for an untwisted blade ( in radians )

Type : real

: pitch angle for an untwisted blade ( in degrees )

Type : real

: stall angle ( in radians )

Type : real

: definition of the drag coefficient

Type : reals

: azimuthal siie of the é]ements of the near wake

( in degrees )

Type : real

: same as DPSIND, but in radians
‘Type : real. ‘ |

: azimuthal size of the élements of the intermediate ‘wake

( in radians )



DPSII
COEFF1

COEFF
¢
S

BLADES

NNVR

NNVA

NNVRT

NNVA1

NNCR

NNCA

ETANV(15)
ETANC(16)
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Type : real

: same as DPSIID, but in rad1ans

: t1p ‘and root vort1ces coeff1c1ent, as read by INPUT

Type : rea]

* “

: tip and root vortices coefficient

Type : rea]

: cos1ne of ( 2 T / number of blades ) '

W

°.sine of ( 21/ number of blades )

: number.of blades

Type : real

: number of nooes in radial direction for'the blade and

the near wake

Type : integer

: number of nodes in az1mutha1 d1rec*1on for the near wake

Type : 1nteger

: equa] to NNVR-], it is the number of elements of the

near wake 1n radia] direction’

: equal to NNVA-], it is the number of element of the

near wake in azimuthal d1rect1on

: number of centers'invradia1‘difection,'foh the blade
and the near wake ('it is equal to NNVR+1 )

: number of centers in az1mutha1 d1rect1on, for the near

wake ( it is equal to NNVA+1 )

: radial positions of the nodes ( same as ETANV )

: radial positions of the centers for the b1ade and

the near wake.




- NNCR1
- NNCA
- NNCRZ
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: equal to NNCR-1, equivatenced .to NNVR
:'equal to NNCA-1, equivalenced to NNVA
: equal to NNCR-2, equivalenced to NNVRI

It is the number of centers located between ETANV(1)
and ETANV(NNVR)

The following varijables have the same meaninys and types as the

variables which names are obtained by replacing I by N, but apply to

the intermediate wake : NIVR, NIVA,-NIVR1,.NICR, NICA, ETANV(6),
ETAIC(7), NICRT, NICA1, NICR2.

~ NTVA

NTVAT

NTCA

1)

FPS1
FPS2

Common RESUL

: number of nodes in azimuthal direction for the near wake,
. transition .wake not included. |

: eﬁua] to NTVA-1, it is the number of elements of the

near wake, transition wake not included.

¢ number of centers in azimuthal direction for the near

wake, transition wake -not included.

: core size for the rectangular elements

: core size for the segment elements

This common contains all the arrays of induced velocities, of positions

of the points of the near and intermediate wake, and of influence

coefficients, and the actual distribution of circulation.

A1l arrays contain single precision real variables.



GAMMC(16)

TWX(14,14)

TWY(14,14)
TWZ(14,14)
NXC(14)

WYC(14)
WZC(14)
WXNG (16,19)

tWYNC(16,19)

WINC(16,19)
WXI1c(7,51)

WYIc(7,51)
Wz1c(7,51) -
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. distribution of circulation along the blade

GAMMC (1) is the circulation at the center ETANC(I)
of the blade. |

" GAMMC(1) and GAMMC(NNCR) are set to 0.

: influence coefficients, X components. -

TW%(I,J) is X component of the velocities induced at .
the center ETANC(I+1) of the blade, assuming.a unit
circulation at the center ETANC(J+1) of the blade only.

: same as TWX, Y components

: same as TWX, Z components

: velocities induced on the blade, X component

WXC(1) is the velocity induced at the center ETANC(I+1)
of the blade

: same as WXC, Y components

: same as WXC; Z cpmponents

. velocities induced at the centers of the.near wake,

WXNC(I,J) is the velocity induced at the center of
coordinates : XNC(I,J), YNC(I,J), ZNC(I,J)

: same as WXNC, Y components

*

: same as WXNC, Z components

: same as WXNC, but for the intermediate wake

. WXIC(I,J) is the X component of the velocity induced

at the center of coordinates XIC(I,J), YIC(I,J),ZIC(I,J)

. same as WXIC, Y components

: same as WXICQ Z components



WRNV(15,18)

WTNV(15,18)
'WZNV(15,18)
WRIV(6,50)

WTIV(6,50)

WZIV(6,50)
XNC(16,19),
© YNC(16,19),
ZNC(16,19)

XIC(7,51),
Y1¢(7.5i),
21¢(7,51)
XNV(15,18),
YNV(15,18),
ZNV(15,18)

XIV(6,50),
Y1V(6,50),
Z1V(6,50)

: radial comporients of the velocities induced at the
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nodes of thg nzar wake.
WRNV(i;J) is the radial component of the velocity

induced at the node (I,d) of the near wake.

: sahe as WRNV, tangéntia] components
: same as WRNV, axidlhcomponents

: same as WRNV, intermediate wake

: same as WTNV, intermediate wake

: same as WINV, intermediate wake

: rectangular coordinates of the centers of the near wake

XNC(I,J) is the X coordinate of the center located
on ;he streamline originating from ETANC(I), at the

azimutal position (J).of the centers

: same as XNC, YNC, ZNC, for the intermediate wake

: rectangular coordinates of the nodes of the near wake

XNC(L,J) is the X coordinate of the’center Tocated
on the streamline originating from ETANV(I), at the
azimutal position (J) of the nodes.

: same as XNV, YNV, ZNV, for the intermediate wake
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Strengths of the elements
- GMIN(14) - first ]umped stengths of the e]enen*s of the near wake
GMIN(I) refers to the 1 th element

- GM2N(14) : second lumped strengths of the elements of the near wake
-_GM]I(S) . same as GMIN, for the intermediate wake

- GMZI(S)‘ ~ : same as GM2N for the 1ntermed1ate wake .

- GAMMT1 : strength of the root vortex of the near wake 'w

- GAMMT2 : strength of the tip vortex of the near wake o

- GAMMT3 : strength of the root vortex of the 1ntermed1ate wake

- GAMMT4 : strength of the tip vortex of the 1ntermed1ate wake

Common. CVIND

Coefficients for the determinatioa of the strengths of the e]emeﬁts.
These coefficients depend only on’the distributicns of the control
points for the near'wake and the intermediatehwake, and on the factqr COEFF
HMIN(14,14) : coefficients for GMIN; by definition:
GMIN(I) = § HMIN(I,J) * GAMMC(J+1)

- HM2N(14,14) : coefficients for GM2N
- HMII(5,14)  : coefficients for GMII
- HM21(5,14) . : coefficients for GM21
- HAMMT1(14) : coefficients for GAMMTI
- HAMMT2(14) : coefficients for GAMMTZ
- HAMMT3(14)  : coefficients for GAMMT3

- HAMMT4(14) . coefficients for GAMMT4
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This common 6dntaiﬁs the arguments for INDVEL ( calculation of the

velocity induced at M by the current element )

- X.Y,2Z : used by WXYZ: coordinates of the point M,

where the induced ve]ocﬁty is to be evaluated

Ux,uy,uz } returned by WXYZ: components of the velocity
'induced at M ( X, Y, Z ) by the current element.

X1,Y1,21 © : used by COORD: coordinates of the first point

L

defining a rectangular or a segment élement.

X2,¥2,22 ~ :'used by COORD: coordinates of the second point
defining a rectangular element -

X3,Y3,I3 ¢ used by COORD: coordinates of the third point

defining a rectangular element, or coordinates
of the second point defining a segment element.

X4,Y4,724 : used by COORD: coordinates of the fourth po1nt

| def1n1ng a rectangular e1ement

- GM : returned by~CO0RD, for rectangular elements:
constant strength component of the élement.
used by WXYZ: constant Strength component
for a rectangular element, strengtﬁ of the element
for a segment element or a semi-infinite cylinder
element

e i?uSed‘by COORD, for aAreciangular element:

' ’ first lumped strength of the element
- GM2 : used by COORD, for a rectangulaf element:

second lumped strength of the element.




- . DGH . : returned by COORD, and used by WXYZ: ¢ 15

_ variable strength componeht'of q.rectangular éfemenf.:f
- IT : used by COORD and WXYZ: indicates the type of the
current element. ‘ |
Type: integer single precision

IT

1 : the current element is .a re¢tangu1ar element

IT

] 2 : the cuurent element is a segment element
L IT =3 the cuurent.g]emént is a semi-infinite cylinder‘
the: only the values 1 or.2 méy‘bg used for a calf to COORD
- RHO .o usgd by WXYZ, for é semi—infinite,cy]inder element:
radius of the cylinder
- IPF ~ : used by WXYZ, for a seﬁi-infinité cy]inder element:
axial position of the.p1ane limiting. the element '
- TL o u;ed by,NXYZ,.for a semi-infinité cylinder element:

tangent A of the element.

EPS : used by COORD, for a rectangular element:

thickness of the e]emehg.

EPS2 : used by COORD, for a segment element:

core radius of the element. . o

STRE . : not used

Common SAVTHW

SAVTW contains a copy of the infjuence'coéfficients arrays TWY gnd TWZ
of the precedent iteration. The copy is made by LOOP2 énd used by WNOFC. 
- TWYT(14,14) : copy of TWY | |
- TWZT(14,14) : copy of TWZ




Main program

Function

Input
Qutput

Parameters used

Subroutines called :
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: the main program does not perform any calculation

it controls the excecution of the different steps

of the calculation, by sequentially and condifio-

- nally calling the subroutines. It also defines

the standard parameters, loads the map of the
‘ N - Yo PR T - Y ..

far wake, prints messages relative to the convergence.

: ( directly by the main program ) :

map of the far wake, from unit (8)

: ( directly by the main program ) :on ( IWR ) :

messages

: ITRACE,ICGEN,ICONT,ITEST,ITRCN,ITRCLZ,JPUNCH,IPLOT,

IPLOTV, IPLOTW, IPLOTG, IPLOTT.

INPUT (PUNCH)

INIVND
SEMRI

COMPA

COFN
PRTV (PRTNOD)

KTRC(TRCPT,TRCN,TRCG, TRCVEL ,TRCW, TRCT)

OUT (OUTINT)
LOOP2
LOOP1

INTGR

‘WNOFC (INIWN)



Notes : - In case of continuation : the parametér ICONT contained- in
common PARM and read at the beginning, must be saved ( in JCONT ), as
it will bé redefined immediatly after ( in INPUT ), it must also be
c]eared‘after its action ( ICONT = 1 ) commands the skipping of the
initié]ization section and thg redifinition of the loop variable
(TR ). '

- The end of ‘execution is performed by INPUT

Local variables :

( A11 variables are integers sing]e'preciéioﬁ )
- JCONT : saved value of ICONT :
- NCAS : currenf number of cases processed during the job
- JTER : foop variable { loop.oﬁ the geometry )
1 : for a néw case |

Set to NITER +.1, case of continuation, ( NITER the

‘number of iterations already done )
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Subroutine INPUT

Function

Entries
Arguments

Parameters used :

Input

Local variab]es

Entry INPUT

148

: - Input of the current case, verification of the data,

calculation of the constants used by more than one
subroutine, end of execution.

- Input/Output for continuation.

: - INPUT

= PUNCH : output for continuation.
all arguments are transmitted by the commons except
NCAS : actual case number.

ITRACE, ICONT, ITRANS current case, input performed.

:on ( IWR ) : - error messages

- description of the current case

on ( IPN ) : - content of commons PARM, GEOM, CVIND,

-CWNOF; RESUL, for continuatﬁon ( entry PUNCH )

: -3C0NV,: convertion factor deqrees to.radians

- TWOPI : value of 2rw

- I : loop variable

: Two cases occur :

- With ICONT = 1 in the parameter 11st the user has
specified tha?ehe wants to continue on a case left
unfinished by a precedent Job. The content of the
commons PARM, GEOM, CVIND, CWNOF, RESUL, are read

from ( IPN ). The validity of the data is not ver1f1ed

- in the normal case, the description of the case is




149

read using namelist CASE from the dataset referenced
by (IRD). If no date is present ( no more case submit--
ted to the program ) and End-of- file is encountered
and the program is stopped
To avoid the recalculation of the constants, the current case is compa-
red to the preceding one ; the result of the comparison ‘is reflected in
the variable ISAMEB and ISAMET. " |
ISAMEB is set to 1 if the number of blades is identica1
ISAMET is set to 1 if the number of radial position , their d1str1bu-
tion and the tip and root vort1ces factor (CQEFF) are identical, and
then the constants contained in the common (GEOM)‘w111 not be Eecompu-
ted. The validity of‘the data is checked ( limitations because of the -
actual size of the arrays, order of the radial posit1ons, etCees )
If the parameter ITRACE is d1fferent from zero, the descr1pt10n of the
current case is printed on (IWR).
Effe.t of an error : -

End-of-file on (IRD) : termination of the program

Read error on (IRD) : message, termination of the program

End-of-file on (IPN) : message, termination of the program

Read error on (IPN). : message, termination of the program

Invalid data : message is.printed, output of the invalid data

as it was,specified by the.user,'terminétidn of the'program.




. 150
Entry PUNCH :

The content of the commons PARM,GEOM,CVIND,CWNOF,RESUL, are written on
(IPN). For this, the commons PARM andgGEOM are declared in'equivalence
with two arrays ( TPARM and TGEOM ) with identical size. Each of the
commons CVIND,CWNOF,RESUL, which otherwise are not used in the subrou-
tine is declafed with a §§ngle array. ( TVIND for CVIND, TWNOF for WNOFC,
TRESUL for RESUL ) eéqh array is declared with the size of the corres-

ponding common.

Notes :
The IBM Fortran real and integer variables have the. same size (4bytes)(
The size of the arrays TPARM,TGEOM,TWNOF ,TRESUL, must be updated if the
prdgram’is executeq on a different system or if the commons are modified
The output is performed using two WRITE orders, as the IBM system Timits
the record size to 32K bytes ( the actual size of RESUL is 32128 bytes ).
A REWIND order must br excecuted before the WRITE to place the dataset
'pointer at the Beginning,each time PUNCH is called. |
A second REWIND order must also be excecuted after the second WRITE.
The content of a buffer is éffectively written on a dataset only then
this one is ful] If the job terminates by an ABEND ( CPU time 11m1ta-
- tion or number of l1ines 11m1tat1on ) the last record is not written on
‘the dataset. .
The writting of the last buffer contend is fofced'by executing.the second
'RENIND. The full execution of the output can be checked as a message is

written on (IWR) if the output is successfull.



Subroutine SEMRI

Function

Entry
Arguments
Input
Output

: semi-rigid wake analysis of the wind turbine.

The results obtained are used to initialize the -

free wake analysis -

This subroutine havé.been derived from the program SS15

'devé1opedlby Thomas Humes. [ 1 ]
: SEMRI '

: transmitted by commons

: nohe

: on ( IWR )

- §f LPSEM = 1 : results of the semi-rigid wake analysis
. in a format -identical to the output of the free vake
analysis. -
- §f LPSEM = 2 : output obtained by LPSEM = 1, |
plus :
- the Prandtl's coffection»factors for the blade
sections (F)
~ For each iteration :

the radial, tangential and axial distri-

butions of the induced velocities along

the blade ( WX,WY,WZ )

the distribution of circulation~(ﬁGAMM )

the distribution of weighting factors for

"the old values of the induced velocities

( FACV )
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- the tangential and axial distribution
of induced velocities ( WY,WZ ) after
" weighting.
- error.méssages E - no convergence
- reverse flow conditions
Parameters used : LPSEM '
| Return code : ITEST ( in common PARM ) B
0 : convergence is reached within LIMS iterations

1 : no convergence




Local varijables :

A1l variables are reals single precision except loop variables, labels

and when specified.
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variables beginning by L .; format labels used for the output

PHIS : constant : 5° in radians
PHITO : constant : 10° in radians

PI : constant =

FPI : constant 1/47 .

-TWOPT : constant 2w

PI2 : constant w2
PSI : azimuth of the current'blade

PHIS : azimuth of the current element

( PSI and PHIS are used in the éa]cu]ation,qf SN ard

CN only, the azimuth is characterized after by it

sine and cosine ).

SN(36,8),CN(36,8) : arrays of sine and cosine

SN(J,N) and CN(J,N) are the sine and the

cosine of the azimuth of the J
of a spiral ( azimuthal direction ),

coming from the Nth blade.

FS : constant term in “f"

element

SMALLF : "f" in the formulation of the Prandtl's correction

factor

BIGF : "F" Prandtl's correction factor

WI : absolue value fo the mean axial induced velocity -
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- F1 : value of the inflow angle at the beginning of any iteration

- CCR : value of F1/x ( A coming from therprecedent jteration )
I1 and CCR are used to limit.the effect bf the variation
of N&ibh the cane}génce ‘ |

- TGLAM : tangent of the inflow angle ( tg A )

- FLAMDA(14) : distribution of the inflow angle ( A )

"~ ALPHA(14) : distribution of thé attack angle ( o )

- ALPHA1 : equivalent attack angle ( stall effect included )

- AAA : interpolation factor : velocity at the node N versus
the velocities at the centers N-1 and N

- E : test value ( Timitation of the number of spirals of the

far wake ) :' B -

- GTMIN,GTMAX : minimum and maximum value of the far wake

- GTT : strength of the tip vortex of the far wake

- WM2T : current total axial velocity ( free stream velocity

plus axial component of the induced velocity )

- ETAV : radial posit{on of the current element ( ny )

- ﬁA : projected length of the current element ("AA ) ~

- GAMMAT : strength of the current element (&¢)

- FF : intermediate factor. _£§ii_jii

4T

- ETAP : axial position of the point where the induced Velocity
is computed ( "o ) -
- WX2,WY2,WZ2 : radial, tangential and axial components of .the
velocities induced by the current serie of |

element at the current point.



SP,CP : sine and,cosihe of the azimuth of the'cehters of

the current element

F : intermediate value : r&p-%v (,m‘f’

H : axial position of the centers of the current .element

RO : distance from the center of the current element to

)

the point ( Ry )

THE : intermediate value :- ( AR )
2 Ro

- AA,BB : ‘intermediate values used in the calculation Io

(Aand B )

1

FJ : integration factor ( I_ )
0
AR Xe L.

4T RS

ATEST : test value for the importance of the first‘épiral‘

FU : intermediate value :

ATEST. is the axial velocity induced at the current
point by the currgnt spiral :
- HO : azi@uth of the beginnihg of the current sbirai minus. 5°
( used in the calculation of H for the far wake )
->NNN : first element of the current spiral |
NNN = 10 for the first spiral
NNN = 1 for the others
Type : integer single precision
- X0 : iﬁtermediate value in the cal;u]ation of the weighting

factors




k|
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SAV1(14),SAV2(14) :.saved values of the axial induced’
velocities of the precedent iteration
SAV1: : value of WZC ( old distribution )
. SAV2' : value of WZCT ( new distribution )
‘FACV(14) . distribution of the weigthing factor for the old
-distribution of the induced velocities at the
i céﬁters. .
"FACN : current value of the weighting factor for the new
| distribution'bf induced velocifiés-at the centers
WYCT(T4): : new distribution of the tangential components'of

the induced velocities at the.centers.

WZCT(14) : new distribution of the axial components of the

‘induced velocities at the centers
WYV(15) : distribution of the tangential components of the

induced velocities at the nodes
wiv(ls) : distribution of the axial components of the

4nduced velocities at the nodesA
u(14) ; distribution of total veIOCitfes relative to the

blade sections
the quantities LIP(M),TL_IP(M),#LIP(M),DP(M},FDP(M),TDP(M)
Tp(14),EP(14),LT(14) ,LT,LP,CD,CT,CTCD
have the ééme signification as those useq in

the subroutine OUT




Note :

- Toop variables ND,J,I,N,K,MM,NN,JJd,L

B : loop on the blades

K : iteration loop ( momentum theory,approximqtjdn')

MM : loop on the elements ( radial direction )

- NN : Toop on the-points where the induced velocity
is computed

- Jd 1oop on the elements ( azimuthal d1rect1on )

L : Toop on the spirals

- arrays relative to the nodes : WYV,WYZ
- arrays relative to the centers : ALPHA,WYCT, WZCT,FLAMDA, U LID.

TLIP,FLIP,DP,FDP,TDP,TP;BIGF,SAV1,SAVZ,FACV
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Deta1ls of the calculations

One can refer to the subsection " Ve10c1t1es induced by the segment elements
case of the semi-rigid wake routine ", for the formulation of the
induced velocities and to [ 1 ] for the concept of the semi-rigid wake

model.

Wake model

In a semi-rigi& wake analysis, the wake have been mo&e]led by two wakes :
the near wake and the intermediate wake. | '

The near wake is composed of trailing vortices or1g1nat1ng from the nodes,
modelled by segment element which projections span angles of ]0° ; there
aré nine elements for each trailing' vortices, therefore the near wake
extends from 0 to %0°. _

Thd far wake is composed of only two trailihg.vortices : the tip and the
root vort{cés ;s their strength are edua1=to the maximum value of the

circu]ation ( GTT : strength of the tip vortex = -X“

max the strength of

the root vortex is -GTT ).

th spiral range from the

The far wake is decomposed in spira]s,‘the L
ézimuth Zn(L-i) to the azimuth ?ﬂL,!e§c§pt the first one which ranges
from 1/2 to 2m.

The number of spira] is 11m1ted to 15, but if a sp1ra1 1nduces an axial
velocity at a given point less than EPS (.0005 times the near axial
induced ve]ocity evaluated from the precedent iteration), the remaining

spirals ére neglected.

Each sbiraT is modelled by 36 elememts of 10°
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Injtialization of the semi-rigid wake analysis

The span wise momentum theory is used to generate the f1rst guess of the ‘
induced velocities, the Prandtl's correction for the finite number of

blades is included :

Formulations : l’% (\ _ d//,? +N

0+ Wy

> A-6 |
.e(\: e( bg of <L g
iz ol B>
V(Uo7 o) 2+ (i x W)™
. - _IN _ -

4—U?7 Ré‘\ F
Wy= ~Wz Y4

-

9 ances €
[&

€= N Vaepr

2 po

Ten iterations are performed, and a weighting factor of 1/4 is used for

\)

W

g U,

U
Y
W 7
FZF‘}c\

E"
&

with F = ,

the new value of W,.
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Convergeneeitest

Convergence is reaehed'when for:e given iteration the resu1ting ( new.)
a;ial and tangentiel components of the velocities induced at the centers
(~WZCT,WYCT ) are equal ( wifhin E = .OTWI, WI mean axial induced
velocity ) to the initial ( old ) velocities. |

The‘convergence is not. reached within LIMS iterations, a message is

printed and the free wake analysis of the case is not performed.

Weighting fUnctione

It is necessary in order to obtain convergence, to weight the old and the
new distribution of axiaf and tangentia1 induced velocities, before the'
next iteration. o |

For the first two iterat%ons a weigthing factoriof .8 is used for the

old distribution ;vfor“the remaiﬁing jterations, computed values of the
weighting factors are used, based'in the values of the axiel induced
velocities froh theu;urrent.and precedent iterations.

( Refer to subsection J‘cdnvergence " for the formulations )

The combuted values 6f fhe weighting faétors are also weighted‘with

fhe weighting factofs f}om the precedenf jteration, to damp tﬁe coupling
effect of the different sections. ‘
Note : to decrease the calculation time, the values of sin ¢ and cos ¢
are precomputed ( errays SNland cs )

SN(J,N) -
CN(J,N)

sin wj,n

. CO0Ss ll)j N
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When Y5 is the azimuth of the center of the jth element coming from the
n?h blade '

RS
‘pj,n = UJJ’] + 2m(n-1)/N

( N the number of b]aaes )
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(_begin SEMRI )

- | compute arrays CN,SN|

[Prandtl's correction factors| ‘

[spanwise momentum theory|

initialize semi-rigid wake analysis
WYV, WZV '

I
. [1TEST = of -

}mAfn Toop, NITER = TS ,
computL EPS,E
compute_th,A,u;a,5,5t1P A
[velocities induceL by thé near wake *]
ve]ociiiesvinduceL by the far wake * |
\/converlgence‘ (E)> yes
= cbmptte g
weighting old/new distribution
. //if LPSEM = 2:,wvcr,wgcr,GAMMA,FAcv,wYc,wzg/’

—( end loop)

ITEST = 1

‘

/no convergence/

{ calculation: force distributions
performance coefficients

1 :
/// resu]th//7
]

(‘return : ITEST)




(jbegin: velocities induced by  the near Wakg)

1oop on the trailihg vortices (fadiaT direction) MM}i_-w

I .
constants: tgA,NMZT,nV,AA,Xt,FFI ,
l . - ' .

[100p on the points (NN) e
" 1 ~ .

-

constant: Np

1
initialize WX2,WY2,472|

Toop on the blades (NB)}
l 4

loop on the elements (azimuthal direction) (JJ)

< 2]

compute induced velocities components
~add to WX2,WY2,WZ2 ‘

end loop

end loop

add VX2 W12, W2 to
WXC . WYC.WZC |

end loop

continue ) .._
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('beg1n velocities 1nduced by the far waké) 164 .

Toop on the trailing vort1ces (rad1a1 d1rect1on) Ml

constants: tgk,wMZT,nv,AA,FFI

»{Toop on the points (NN)|
l .

constant: n

: p
[initialize WX2,WY2,WZ2]

' ] ]
——————{100p. ON the spira]s L=1,15]

]
| ATEST =0, 1n1t1a11ze HO|

1 1f L#1
10 of L=1

NNN
NNN

Toop on the b1ades (NB)]
'—-ﬂﬂioop on the elements J = NMN, 36|
‘| compute induced velocity|

T

add induced velocity to WX2,WY2, = ATEST|

[wz2 = Wz2 + ATEST|
{
{|ATEST| < €PS and L # 13—

{ end Toop).

add WKZ.HY2,WI2 to
WXC , WYC , WZC

end loop

_continue
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Subroutine COMPA

Function . initialization of the free wake calculation
Entries : COMPA | | |
Arguments : transmitted by commons

Parameters used : ITRACE

Input : none , _ _
Output : Ry and WZM ( if ITRACE 1)
Local variables : - ETAM : mean radial position, to compute approximation

of tangential velocity

IK : center position nearest from ETAM
WT : tangential induced velocities at the center

of the blade located at ETANC(IK) (wtm)'

CPSI : factor used to compute the appkoximation

of the azimuth from the nominal one

wiM : near axial induced velocity ( wzm)
- WWZ : near axial ve]ocity.(vm)

DRDZ : rate of expansion at the tip of the blade ( g%-)

R3 : radius of the wake after full expansion (R3)

WIN(I) : axial velocity at the node i of the near wake
originating from the position nnv(i)

NZI(I) : same as WIN(I), for the 1ntérmédiate wake

VR : radial induced velocities

PSI : azimuth ¢
AM : value DRDZ/(1.-AM)

Z : current axial position of the nodes
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AEXP : current value of the radial position of the

nodes .

CCC :cosyp .

1,0,12 : lnop vériables

In: index.of‘tpegradial position of the near wake,
nearest the current radial position of the

intermediate wake .

ET : current radial position of the intermediate wake

A interpolétiqn factor

PSIIB : nominal azimuth of thé:fjrst_position-of the

‘nodes of the 1ntérmediate wake.

Approximation after expansion

A simple result of the momentum'theory is used

e o
V+2sz-

>.7
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If the{aXia] induced velocity at the rotor plane level i$ ¢ nstant and

equal to W, , it will be 2W, at z = +=, after full expansion, and the
wake expands from a rad1us R2 1 at the rotor plane,’ to a radius R3 at .
Z = tw, R3 can be. determ1ned from.a mass conservat1on equation. The'mass:
flow through the rotor is : p R ( v+wzm )

And can be written : p L R ( V+2w )Aat 2= 4o

Therefofe :

\

P V+ \x/am .

\3: ._..._.__
V'('szm '

Wom is taken as the mean induced velocity. The volume flow through the

surface swept by the blades is :

B (Waedds = S (Wan V)

.y .
S - K("U— —‘7)4,)
on the blade segment between ﬁhv(f)Lénd'nnv(1+1), the axjal induced
~ velocity is WZ(1) ( induced at the center nnc(i+]) ).1ﬁﬁd the surface ~

swept by the blade e]ement'is [ nﬁ;(i+1) - nﬁv(i) ]

The mean induced .velocity is then :
Nave-1

-2 W c»)[(znv i) - G
7) - '2;’»




At the tip of the blade the rate of expansjon_A( %%—) is W/ (v U, 968
Wheréywx)and W, are the radial and axial compdnent§ of the velocity
induced at the tip of the blade, V’the free ‘stream ve]o;ity. |
The values are known for the last center pos1t1on _ |
Therefore : 98 = DRDZ = WXC(NNCR2) / (FMU + WZC(NNCR2 ) ) |
The expansion ( radius of the wake versus the axial pos1t1on') is
approximated with the exponential form : R(z) = b + ¢ exp(-a z)
with : R(0) = R2 =1

R(+=) = Ry
and (dz)z -0 = DRDZ

: : - R. - . 4R Z
therefore : R(z) = Ry - (Ry - 1) exp ( dz!z:o* T )
The corresponding radial induced velocities V%

Vt'; C('R- fLR— A,.Z
iy - dz 4t

dR _ dR | .(_45 x—z;) x W
At N e W VA

For an inner section i, the distance of a.point to the Z axis is taken
equal to n (i) * R(z)
The approximation of the azimuth of the nodes is given by
W
tm

vy * (1 + =)

n L
Where y, is the nominal azimuth ( value obtained if there were no tangen-
tial induced velocities ) \
wtm the.tangentia1 induqed velocity at nm,_given by SEMRI ™ the center

nearest from the radial position ETAM = ( .+ )Y/ 2
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The azimuthal poﬁitions.ére’therefore separeted of Av DPSIN * ( 1 )
S C w
for the near wake'and Ay = DPSII * ( T ) for the intermediate wake ’

The axial pos1t1on is glven by w * (w + u)‘w

W, tha axial induced ve10c1ty obta1ned by 1nterpolat1on of the values:

computed at the centers of the b]ade by SEMRI"
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Subroutine INIVND

Function = : ca]cuTatﬁon,O% the coeffiéfents for'the détermination
“of the strength of ‘the g]ements ( the constants are- -
placed in thé.commbn'CViND ) |

Entries : INIVND

Arguments : transmitted by commons '

Parameters used : ITRACE '

Input : none

Output : on ( IMR ) : the coefficients afe printed if ITRACE-1

These coefficients depend only 6n the distribution of the nodes of the

bear and intermediate wake, and of the coefficient COEFF. They are

evaluated only once at the beginnjng of the case. |

The strength of an element ( value in comhon VORT ) is a linear

“combination of the vafues of the circu]atfon at the centers aTong the

blade. | | | | |

th»center of the

- A coefficient gives, for a unit circulation at.thekj
blade ( Tocated at nnc(j+1) ), the strength of‘the corresponding glement
The name of a coefficient'is given by substituing an H as first 1e£tef
of the name of a strength component

Examples : HMIN : array of coefficients.fof the strengths GMIN

HAMMT1 : array of coefficients for the strehgth GAMMT1
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HMIN,HM2N,HMT I ,HM2] are arrays with two dimensions,

The first subscript corresponds to the subscript of GMIN, GM2N GM]I GMZI

th

The second subscript corresponds.to the J~ un1t c1rcu1at1on

HAMMT1 , HAMMTZ HAMMT3 HAMMT4 are arrays w1th only one d1mens1on, the
th

subscriot corresponds to the J~- unit circulation..
Utilisation of the coefficients ( exémples )
GMIN(I) = j HMIN(I,d) * GAMMC(J+1)

GAMMTI(I) = HAMMTT (J) * GAMMC (J+1)

J

for j = 1,NNCR2
Where GAMMC (0+1) 1is-the circulat1on at the. .center. ETANC(J+1)




Local variables
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A1l variables are reals single precision, execpt Toop variables

~and format labels.

- variables beginning by L: format labels

HT1,HT2,HT3,HT4 : current values of HAMMT1(J),HAMMT2(J),
HAMMT3(J) , HAMMT4(J)

ET :,value‘of ETAIC(I),,used for the interpolation of the
values relative to the intermediate wake, given'
the values relative to the near wake
- K : index of the streamline of the near wake located
immediatly before the current streamline of the
intermediate wake

- Type : integer single precision

I, J, N, KI, KJ, IK : loop variables -
J: used for the loop on the unit circulations
- I: used for the loop on the radial positions

of the streamlines

GNC(14)-: pseudo-distribution of circulation
( relative to the centers of the blade or of the near

wake )

GIC(6) : same as GNC,.for the intermediate wake

GNTV(14) : pseudo distribution of lumped strengths of

the trailing vortices of the near wake

GITV(14) : same as GNTV, for the intermediate wake
HNTV(14) : pseudo-distribution of strengths of the

sheet vortices of the near wake, at the nodes

HITV(14) : same as HNTV, for the intermediate wake




Subrodtine‘COFN

Function , . calculation of the coordinates of the centers of the

near and intermediate wake, using the coordinates of

the nodes.
Entry : COFN
Arguments o téansmitted by commons GEOM and RESUL
Input/Output ": none B

Parameters used : none

Local variables : I and J : loop variables.

Because of the need for lines of centers othidé the wake, the streamline
.I of the mesh created by the centers is located between the streamlines
I-1 and of I of the nodes, the azimuthal line J of the mesh created by

the centers is located between the azimuthal lines J-1 and J of the nodes.
The coordinates of‘thé centers located inside the wake are inen by single
four points interpolation. | ‘ '
Calling ic (i,j) the position vector of the center (I,J)

and Yn (i,j) the position vector of - the node (I,J)
R = 4 [Raloi) R Ko (2) 1Kty -2

For the near wake i runs from 2 to‘Nnér-l anq j from 1 to Nnca'];

The centers located outside the wake must be extrapolated.

For those centers, ( except the corners ), the middle of the segménf
joining two nodes on the edge, is constrained to be the middle of the

segment joining the extrapolated center and the nearest inner center
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Example for i = 1

4[R50 X (0))]= 4% (4,5) <% ()]
RZ(4,))= Ka()) +%a (1)) - X (21))

For the centers lTocated at the corners of the wake, the corresponding corner

nodé is constrained to be the middle of the four centers around it.

Example for 1 1 and j-=
Xn (4,4) ,,/_([ (4, 4)* xc (42 + X (2 4)+ e (2/2):]
/ 4—

or ' i : ' : . . —a —» r

R l4e)- 4K (49 - X4 -K @0~ (53

Note : The two streamlines bounding a wake section and the first azimuthal
line of nodes of ‘the near wake support concentrated vortices. '

A straight'concentratéd vortex segment does not induce velocities on itself ;
to have correct induced Ve]ocities at thé nodes located on concentrated
vortides ('ihtérpolated from the vé1ocities of the four centers around it ),
the contr1but1ons of a vortex segment to the ve]oc1t1es 1nduced at the two
correspond1ng centers must cance] each other, therfore these centers have to

be located symetrically w1th the vortex segment.




Subroutine LOOP2

Function

Ehtry'

. Arguments |

Subroutines called :

Parameters used .
Input
Output

: - calculation of the strength. of the elements.

- Toop on the eléments to compute the induced vel:

velocities

: LOOP2

: transmitted by commons

INDVEL (COORD)

; VIND(VINDB,VINDN,VINDI,INICN,EXECN)

PRTV(PRTV,PRTVD,CLV)

;' ITRCL2,ITRANS,ITRCF,ITRCNT,ITRCG
: none

: on {( INR )

- strength of the e]ements ( ITRCG f 0)

- messages

'_- velocities 1nduced at the centers ( performed by

PRTV following the va]ue of ITRCL2 )

- pr1nt out for ver1f1cat1on ( parameters ITRCF

ITRCN )

The subroutine performs principa]fy three functions :

- calculation of the strength of the elements

- copy of the influence coefficients ( used by WNOFC )

- loop on the elements ( for each element the ca]cu]atidn of the induced

velocities and of the influence coefficient§ is done by VIND )
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The optional functions which are also performed or commanded by LOOP2 are :

- verification of the influence coefficients

- verification of the velocities.induced by the far.wake »

Local variables :

- KIT,KI,I,J : 1opp variables, when used forzthe loops on the
eleﬁents :
I is used for.the radial direétién and J is used
for the azimuthal direction :

-Type : integers single precisﬁon

ITT2 : value of ITRCL2 at it was specifiedﬁwhen entering LOOP2
Type : integer single precision

IDEB : first azimuthal position of the cen?ers of the inter-

mediate wake for which the induced yelocities will be
_ computed. ( transmitted as argument;to VIND )

Type : ihteger single precision

$2,C2,TT2 : constants : sin (15°),'cos(15°), 2 * tg(15°/2),
usedfor the far wake

Type : reals single precision |

T2 : axial increment used for the far wakef

Type : real single precision

VX1,VY1,VZ1 : component of the vector usedéfor the definition
of ( tg A ) of the far wake ?
Type : real single precision;

- ATL :AA of the far wake |

Type : real single precision
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- variables beginning.by L : format labels '

= NK : number of segment elements used to mode thé‘bégin-.
ning of the far wake for the velocities induced on . .
the intermediate wake ( NK = 48 ). 1

Also : used for the verification of the far wake

model: ( NK = 480 )
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Part 1 : Calculation of the strength of the elements

Are computed :AGM]N,GMZN,GM]I,GMZI,GAMMT],GAMMTZ,GAMMTB,GAMMT4.
where : GMIN(I) and GM2N(I) are the two Tumped strengths of all the.ith
rectangular elements of the‘near wake ( elements limited by tHe stréam-
lines originating from n, (I) and n (I+1) |
- GAMMT1 ,GAMMT2 the strength of the root and the tip vort1ces boundwng
the near wake |
- GMII(I) and GMZI(I) are the two Tumped strengths of all the Ith
rectangular elements of the 1ntermed1ate wake ( e]ements 11m1ted by
the streamlines originating from n; (1) and n; (I+1) |
- GAMMT3 and GAMMT4 the strength of the root and the tjp vortices
bounding the intermediate wake. | ” . |
The values GMIN,GM2N,GAMMT3 and GAMMT4 are uséd also for the.far Wake, as
the elements of the far waké ( semi-infinite quinders )Aare'derived from
continuation of the intermediate wake; | | o
A1l strengths are evaluated respective]y'from the coefficienfs 'HMIN, g
HM2N,HM11,HM21 ,HAMMT1 ,HAMMT2 ,HAMMT3 ,HAMMT4 and the dlstr1but1on of
circulation GAMMC ( all these coeff1c1ents depend only on the distribution

of the control points n along the blade and the va]ue COEFF, they are
calculated by INIVND ). |

Part 2 :

The Y and Z influence coefficients of the precedent iteration ( TWY and

TWZ ) are saved in the arrays TWYT,TWZT of the common SAVTH
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Part 3 : loop on the e1emenf§{

Ca]cu]at1on of the induced yelocities and of the 1nf1uence coeff1c1ents..
D1fferent cases have to be considered fo11ow1ng the output Tevel ITRCL2
and the verification parameter ( ITRCF ). '

Th1s part is composed of seven d1fferent subsections :

A) Velec1t1es 1nduced by the c1rcu1at1on along the blades | ’

B) Velociiies induced by the rectangular elements of tha néar wake |

C) Velocitiee iﬁduced by the segment'elemehts of the near wake

D) Ve1ocitfes 1educed by the rectangular elemts of the intermediate wake
E) Velocities induced by the segment e]ements of the intermediate wake

F) Ve]ocitﬁes jnduced by the far wake, in continuation of the rectangular
elements of the infermediate wake.

G) Velocities induced by the far wake, in continuation of ‘the segment
elements of the jetermediate wake | |

For _each subsection :

T

- By a ca11 to COORD, the var1ab1es depending on]y on the elements are

,evaluated by INDVEL
- By a call to VINDB, the velocities “induced by the elements on the b1ades
will be computed, ( influence coeff1c1ents ) where E
The first argument is the type of element. :
1: rectengu]ar element of the near wake
2. : segment element of the near wake

3 rectangq1ar element'of the intermediate wake.

( a1$o : cont1nuat1en of these elements by the far wake ).
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4 : segment element of the intermediate wake

'( aise : continuation'of-these e1ehents by the far Qake').
The second argument‘: the radial position of the element
- By a call to VINDN the velcoities induced on the centers of the near
wake will be cohputed.
- By a call to VINDI the velecities induced on the centers of the inter-
mediate wake will be computed ' . | ' r
For VINDN and VINDI, the velocities w111 be conputed for the nodes which
azimuthai;pOSitions runs from the first to the second value transmitted
as ergumeﬁts. - , | :
- By celi}to PRTY the velocities at the centers and the influence coef-
ficient will be printed. N |
- By a call to FRTVD the velocities at the.centers will be printed, then
the arrays are re1n1t1a11zed |
- By a ca11 to EXECN the verification of the ibfluence coefficients is

performed

Subsect1ons AtoE:

- The tvpe of element ( IT ) used by INDVEL is set to :
| 1 : segment element
2:r rectangular element
-A message is printed ( ITRCL2 = 1)
- Ins1de the 1oop(s) on the elements ( s1ngle loop for A, 1oop on rad1a1
pos1tlons of the e]ements, then on the azxmutha] positions for B,C,D,E ) :
a) The strength(s) of the element ( GM1,GM2 or GM ) and the points
defining the elements ( X1,Y1,21,...Z&4 ) are place in the common VEL.
b) COORD is called |
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c) The velocities are computed ( call to VINDR,VINDN,VINDI ).

- at the end, PRTV,PRTVD,EXECN are called according to ITRCL2 and
ITRCNT

Subsections F and G :

Velocities induced by the far wake.

The elements of the far wake are semi-infinite cylinders ( calculation of
the influence.coefficient and of the velocities inpuced<on the near wake).
For the.velocities induced on the intermediate wake, to avoid ca]cﬁlation
of velocities induced very near the edge of a semi-infinite cyljnder,

( where the hypothesis is of a uniformaly distributed stréngth is innacurate)
the first two spires are defined with 48 segménts elements and only the
remaining of the far wake is def1ned by a semi-infinite cy11nder |
Therefore after the calculation of the geometry of the cylinder, the
influence coefficient and the velocities induced on the -near wake are
computed, then 48 segments elements ( which geometry is'given by‘thg',

.semi-infinite cylinder ) are generated and their velocities induced on the

intermediate wake computed.
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Verification of the semi-infinite cylinder model for the far wake

The verification is performed when the parameter ITRCF is set to 1
Qhen LOOP2 is entered. _ | x

The verification consists in théﬁﬁé1cu]ation of the vé]oéities at
the centers of the near wake and fnter@ediate wake, by the two different
definitions of the far wake ( loop KTT‘):
a) Far wake using a semi-infinite cyfindér 3 ' S
b) Far wake defined by 10 spirals of segmenF elements ( each element
spans an angle of 15° ), equivalent to the semi-infinite cylinder element

The induced velocities are ca]cu}ated and printed for the two definitions,
for the root and tip éy]inders, they results have to be identical within
" the errors due to the models. o o . ~  '

In case of verification of the far wake model, the subsections A to F

are skipped; the verification performed, then parameter ITRCF is cleared

and the normal calculation of the induced velocities resumed

Case fo ITRCL2 = 3 ( calculation and print out of the velocities induced
by each.type of elements individually ) |

The ca]cufation of the induced velocities is performed.a first time with
ITRCL2 = 3 then, as the arrays containing the induced velocities are |
destroyed, the parameter ITRCL2 is reset to 1, and the induced velocities

recomputed.




(_begin LOOP2 ).

_ — .
[strength of the elements|
i

[ save influence coefficients]

l .
move €y,€, into.EP51 anq EPS22

[1T72 = 1TRCL2]
l .

2 1f 1712 = 4
0 if ITRCF = 1

ITRCL2
ITRCLZ

Al et

[clear arrays of induced veldcities (CLV)|-

]
[ compute IDEB| -
1 _(TTREF

[TTRCNT = 1: call INICN |

I )
velocities induced by the circulation on the blades|
velocities induced by the near wake
velocities induced by the intermediate wake
|
velocities induced by the far wake *

{continuation of the rectangular elements)

. ad .- .

[velocities induced by the far'wéké E:
(continuation of the segment elements)
) g | i E :
J/TIRCL2 = 1: call PRTV/
l .

EXECN if ITRCN = 1 and ITRCF = 0 and ITRCL2 # 3]

— 1_(1TRCF -
“ITRCF = 0 3 |
ITRCLZ = ITT2 TTRCLZ Y2
| I —T TTRCLZ = 1
ITRCL2 = 1 if ITRCLZ = 2 '
ITRCL2 = 4 if ITT2 = 4

return )

[
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' (i'begin: velocities induced by the far wake
continuation of the rectangular elements

‘——————*ﬁ1oop on the radial positions of the elements

[compute: GM,ZPI,RHO,TL,ATL]

JTL < 0 : print message/

IT =3

calculation of influence coefficients(VINDB)

velocities induced on the near wake (VINDN)

l .

initialize loop o1 the segment elements)

loop on the segment element (2 spires = 48 elements)
{

velocities induced on the intermediate wake

end loop

b

[IT = 3, restore GM, new ZPF

l

| velocities induced on the intermediate wake |-

—( end wpop>

f

PRTV if ITRCLZ2 = 2
PRTVD if ITRCLZ2 = 3

|
EXECN if ITRCNT = 1]

continue




begin: velocities induced by the far wake 185
continuation of the segment element

{.Toop on. the radial positidhs of the elements fam——————mm

‘ 1
compute: GM,ZPF,RHO,TL,ATL |

S
//TL <0 print‘message,/
T
1T = 3, NK.= 48]

£1_/TIRCF
NK = 480

{100p KTT = 1,2}0——— .

= 4-KTT

calculation of the
influence coefficients
(VINDB) J '
T - [ve]ocities on the near wake

velocities on the velocities on-the
near vake (VINDN) intermediate wake

/ PRTVD /
end loop

{7

——={100p on the segment elements (NK) elements)

)

velocities on the intermediate wake (VINDI)
:

(i ITRCF = 1: velocities on the near wake (VINDN)]

|
< end 1005?

/’ITRCF 1: PRTVD,/

'

[1T = 3, restore GM, new ZPF]
I .

[velocities induced on the intermediate wake|

{ .
PRTV if ITRCL2 = 2
PRTVD if ITRCL2 = 3
1 .
| EXECN if ITRCNT = 1|

end loop




Subroutine VIND

Function

Entries

Arguments

186

: loop on. the points whe;g'the induced velocities are

computed and on the blades
Also : verification of the influence coefficients

mefhod

: - VINDB : velocities on the blade ( calculation of .

the influence coefficients )

VINDN :~veldéities induced on the near wake

VINDI : velocities induced on the intermediate

wake

INICN : initialization of the internal arrays used
for the verification of the influence
coefficients

EXEN : verification of the influence coefficients

: transmitted by commons

plus :
for VINDB(K,IKK)
- K : current type of element
1 réctanéulak{e]emént of the near wake
2 : segmentféleMent of the near wake
3 rectangular-eiemeht of the intermediate wake
Also : cqn;inﬁation of these elements by

the far wake



Input .
Output

Parameters used :

. - . 187
4 : segment element of the intermediate wake

Also : contindatioh‘of'these elements by
the far wake | | M
-VIKK : radial position of the current element
for VINDN(KI,k2) |
- K1 : first a21mutha1 position of the centers of the
near wake, for which the 1nduced ve]oc1t1es

are computed

- K2 : 1ast azimuthal pos1t1on of the centers of the

near wake, for which the 1nduced veloc1t1es
are computed

for VINDI(K1,K2)

- K1 and K2 have the same s1gnif1cation as. for VINDN |
but apply for the azimutha] positions of the
"{intermediate wake

INICN and EXECN have no arguments

none ’

on ( IWR ), by EXECN : print out of the components

of the velocities induced at the inner centers of the

blades, computed d1rect1y ( wxc;wvc.wzc ) end by the

influence coefficients (5WXCA.WYCA,NZCA ), for the
verification of the influence coefficients method.

The two sets of vaiues must be identical within the

round-off.errors .

ITRCNT




-
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Local varjables :

variables beginning by L : format labels used for the output

' of EXECN

|

SAV1, SAV2 saved'9a1ues of GM and DGM durihg the calculation

of the infTuence coefficients

-NBL-: 1oop on the b]ades variable :

NBL = NBLDS ( number of blades ) for rectangu1ar and
segment e]ements'

NBL = 1 fdr a semi-infinite cylinder element

CC,SS : cosine and sine of the azimuth of the current blade

SAV : intermediate value, dufing‘the calculation of the
rotated coordinates of a point and during the

" recalculation of CC and SS

J,KK.QJ,N,II,J1,I,KI : Toop variables

K : Toop on the blade positions
JJ : loop on the two first azimuthal positions of“
- the centers of ‘the near wake ( in VINDB )'
N : loop on the blades |
1 : loop on ﬁhe centers ( radial direction )
J1 : loop on the centers ( azimuthal direction )

J : loop on the unit circulation along the blade
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Details of the calculations '

- Calculation of the influence coefficients

By definition : an iﬁf]uence coefficient Tw(i,j) js the velocity ihduced
at the inner center i ( located at nnc(i+1)h) assuming a unit circu]ation
on the blade section j ( centered at nnc(j+15;' -

The actual strength of the element ( GM,DGﬁ ) are saved, they musf be
restored afterward, then for the current element, a 1odp anA(jiiis
performed. If the element has a non zero strength fbr Svgiven Unif
circulation at (j), the velocities induced byAthis element on all the
inner centers ( loop on KK ) are cohputed and added to the correépondihg
influence coefficients. The strength of the elements for a unit circu-
Tation at (3) are given by the H coefficients ( HMIN,HMZN,HW1I,HM2I,
HAMMT1,HAMMTz;HAMMT3,HAMMT4 ). the corresponding arguments for INDVEL

( GM and DGM ) are recomputed. If the strength of the élement is zero
then the K coefficients are zero ( integer value ) ( KMIN,KM2N,KM11,
KM2I,KAMMTT , KAMMT2, KAMMT3 , KAMMT4 )

Special case of the rectangular elements of the near wake :

The centers of the blades are located on the boundaries of the rectangular
elements ( first azimuthal position ), this situation must be avoided, |
therefore the induced velocities on a parficu]ar center of a blade is
computed aé the half sum of the velocities induced on the two centers of
the near wake located symetrically with réépect to the center of the b]ade.
More precisely, the strength GM and DéM are devided by two and the |

velocities are simply added.
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- Loop on the blades o
The symetry properties of the wake are used to decrease the calcu]at1on
time. '
At any given point the induced ve]oc1ty is the sum of the veloc1t1es
induced by the B wakes or1g1nat1ng from the B blades- .A g1ven ‘element
( on the first blade ) has B-1 counterparts, obtained by succes$1ve
rotations of 2m/B. Inetead of computed velocities induced by these B
elements at a given point, ( therefore defining B different elememte,
and calling COORD B times ), the point is rotated of +2mn/B, and the
1hduced vefocity vector, obtained by WXYZ, rotated of -2nn/B '
Therefore, def1n1ng a rotation of 2n/B by C and S ( cosine and sine of
21/B ), and a rotation of 2mn/B by CC and SS ( cosine and sine of 2mn/B )
the coordinates X and Y, of a point ( rotation of 2mn/B ) are obtdined
by s Xy e X Mg ts |

Y, = X 1 * S+Yn-1 *C

( =2, )

and the velocity at the original point ('wx, y.wz )

by':wxeux*cc+uv*ss
w'y=uv*cc-ux*ss
(W, =Uz)

- ( UX,UY,UZ ; velocities components returned by WXYZ )



- Case of a semi-infinite cy]inder e]ement' 191

The induced velocity is independent of the azimUth,_théreforg one g]gmentﬁ
can be considered for the B-blades. The strength-is multiplied by the
number of blades in LOOPZ for the velocities indgced on the.ﬁear,an&
intermediate wake and in VINDB for the caiculation of the influer

coefficients.



- " (begin VINDB(K,1) )

l

| save GM,DGM

l

NBL
NBL

1

NBLS :if rectangular or segment element

a

if semi-infinite cylinder' element

loop on J

192

4

yes

{zero strength element )

|compute GM,DGM|

:compute GMl

compute infTUencé
coefficient * (1)

\

{zero str

3 ((zero strength element y——o

yes

ength element) | {zero strength e]emeng}éﬁzi——ei
I - .

| I
‘| compute GM [compute.GM,DQﬂJ
. l ¥

yes

compute influence coefficient * (2)

2

* (1 and 2 ) : deta

< end 1oop>

| restore GM,DGM|

(TTRONT }———(return)
|

compute velocities on
* the blades

( return )

ilde on next flow charts




193

(i begin: influence coefficient (1):)

|divide GM and DGM by 2]

loop.on the radial positions (KK)J

. . |
—=>{1o0p on the azimuthal position (J1)l

l

initialize: XYZ
rotation' Yy =

. ]
j—=1130p on the ‘bladesN= 1,NBL
l .

compute 1nduced ve10c1t1es UXx, UY UZ
- rotate UX,UY of -y .

add to influence coeff1c1ents

rotate (X,Y) of 2n/B

rotation: y = ¢ + 2n/B;

{ end loop

Tend loop?
nd loop )

e

continue
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(begin: influence coefficients (2))

L ;
semi-infinite cy11nder mu1t1p1y GM by §J
]

'——-—‘hoop on the rad1a1 pos1t1@]
l

initialize XYZ|. .
otat1on =0

. ' |- "
——»l100p- on the blades N = 1 NBgJ

computed induced velor1ty Ux UY UZ
rotate UX,UY of -y
add to influence coefficient

|
rotate (X,Y) of 2n/B
rotation ¢ = ¢ + 2n/B

LIRS 8

end loop

end loop



begin VINDN(K1,K2)::)

or VINDI(K1,K2) °

NBL
NBL

NBLS if rectangular or‘segmeht-element
1 if semi-infinite cylinder

| .

loop on the radial position of the wake (I1)

r

loop on the azimuthal position of the wake: J1 = KI,K2 <—

finitialize: X,Y,Z]
rotation = 0

. hoOp on the blades N = 1,NBLF‘——-?

|

rotate UX,UY of -y

compute induced velocities UX,UY,UZ

add induced velocities

I

rotate (X,Y) f 27/B
1 rotation ¢ = ¢ + 2n/B

.

end loop

end‘]oop\

i

end loop

195"
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Subroutine INDVEL

Function : caleculation of éhe'iﬁduced velocities for a rectangular,
’ | élﬁegment or a sémi—infinife cylindef element.
Entries . COORD, WXYZ -
Note : INDVEL is not used as an entry pqint..
Argumeﬁts | : all a}guments are tfansm%fted b}'thé coﬁmon VEL, but
js also used, the cohmon FARC which confains the map
of the far wake ( velocities fnduced by a semi-inffnite
cylinder )f |
Input/Output ! none
Parameters used : none
This subroutine is‘independént of the data structure of the program FWC.
It is the most important subroutine, as the'quagi-totaTity of the CPU time is
spent in the ﬁathematica1 subroutines ( SQRT,.ALOG; ATAN ) called in WXYZ.
The subroutine is composed of two parts, each part associated td an
~entry point. Fﬁr a rectangular or a segment element COORD‘cdmputes all
the constants which depend only on the elemenf, then fdr each call to
WXYZ the velocity induced by the current element is returned. For a

semi-infinite cylinder element COORD must not be called.

Case of a rectangular element :

For the call to COORD the following variables must be defined :

- IT : set to 1, 1ndicate§ thét the current element is a rectangle
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- x]vY1 :Z] ’XZ’YZ’ZZ X3,Y3,Z3,X4,Y4,Z4 : the coordmates of the

‘ points defining the element in space.
. - GM], GM2 : the two lumped strength of the element.
- EPST : the thickness of the element
Are returned :
- GM : the Constant Tumped strengthtcomponent of the e]ement
- DGM : the variable 1umped strength component of the e]ement
For a call to WKYZ : must be defined.
= IT @ set to 1 |
- X,Y,Z : coordinates.of the point where.the veiocity induced
by the current element is to be computed.
- GM,DGM : strength components of the element, returned by COORD.
"These strength components may be mod1f1ed for the |
ca]cu]at1on of tne 1nf1uence coeff1c1ents
Are returned : ‘ | |

- UX,UY,UZ : component of the velocity induced at ( X,Y,Z )

. Case of a segment element :

For the call COORD must be defined :
- IT : set to 2 : indicates that the'current element is a
segment element. |

Y,,2y.X3,Y5,Z5 ¢ coordinates of the two end points of the-

“x 1°73°

1*
segment.
- EPS2 : oore size of the element.
For a call to WXYZ must be defined :
- IT : set to 2

- X,Y,Z : coordinates of‘the points
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~ UX,UY,UZ : components of the velocity induced at ( X,Y,Z ).

Case of a semi-infinite cylinder :

Must be defined for a ca11 to WXYZ

IT

RHO

ZPF

TL

GM :

set to 3 1nd1cates that the current element is a

semi- 1nf1n1te cy11nder.

: radius of the cy11nder.'

: position of the ;emi-infinite:cylinder on the Z axis

( the semt-infinite cy]inder has dZ as axis and extends

from ZPF to + = on th1s axis ). |
tangent A of the semi- 1nf1n1te cy11nder ( the vortex 11nes
make an ang1e A with the (xoy ) plane; from the sign
convent1ons of FUC, A is pos1t1ve )

1umped strength of the cy11nder

X, Y Z : coordinates of the point where the induced velocity .

Are returned

will be computed.

- UX, UY, UZ components of the velocity induced at (.X, Y, Z)
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Details of the calculations

1 - COORD for a rectangular elément.

. . . ’ I
a) Geometrically the element defined by the four points (,M{.MZ,M;,MA )

which coordinates ( X],Y],Z],XZ,Y2 ZZ,X3,Y3,Z3,X4,Y4,Z4 ) are given by the -
calling program and are the- corners of a sl1gth1y distorted rectang]e A
rectangular apprOX1mat1on of the element is then def1ned by a local system
of coordinates, the half length (.AXi). end:the half width ( AY ) of fhe
rectangle. | . ' o

In the 1oca1 syéteh of'éoordinates the four'eorrecfed poihts have the
coordinates M, ( - AX, - aY, 0 ), M2 (- aX, +4AY,0), M3 ( + 48X, =AY, 0),
My ( + aX, + AY 0) the p01nts M] and M3 , M2 and M4 are on the same vortex
lines, these lines oriented from H] 0 M3 and M2 to M4

The local system of coord1nates is def1ned by the coordinates of the centers’
of the element ( Ct ) in the general system of coord1nates and by the three
unit vectors ( V]‘,VZ,V.3 ) perbendieu1ak ohe to each othe}. The.first vector
(V) is oriented by the mean vortex 1ine. ” |

To limit the effect of the corrections on the induced velocities, the
ca]cu]at1ons of the mean vortex line and of the length of the e1ement g1ve
more importance to the side on which the strength is the 1argest

For this the mean vortex line is oriented by AB and the length of the
element is given by the length AB, where A [ B ] is the weighted center of
M, ( 2 ) [ Mé ( 8 ) ] and Mz‘( ) Y[ My ( Yy ) 1, v; the surface strength
of the segment M1M3 and Yy the surface strength of the segment M2M4.

To define the second unit vector'Vz. which is given approximately by the
direction MM, ( or MjM, ), we use the vector VZ = tﬁ ( C center of MiM3

and D center of MM, ).
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The lerigth CD will give the width ( 2aY ) of the element and V will be

defined by a linear combination of V2 and Vl, such that Vz is a unit vector
perpandicular to V]

V2 is then given by theieqdatidnswfu
2 _ . ' A ¥ =0 .
IV, =1 V,=aV, +b7, VZ.V2>0 .Vz.,.v]-o._

We arr1ve at

-+ 4—/\/'\/)- ' "vidvi‘
a=z - b(\/ .V;)

the third unit vector ( V3 ) is given by VT X VZ

b) The value GM ( mean Tumped strength } and~DGMr('vaniab1e Tumped strength )
are computed to 1imif the calculation time in-WXYZ. These values are
respéctivé1y the half sum and the half difference of the lumped strength
relative to the sides M]M3 ( GM; ) and MM, ( GM, ). These values are -
placed in the common VEL to allow their temporary modifications for_the
calculation of the influence coefficient.:

c) A test value RMAX, ( re ) is also computed : as stated in appendix A,

max
if the distance from M to the element:is large cohparéd to' the element

a shorter formulation can be used. This distance ( P max

twenty times the square root .of the area of the rectang]e.

) iS'taken as

By performing the test on the squared d1stance, a square root ca]cu]at1on

can be saved in WXYZ.
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d) EPS12 ( (51/2)2 ) is also calcu]atéd; to save computer time o
2 - WXYZ for a rectangular element.

( Refer to appendix A for the formulations }..

Are first computed : the coordﬁnates.of,the point,M,in the 1oca1 system of |
coordinates and RO2 the squared distance from the po1nt to the center of the
e]ement if RO2 is larger than RMAX2 2 s1mp11f1ed formulation is used

If RO2 1; smaller than RMAX2, the complete formulas.are used. To limit

the CPU time, the number of opératién and‘the numper.of calls to mgthematical
function is 1eft to a min%mum By tranéfofmiﬁg a sum ( difference ) of
logarithms into the logarithms of a producf ( QUotient ) énd reducing

the sum of four-(.in 9 and J, ) into one.arc fangent by applying twice

the transformation-arc tangents atan. (a) -~ atan (b) = ( ? ; gb ) + ki

0 for :a and b of the‘same sign

- b
T+ ab

a-b
+

where k

a>0,b< 0 and =2 50

a<0,b>0 and < 0

T+ ab

|
"

1 for a>0,b<0and %—i}sb <0
k =-1 for a<0,b>0and %—i}{%; >0

. | ' .
Note : the corrected ‘strength Qc = Z;- have been implemented by multiplying
WYP by ( Z12 - EPS12 ) / Z12. '

At the end the componentsAof the 1nducedgve1o;ities ( WYP and WZP ) in the
local system of coordinates are transformed into their component ux; uy, UZ )

in the general system of coordinates.




202

3 - COORD for a segment element :

Are computed‘:

XCT,YCT,ZCT : the coordinates of the‘centens of the segment

DSX,DSY,DSZ : -the components of the half segment vector
' 2

RMAX?,: test value ( rmax.mith.rmax.= 10 times the length
’ of the e1ement ‘
FVA : va1ue of ( ) , precomputed constant

4 - WXYZ for the segment element

( refer to appendix A for the formulations )

Are fiypst computed .the components of the vector M M (DXX,DYY,DZZ)

with its squared module R02 ( R ) s th1s part is common with the begin-

ning of WXYZ for rectangular elements

)
ROZ2 is tested against RMAXZ, if RO2 is 1arger than RMAX2,

From ROZ : the value RO3 A R ) ( Ymax!.

I s 1ater equal to 1.

0 — rand

The components of M2ﬂ§5-45- are computed ( DSMX,DSMY,DSMZ .)
and its souored module ( DSM2 )

The core size.correction.is implemented by mu]tip]ying the

intermediate va]ue'FACT by ( t'+'FVA /‘DSMZ ) whicntiS'equa]

to ———el———-—- » d the distance fromAM to the line- supporting -
1+ e: / d* - '

" the segment

UX,UY;UZ the components of the ve10c1t1es induced at M

are computed and returned
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( refer to appendix B for the formulations ; and the pfoéram GENERF fdr

the concept and uti]isatibn of the map of the far wake ).

Note : A o
- WXYZ computes velocities for ¢ negative or positive.

- The induced velocity:is set to iC”O:fOf pdints outside the wake.
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( A1l variables are reals sfng]e precision, except when indicated )

PI': constaﬁt =

EPI : constant = 1/4m

TWOPI cohstant = 27

AA, BB, CC, DD : constants used for the calculation of the

pos1t1on of a po1nt in the map of the far wake.

Rectangular elements.
‘a) Variables used only in COORD

. = AGM1 : absolute value of GMI
AGM2 : absolute value of GM2

ZMOD1 : intermediate value : length of the element multiplied by
( AGMT + AGM2 ) - |

TZ1 : 1 /7 ZMODT

DOT : product Vj.Vé' '

' | . '
- A, B : coefficients used for the transformation Vz VZ

b) Values computed by COORD, used by WXYZ
EPSi2 ¢ ( ey/2 )°

XCT, YCT, ZCT : coordinates of the centers of the element

ZMOD2 : width of the element
DX : half length of the segment ( aX )

DY : half width of the segment ( AY )

DS : area of the element

o _ 2
RMAX2 : test value = (R )
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-.XX], Y¥is Z;] : components of the first unit vector

- XXZ,‘YYZ, 222 : compbnents of the second unﬁt vector

- XX , YY , ZZ : components of the third unit vector

c) Variables used in WXYZ

DXX, DYY, DZZ : components of the vector M M in the local
' system of coordinates.
- RO2 : squared distance MMo ( Rg )
- GC : constant component of the strength of the element
( GC. = GM / ZMOD2 ) B

- GV : variable componenﬁ of the strength of the element divided

) by AY ( 6V = DGM / ( ZM0D2 , DY ))

- XP, YP, ZP : coord1nafes of the ﬁoint M fn the local system of
coordinates. ‘( ZP is also the corrected Z coordinate
of the point ) |

S Q

B
T Ro

>

- F : intermediate value :

LB

- X1P : value X + AX

-~ XIM : value X - AX.

- YIM : value Y + AY

- YIM : value Y - AY

- X1P2 : value ( X + aX )2

- XIM2.: value ( X - ax )2

- Y1P2 : value (Y + aY )2
- YIM2 : value (Y - AY )2

- 212 : value ( Z, )2
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- Rl : distance R]

= MM]
-~ R2 :'distance R2 ='MM2
- R3: distance Ry = MM,
- R4 distancg Ry = MM,

AﬁGl;to ARG? : intermediate values used for 9 and Jg
grguments of the arc tangent during the reduction

- AJ1 ¢ coefficien£ Jy

- AJZ-:'coefficienf Jo

- A3 ¢ coefficient Jy multiplied by 7

- BJ3 : arc.tangent part ofJ3

WYP, WZP : components of the velocity induced by the element at M

- in-the local system of cdordinatés

Segment element

a) Values computed by COORD, -used in WXYZ

XCT, YCT, ZCT : coordinates of the centers of the element
RO e :

DSX, DSy, DSZ : half components of the vector M]M3

DS2 : half length of the segment

L 2 .
RMAX : test value ( rmax')

FVA : precomputed value : ( €0 )2 /] DS2

b) Variables used in WXYZ

DXX, DYY, DZZ : component of the vector MM

ROZ : squared distance MM, (Rg)
a3
RO3 : Ry - |
A,ALPHA : intermediats values used for the calculation of I, (A,st)
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{

10 : coefficient Io

| 9. Q
- FACT : intermediate value = éé;ﬁﬁ___,fL .
4T Re? — -—5)
- DSMX, DSMY, DSMZ : components of - ( <M X A5/,

DSM2 : value . lﬁi:73 X ng)/ﬁ.l%

Semi-infinite cylinder element

R : distance frpm the point td_the axis of the'cylinder

ZP : distance from the point to the plane limiting the element

ETAT, ZETA1 : reduced'coordinates'of.thé‘point ( n3=z )
( ZETA1 canbe + g or'~ g )

L ¢ indicator : sét to 1°if ¢ is positive.

Type : ‘integer single precision

ETA2 : n?
ZETA2 : ?

IETA, IZETA : location of the nearest point in the map of the . -

far wake.
Type : integer sing]e‘précision.
- E,F,EMI : interpolation cdgfficients . B :
- wx1, WY1, WZ], wxz, WYZ’ WZZ : intermediate values, used during

the interpolation.

wx3, WY3, wz3 : values of W, W , W divided by 2m for the

point ( n,z )
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(' begin COORD )

.
]v /—_-fr \ 2 S segment

rectangular - s ) - -
B element

element

compute : centers-of the element,
component of’ AS/2,
. o2 .
_ Iés/zl’rmax
_and FVA = (2¢,/S)?

compute GM,DGM
value'(‘é]'/z)2

compgte~change of coordinates,

dimensions of the element, o 1
2 S - (return)

test ya]ue ’max

( returﬁ ).
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, —,
compute MOM,|M0M|

e T

. | _ . ! 3
comput:e){c,}f.C | compute R
IRRATR . 77\
: coordinates of the point ‘ Ro > Tmax /i
! in the local system =
of. coordinates - ‘ ST '
compute I0 I,=1
R > Tmax

' | —Acombute UX,UY,UZF;J
compyte WYP,WZP COmpUt%WWKP,WZP : : |

(Wc and Wv) 0 .
L—-—%icompute UX,UY,UZ}*——-——i

( return )

- y
{ compute n,-¢ |

z>0

[T-7]
change sign of ¢

i |

L
flocate point in the map
T

Lk kK

interpolate : W_,W

k x’ y’wz

perform transformation|

compute UX,UY,UZ}5————-—-——‘

=)
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Subroutine PRTV -

Functions : output of the arrays of the common-RESUL on the.printer
’ Also : initialization of the arrays

Entries : PRTV,PRTCEN,PRTNOD,PRTVD,CLV,PRTVN,PRTVI.

Arguments ¢ transmitted by commons PARM,GEOM,RESULL

Parameters used : noné

Input : none

Local variables ; - .I,J : loop variables

IDEL : indicator, depends on the entry points

variables beg§nning by L : format labels -

Initialy a debugging tool, the output of PRTV iay be used to control the
convergence of theiprogram. Conceptionally, by using a single call to the
entries of PRTV, a formatted printout of the desired array is executed.

In the final program the calls to PRTV are commanded by some of the para-
meters therefore the desired output can be obtained without modification
.of the program.

The name of the entry called is first printed, then the arrays. Each line
begins with the name of the array. Values are always printed in increa-
sing radial positions-along the line direction, and in increasing azimu-
thal positions in the vertical direction, one block of lines for each
azimutha; position.

Entries : = PRTV : output of the components of the induced veloci-
ties at the centers and of the influence coef-
ficients ( arrays WXNC,WYNC,WZNC,WXIC,WYIC,WZIC,
THX, THY , TWZ )
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Are also computed and printed the radial components

of induced velocities ( WR ).

PRTCEN : output of the positions -of the centers

( arrays XNC, YNC, ZNC, XIC, YIC, ZIC )

PRTNOD : output of the positions of .the nodes
( arrays WXNC, WYNC, WZINC )
PRTVN : output of the tomponents of the velocities

induced at the center of the near wake only.

( arrays WXIC, WYIC, WZIC )
CLV : initialisation of the arrays. WXNC, WYNC, WZNC,
WXIC, WYIC, WZIC, TWX, TWY, IMZ.

, This entry is normally called at the beginning
of the subroutineVLOOPZ, but is also called when
the arrays have been used for a verification
routine.

- PRTVD : the acfion is identical to PRTV plus CLV
| ( execpt that the.influence coefficients are
not printed ). The printed values therefore

represent the last call to PRTVD or CLV.



Subroutiné LOOPT - 212,

Function : =" loop on the circulation

© =-convergence test

Entries : LOOPT

Arguments . : transmitted by commons
Input - : none

Odtput - 7t ton ( IWR)

- intermediate results and test résu]ts (ITRCL1=1)

- return code (ITRCL1=1 or ITRACE=1)

- no convergence meSsaée :
Parameters used : ITRCL1,ITRACE .- = %
Return code | ¢ ITEST

0 : convergence reached

1 : the convergence of the case is not reachéd

- 2.+ convergence is not reached with LIMI] iteratioﬁg'
- ‘on the circulation |

The subroutine is composed of two parts :
a) Determination of the distribution of the induced velocities along
the blade, and the distribution of the calculation for the current
geometry ( explicited by the 1nf1uence coefficients ) |
b) ConVergence test for the case, weighting of convergence is not
reached. " - " |
Also : calculation of the radial components of the induced velocities.

(W)
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The convergence return code is set to 2 if part a) does not converge . .-,

and set to 1 in part b) if convergence is not reached for the case

Details

a) At the beginning of part a) : the arrays WYC,WZC- ( axial and tangential
components of the velocities induced on the blades ) and GAMMC ( distri-
bution of circulation along the blades ) are saved in WYCTT,WZCTT,GTEMP
Then an iterative procedure {is used to determine the new distribution

of induced velocities and of c1rcu1at1on,§ompat1b1e with the current
geometry ( position gf the wake in space ) |

The procedure is based on the influence coefficients (TWX(I,J),
TWY(1,d),TWZ(I,Jd) ) which give the components of the induced velocity 6n

a blade section located at ETANC(I+1), by a unit circulation at a blade
section located at ETANC(J+1) .

If this procedure ddes not converge within LIMl'iterations, the return
code (ITEST) is set to 2 and the case is finished.

( This situation may occur if the influence coefficientE are unrealistic ..
because of an error )

The convergence test is fixed by the value EPS which is equal to .0005
times the mean axial induced velocity ; both the axial and the tangentja]

components of the induced velocities must pass the test.
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A weighting is done for each jteration, based on the average values of

the axial induced velocity ( old and new distribution of induced ve]oéi-
ties for the precedent and current case ).
b) Convergence test for the caseiy |
Are compared : the distribution of axial and ‘tangential components
of the induced velocities along the blades obtained from a) and these
distributions coming from the p?éggdgnt itgrationA
The test value is EPS=.01 times”the:mean axial induced velocity
An array (MTEST) may be pfinted ( Tine labelled TEéTi)»by-specifying
ITRCL1=1, which shows the results of. the test for a given position
A value : 0 : means that the position. passes the_teét{_
1 : means that the tahgential component does not pass the test
2 : means that the axial-component does not pass the test
3 : means that both-components do not pass the test
Weighting : If convergence is not obtained
| - The old and new distributionsof circulation are weighted
- The corresponding distributions of induced velocities along the

blade are computed using the influence coefficients

e _
RS-
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Local varijables ‘:

A1l varjables are reals single precision ercept Toop variables, 1abels‘
and when specified. | | o | |
- variables beginning by L : fornat'labels
- PI‘:'constant T
- PIZ : constant n?
- EPS : convergence test value
- TLAM : current va1ne of tangent A
- FLAMDA : current value of A | '
- U : current value of the total veloeity relative to the'bledes
- ALP : attack angle ( stall corrected ) | |
- KTEST : interna]'convergence test result
KTEST
KTEST

1 : convergence obtained

0: no EOnvergence
Type : integer single pretision
- FACI,FNIT : sum of the axial induced velocities on the blade
i obtained,from the eurrent iferation ( new dis;
tribution ) | o . |
- FACiE,FVI] : sum of the ax1a1 induced ve]oc1t1es on the b]ade
used by the current iteration ( old d1str1but1on )
- FNIZ ' value of FNI] of the precedent 1terat1on
- FVI2 :.value of FVI1 of the precedent iteration
- X0 : intermediate ?a]ue ( Ca]culation of the weighting

factors )

- FACV : weighting factor for the old distribution
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WYCT(14) : distribution of the tangential components of
'{nduced velocities on the blade obtained from

_the. current dteration ( new distribution ) .

WZCT(14) : same as WYCT, axial components

WYCTT(14) : saved distribution of the tangential components
_ of the induced velocities on the blade, ( from

the last iteration on the geometry )

WZGTT(14) : same as WYCTT, axial components

GTEMP(14) : saved distribution of circulation ( From the

last iteration of the geometry )

MTEST : results of the fina] convergence test

Note : A1l arrays are relative to the inner centers of the blades except .
GTEMP which follows the convention of GAMMC ( 2 to NNCR1 )

( GAMMC(I) = circulation at n = ETQNC(I) )

( WT(I) = axial induced velocity at n = ETANC(I+1), etc...)
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Subroutine WHNOFC

Function B determination.of the y?ﬂbcitieg induced at the ﬁpdes
from the velocities induced at the ceﬁters, and_Qefgﬁ-
t%ng‘qf the old and new distribution of the induce&
velocities. |

“Also :*wefghting'ofwihfluenée‘coefficients

Entries : < INIWN : calcUlation of the cbnstants’Uséd-in WNOFC.
- NNOFC |

Arguments : transmitted by commons

Input : none- |

Output son ((IWR ) N
" © - by INIWN : interpolation coefficients, if ITRACE # 0
- by WNOFC : - if ITRCW # 1-&*ve10;itiesiinduced at the
| “nodes, inf]uenceAcoeffiéients
- jf ITRCN'=.2.:_same action as ITRCW? but
more detaileéd ( velocities induced at the
nodes éftef each step ) |

Parameters used : ITRACE,ITRCW,ITRANS
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The subroutine is composed of two parts, called from the entries INIWN

and WNOFC.

In_ININN,_a]]lfhe_intérpo]ation coefficients are computed, they are sa-
ved in the common CWNOF, are printed if ITRACE =1 ).

 Note : the'coeffiéients are computed only once at the beginning of each
: caée; therefore CWNOF must reside in-the root segment if the overlay

structure is used.

WNOFC by itself is composed of four subsections :
a) Interpolation of the velocities at the nodes from the ve]pcities
induced at the centers ( in rectangular coordinates ).
'b) Transformation rectangular/cylindrical coordinates.
~¢) Weighting of the new induced ve1ocities‘with those coming from the
precedent iteration. |
The weighting factors are :

—‘FRV,FRN for the.radial components

- FTV,FTN for the tangential components -

- FZV,FZIN for the axial components
The coefficients FRV,FTV,FZV are re]atiVe to the old distribution of
~ induced velocities ; FRN,FTN,FZN are relative to the new distribution of
induced velocities. _
d) Weighfing of the Y and Z components of the influence coefficients with
those coming from the precedent itératioﬁ

- FZV : weighting factor for the old set of influence coefficients

- FIN : weighting factor for the new set of influence coefficients



Variables in.common CHNOE :.

( A11 variables are reals single preéision, execpt when specified )

Note : An index I ( or I1 ) always indicates a radial direction and the

index J ( or J1 ) always indicates an azimuthal direction.

- 1CB(16) :

AAN(15) :

ARI(15) :
ACB(15) :

1C8(15) :

BCB(16) :

interpolation coefficients : node I versus
the centers I and I+1wof‘thé'near wake

( radial position ). Weighting factor AAN(I) -

" for the center I and 1-AAN(I) for the centerl+l

same as AAN, intermgdiate wake

interpolation coefficient, used.with<the array
ICB : . node I Affthe near wake versus the centers
IT and I1#1 of the intermediafe-wake. 11=1CB(I)
( weighting factor ACB(I) for the centers I1 and
1- ACB(I) for the center I1+1 )

array of address, used with.AtB

Type : integeks‘sing]e preéisibn

interpolation coefficients :‘node J:of the
transition wake ( defined by the near wake )
vergus the centers J1 and J1+1 of the inter-
mediate wake J1=JCB(J)

( weighting factor BCB(J) for the centers J1

and 1-BCB(J) for the center J1+1 )

array of addresses, used with BCB -

-Type : integers single precision
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220

interpo1ation coefficients : node I of the

intermediate wake, versus the nodesll and

1141 of the near wake, radial direction

'g 16C(7) :

- §C6k7) s

- Jee(7) -

I1=1CC(I)

( weighting vactor ACC(I) for the node I1 and
1=ACC(I) for the node I1+1 )

Note : used for the transition wake.

array of addresﬁes used with ACC

Type : 1nte§ers single precision
interpoiatidns“ﬁoefficients~: node J of the
intermediate wake, versus the nbdes J1 and
J1+1 of the near wake, azimuthal direction
J1=Jcc(I) ‘ | |

( weighting factor BCC(J) for‘fhe node J1 and
1-8CC(J) for the node J1+1

-array. of addresses used with ICC

Type : integers singTe,precision
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~Variables in common WNDATA

This common contains the values of the induced velocities ét the nodes,
before the weighting with the velocities of the precedent iteration.
The arrays contain the combonents in rectangular coordinates then in
cylindrical coordinates. |
The common is used only in WNOFC as a work area ; if the brbgram is used
without the overlay structure, WDATA,and sSme-commdhs in other subrodfinés
* can be renamed under an identical name, to deérease the size of the program.
A11 variables are reals siné]e precision
- WXNVT(15,18) : X components of the velocities induced
‘ at the.nodes of the near wake. .
( WXNVT(1,) is the velocities induced
at the nodes of coordiantes.
XNV(I,d),YNV(I,Jd)ZNV(I,d) )
- WYNVT(15,18) : same as WXNVT, Y components
- WINVT(15,18) : 'same as WXNVT, Z components
- WXIVT(6,50) : same as WXNVT, intermediate wake
- WYIVT(6,50) : same as WYNVT, intermediate wake
- WZIVT(6,50) : same as WZNVT, intermediate wake.
- WRNVT(15,18) : radial combonents of the veTocities
induced at the nodes of the near wake
This array is declared in equivalence,
element by elemeNt, with WXNVT
- WTNVT(15,18) : same as WRNVT, tangential components,

declared in equivalence with WUNVT




- WRIVT(6,50) :

- WTIVT(6,50) :
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same -as WRNVT, intermediate wake
declared in equivalence with WXIVT
same as WTNVT, intermediate wake

declared ih eduiva]ence with NYIVT
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Local variables :

( A11 variables are reals single precision, excepi IDEB and the loop
variables )

variables begﬁnning by L : format labels used for the output

ET,ETI : used during the calculation of the interpolation
coefficients : curkent radial or azimuthal posi-
tion, used for the comparisons.

- A : current first radial interpolation coefficient

( from AAN,AAI,ACB,ACC )

- Al : current second radial interpolation coefficient
( always equal to 1-A )
- B : current first azimuthal interpolation coefficient

( from BCB,BCC )

Bl : current second azimuthal .interpolation coefficient
( always equal to 1-B )
IDEB : index of the beginning of the first azimuthal posi-

tion of the intermediate wake, transition wake not
. included. IDEB=5 if the transition wake exist ;

1 otherwise.

Type : integer single precision

ET2,ET3 : usea during the calculation of F

F,F1 : interpolation factors, used for the transition wake :
for the fouth azimuthal position of the nodes of the

intermediate factor for the nodes NNVA of the near

wake, and F1 the interpolation factor
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wake, and F1 the interpolation factor for the

fifth azimuthal position of the centers of the
intermediate wake ( F1=1-H )
- AR éurrent first radial interpolation coefficient
( from AAC 5, used for the calculation of the ve-
locities at the fourth azimuthal position of the
nodes of the intermediate wake (.apply only in
the case of transition wake )
-iAA] : second radial 1hterpo1ation coefficient, used
with AA (AA1=1-AA ) |

- 1,3,11,d1 : loop variables

Transformation rectangular/cy]indrica1 coordiantes :
For each point : '
- WXX :’current X componént of the induced velocity

- WYY : current Y component of the ‘induced velocity

XX : current X coordinate of the point

-YY : current Y coordinate of the point

R ¢ current radial position of the point

‘I,J : loop variables
Weighting new/o]d{va]ues of the induced velocities _
- FRN,FTN,FZN : weigthing factor for the radial,
" tangential and axila.components of the
induced velocities of the current

iteration
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- FRV,FTV,FZV : same as FRN,FTN,FZN, but for-the

preéedent jteration. (FRV=1-FRN, etc..)
we{ghting of the inf1uence coefficients '
- FZN : weighting factor for the influence coefficients
of the current iteration
.- FZV wéighting factor for the influence coefficients
""" of the preceding iteraion

= 1,d, : loop variables
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Determination.of'the3ve10cities'induced at the nodes, from the velocities

induced at the centers ( subsecfionwa )

Two cases_have foibe,considered, following the existence or not.of a
transition wake ( sarametEr ITRANS ).

First case : no f?ahéitjon wake.

The.velocity af a nodé (i,J) of the near or intermediate wake is deter-
mined by interpolation between the velocities induced. at .the centers
(1,9),(1+1 ,0),(130+1) and (1+1,L+1)

Where I goes fromiflto NNVR(NIVR)

Cand 3 goes from 1 to NNVA(NIVA)

The interpolation is performed by the parts noted A and B in the listing
. Second case : transition wake

The ve]oéities at the nodes of the near wake, transition wake not
incTUded, are determined'in the same way as'in the first case ( part A )
( J goes from 1 to NIVA )

For the transition part : the.velocities at the nodes NIVA + 1(=NICA)
to NNVA are giQen by the sum of : |

1 - The velocities induced at the centers NICA to NNCA of the near wake
( part A ) |

2 - The velocities induced at the centers j to 4 of the intermediate
wake { part B')

The velocities at the nodes of the intermediate wake, transition wake
not included are determined in the same way as in the first caseA

( part C ) ( J goes from 5 to NIVA )
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For' the azimuthal positions 1,2 and 3 of ‘the transition part of the =~ - .

}ntermediate wake, the ve1ocitie$ are detefmined by interpolation of the
velocities induced at the nodes of the trénsition part of the near -
wake ( bart D) |

The velocities at the azimutha]_posftioh 4 of the intermediate wake -
are determined by ‘interpolation of

1 - THe,ve]ocities induced at the Cenfef of the azimuthal position 5:
of the intermediate.wake

2 - The velocities induced at the nodesrof‘the azimuthal position NNVA

bf the near wake ( part E )




Contributions to the nodes pf the near wake

transition wake
A

f | AR .
centers

\IAL e AN AAAA S
2T 1 /\1 /’NVA'\

f » : § centers

( intermediate wake )

Contribution to the nodes of the intermediate wake

;- NTVA o ONNVA ' nodes ( near wake )

R E l\ " podes
| R 4\/5\/”\/\

- x 3 3
X . . centers

transition wake ( intermediate wake )

- 822




Subroutine INTGR
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Function : integration of the velocities along the
| streamlines ( determihation of the new geometry

of the wake).

Entry . : INTGR
Arguments - : transmitted by commons
Parameters used : - ITRTG : trace option

- IVERGR : verific&tion of the integration
Input | : none |
Output :on (IWR) : |

- indices of the referencé streamlines

- detailed intermediate resu1ts

(i ITRTG = 1 or IVERGR =1 )

Using the velocities induced at the nodes ( fn;erpé]ated by WNOFC,
from the ve]otifies at the centers,'returned by_LOOPZ ), an ubdated
. geometry ( positions of the nodes ) is computed, by integration.i

One mustjkeep in mind, that the velocities haQe beeﬁ computed‘ét
control pﬁints which are slightly different than’those which will.
be repurned; the integration must then be performed in cylindrical
‘;oordinates, and use the old locations of the nodes to avoid
'pndesifab]e side effects. Some small corrections, which have no effect
6nce the convergence is obtained, are also used:

Furthermore, while they must be kept on the same streamline for a

given radial position, the nodes do not need to have the same azimuth,




or to ha?e the same age ( here: éngle of which the rotor has turned 230 .
since the points have left the blade ). This permits making systematic
correztions, to limit the diétorsidn of the rectangular elements.

The nodes -1ocated on a:referénce streamline will keep a consfant
time incfement between them; and for a given azimuth position, the other
nodes will be constrained to be in a plane ( P ), containing the reference
node, its-brojeéfion on the Z axis, perpendicular to the-plane
containing the Vé]ocity at- the reference node and the projection of the

reference node'éd;the Z axis.




231

Local variables -

As the subroutine uses many temporafy‘érrays,ﬂthese have been place in a .
common ( WDATA ), if the'prdgram»isﬂused:without the .overlay structure,
WDATA and soﬁe commons in-othervsubroutines can be renamed under an .
identical name, to décrease the size of the program.

a) Arrays in common .( WDATA )

. XT(16),YT(16),ZT(16) : current réctangu1ar coordinates of ‘the

nodes of the 3t azimuthal position, before-and-after -

the correction to limit the distortion of the elements.

RIN(16) : current rédia] coordinates of the new nodes of the

( J-]h)th azimuthal position

VRIN(16) :‘current rédia1 velocities at the new nodes of the

(941 )th azimuthal bosition
VTIN(16) :'currént tangential velocifies at the node of the
( J_].)th

’

azimuthal position

VZ1(16) : current axial velocities at the nodes of the
( 3-1 )th

VX2(16),VY2(16),VZ2(16) : current velocities at the nodes of
' th

azimuthal position

the J azimuthal position ( rectangulaﬁ coordinates )
b) Variables not in common WDATA
- EfAM : test value : meah radial position, used to choose the
| reference streamline | |
- ISAV : saved value of ITRTG, as ITRTG may be temporally

modified in INTGR

Type : integer single precision




: 232
KW : loop variable ~

KW = 1 : near wake

Kl

2 : intermediate wake |
IK,E ihdex of the reference stréam1fne
Type : integer siné]e pfecision
DPSI :'nominal azihuthéi.inérement
(OPSIN ( 1K =1 ) or DPSII (IK = 2 } ),
diVidgd by tw§ | k | T
NVA : number of azimufha1.posit{on of the chrént wake
 (MWAorNNVA) .
Type : integer siﬁgle pre;ision
NVR : number of radial position of the current wake
( NNVR or NNVA ) | _
ET : temporary value, used for the interpolation of the nodes
of the first azimuthal position of the intermediate wake
A,Al : interpolation coefficients (vinitialiZatidn of the
intermediate wake integration )
R10 : current radial position of the old node of fhe first
azimuthal position of the intermediate wake
( initialization of the intermediate wake integration )
AT : radial positions of a node after and before integration )
R20 : current radial position of a node at azimuthal position
J, before integration ( "old" node )
VR20 : current radial component of the velocity at a node

( azimuthal position J ), before radial correction
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VT20 : same as VR23, tangential component

- R2N : current radial position of a node at azimuthal position
J, after 1ntegrat1on, but before correct1on for the

distortion of the e]ements

VR2N : current rad1a1 component of the velocity at a node
( az1mutha1 pos1t1on J ), after radial correction

- VT2N : same.as VR2N, tangential cbmboneht

TH2 : azimuth.of the current node (-azimuthal position J );

before correction for the distortion of the elements

CC,SS : cosine and sine of TH2

I,11,12,J : loop variables

Correct1on for the distortion of the e1ements

XO,YO,ZO rectangu]ar coord1naLes of the reference node

VX,VY,VZ : components of the velocity at the reference node
" ( rectangular coordinates )

- ALPHA : correction factor for VX,VY,VZ

BETA : ampTitude bf the correction for the current node
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Detailsibf the integration
Tﬁe velocitieefat a gfven‘point, re]ative.to the general,system of
coordinefes ( fixed with respect Eo'the fotof ) is the sum of the free
stream velocity and of the induced velocity.: “
The component of the'free‘stream'velocity et a point M ( p,9,Z )is
(0., ), ,} o
where. p is the radial position of the po1nt M
9 is the angular velocity of the rotor
Vv, s the wind velocity |
As nenﬂd1mens1ona1 coordinates are used, we have:
o e ..
: V, =u ( advance ratiol)
The velocity components‘at a point M are therefore "R
, b
u+ wz
( WpsWp,Wy the radial, tangential and axial components of the ve1ecity
‘§nduced at M ) . C » - -
For a time increment At, during which the retok has.turnedfoff AY = QAt
the point has moved froﬁ'the pesitﬁon (1) ( azimuthal positien J-1,
where NR = Wpys Wp = Wpps Wg = le ) to the pos1tion (2) ( az1mutha1
position J, where wR = Wpos Wp = Wros wz = wzz )

During the rotation the mean velocities are,
VRm = 1/2 (WRI + NRZ)
Vip = 1/2 (Hpy + V)
va = 1/2 (NZT + wzz)
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The coordinates of the point M2 ( Rz,wz,Z2 ) are determined from those
of the point M; ( Rl,w],Z] )

by : ,
RZ_’-(\):&-f'th Atz R+ v‘“" ot

V= @ Vmoove K r VomooF
Rm ' Rp‘h
Zs = 2, + Vzm Ae- Z,+ Vzm A‘f‘

(R-meanrad1us=(R1+R2)/2) L
To avoid problems during the first iterations ( where the radial disp]a-
cement of a point may be 1arge ) The rad1a1 and tangential velocﬂnes_ :
are mulitiplied by the ratio of the new and old radius. Using R20 the
old radial position of the point, the radial and tangential velocities

will be g1ven by

\‘Zna = : b?l“‘ Rﬂ‘/f?gf’
V-r,:,. - VTM Rx- / RQ.O.

The new radial position (R,) will be given by :

R, = Ry A‘/'(V —fV,Q )
| | JA)

Ke

(R}
—
>

[ KN
+
20\>
<
a<
S——
Ny
™
A
en\ %
<
PR
N—
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Correction for the distortion-of the elements

Because of the cumulative effect of the tangential -induced velocities, .
the rectangular element would be deformed, especially for the inter-
mediate wake ' | |

As the control points ( nodes ).of‘aAgiven radial position need 6n1y,
to be on the same stregm]ine, the nodes .can be moved along the stream-
line . ’

Therefore, allowing the nodes to move along the line deterﬁined by the
velocity at that point ( VX2,vy2,vz2 ), théyfafe constrained to be in
the same plane (P). | | -

The plane contafns the node of a-réference streamline ( position

vector ib ( X .Y ,Z ) ), its projection on the Z -axis ( pesition

o’ 0’0
vector ib ( 0,0,2, ) ) and is perpandicular to the plane (P )
containing the point ( O,O,Zo ) and the velocity vector at the refeéerence

node V ( Vx,Vy,Vz ) the plane (P) is therefore perpandicular to the vector
vy

¥yl ) . | |
Ve Vit d(%-X5) V' (X-X5)=0
oo - Ve (%X

[%C -X07|®
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Correction of the point :
The positicn vector of the corrected point ( X ) is given by :
X = Xe +0 V%
where - Yt is the position vector of the uncorrected point,

-"Vz is the velocity at the point

X satisfies .:
el ~—) L —y
(X‘ %o ). V =0 |
— — —
therefore : ﬁ)" : (xe -Xe)'v’ '
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- § .
s.ve ITRTG
1 ;
. , — IVERGR
]ITRTG = 1) —>le

loop on.the wakes (KWH

2/‘—E%‘\ 1

- e/ ' 1

initialization for initialization for
intermediate wake et near wake
reference streamline ;1 SR reference streamline
[3f 1TRTG = ..Kw NVA,NVR, IK,PPSI/

Iloop on the a21mutha1 positionsJ=2,NVA]

2k - .

N ' .
load points of . load old points of
the intermediate wake ; "r‘ the near wake

»Toop radial- positions|

]
funcorrected new point’|
T

/ITRTG = 1: uncorrected new point /

< end Toop >

‘compute: plane(P)

1
—»{ Toop radial positions|

|
{corrected point |
1

- /1TRTG = 1: corrected point /

2 K 3
store point . store point
of the intermediate wake . of near wake

[1vERGR = 0]




Subroutine QUT

Function : - calculation of the force components and perfor-
mances

- output of the results

Entries- - & OUT,OUTINT
Arguments. RS transm1tted by commons

-Input : on ( IWR ) formated output of the resu]ts

Parameters used : none

The subrout1ne composes the output section of the program.

The first part includes all ‘the quant1t1es relative to the b]ade and
the performance coefficients.

The second'part'in;1udes:the positions of the nodes and the velocities
“induced at these points ( réctangu]ar‘ahd cylindrica]'coordinates ).

By calling OUTINT;‘on1y the first part is printed ; QUTINT 1s'used
only to print intermediat§ resu]ts,_after each iteration on the geometry.
One can refer to subsection " Description of the user's output " for fhg

format of the output.
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Loca] variables :

As the subroutine uses many temporary arrays, these have been placed in a
common (OTDATA) ; if the program is used without the oveflay struclure,
OTDATA and gome commons in other subroutines can be renamed under an
identical name, tojdecreéselthe size of the program.

A1l variables are reals single precision g*cept loop vériable and
when specified. . |

a) Arrays in common OTDATA :

PSI(15) : azimuths of the nbdes 6f the curreht azimuthal
position ( in degree§ ) }. |
- R(15) : radial positions of the nodes of tﬁé ;u}fent
‘ azimuthal position N .
- GMC(14) : distribution of circulafionl
- WXY(15) : X components of the ve1ocities'induced at the nodes
of the current az1muthal oos1t1on .
- WYT(15) : Y components of the ve10c1t1es 1nduced at the nodes
~of the current az1mutha1 position
- FLAMDA(14) d1str1but1on of 1nf]ow angle (1)
- U(14) : distribution of the tota1 velocity re]at1ve to the
blade .
- ALPHA(14) : distribution of attack angle (a)
- LIP(14) : in-plane components of the 1ift
- TLIP(14) : thrust component of the 11ft
- DP(14) : drag distribution

- FDP(14)/: in-plane components of the drag N
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Tp(14) : in-plane force distributibn

FP(14) : thrust distribution

XT(15),YT(15) : X and Y coordinates of the .nodes of the

‘current azimuthal position

NT(]S),HR(]S)'ﬁ tangential and radial components of the

' jnduced velocities of the current azimuthal

position

b) Variables not in common OTDATA : |
- A1l variables beginning by L : format 1abeis‘ﬁ%ed for output
- PI2 : constant : % ' |

- PI : constant : m :

- CONV : conversion factor radian into degrees ( /180 )

- I0UT : entry point indicator

I0UT = T : entry by OUT

I0UT = 2 : entry by OUTINT
Typé : inzéger single precision
- TLAM : current v5]ue of tangent A
- ALPHAT : equiva]eht:attack angje ( stall effect‘inc]uded )
- CD : current draé'cdefficient
- LT : thrust coefficient L, = T/(pm2R")
- LP : power coéf%iFient Lp = P[(pr3R5)
- CT : thrust coeff%éient C, = T/ (pnR2V2)
= P/ (pnR?V?)

- CP : power coefficient Cp

- CTCP : ratio Ct/Cp‘
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IW : loop in the wakes varjables

IW =1 : near wake

[}

2.: intermediate wake

IW
.Type : .integer single precision
- NVR : number of nodes ( radial direction )-

( NVR

NNVR for the near wake -
NVR

NIVR for the intermediate wake )

Type = integer’%ingTe precision

€C,SS : cosine and sine of the azimuth of the current node

I,J : loop variables
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(begin CUTINT]

begin OUT

/ , /
~/ rotorldatq/

compute: A,U,a,%,L,T
performance coefficients

~@ED

new page, n distribution (near wake)

] |
IW = 1, NVR.= NNVR| -

I
_--—-—44Joop on the azimuthal positions (near wake)]

l
coordinates on the nodes
R,T,Z components of the induced velocities
o I e
{load XT,YT,WR,WT| -

3 | T

‘ | compute: R,y
~ end loop X,Y components of
. - | linduced velocities

n distribution

(intermediate wake) R,y
[ . X, Y components of
loop on the azimuthal induced velocities

e
positions (intermediate wake) 1 2
| . ._______< :E >.___.

coordinates of the node
R,T,Z components of induced velocities

lToad XT,YT,WR,WT|

end loop




Subroutine KTRC

Function

Entries

Arguments

'Input/0utput
Parameters used

Subroutines ca]ied
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: plotting on the printer
: - TRCPT : plotting of the positions of the nodes

and the centers ( radial and axial
coordinates )
- TRN : plotting of the positions of the nodes
(-radial and axial coordinates )
- TRCVEL : plotting of the velocities
~ TRCW : plotting of a side view of the wake

"= TRCT : plotting of the tip vortex ( radial and

axial position versus the azimuth )

- = TRCG : plotting of the distribution of circulation

along the blade and of the strength of the

elements

: transmitted by commons -

and : TRCW(ISCA) - 4
ISCA : size of the plotting
1 : single ‘page width
2 : doubTe page width

+ hone
: ITRANS
:.TRACE( TRCINI,TRCPTS,TRCSEG,TRCCUB,TRCLIN,TRCEXE )
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This subroutine is the interface between the program FuWC and'the general.
purpose subroutine TRACE.
For a given entry point, KTRC generates the data in a suitable form for .

TRACE and calls the corresponding entries..

Local varijables :

This subroutine uses large tempofary.arrays, these have been placed in a
common TRCDA, if the program is used without the overlay ﬁtructure, TRCDA
and some commons in the other subroutines,<chn.be renamed under an
identical name, to decrease the size of the program.
a) Arrays in TRCDA
- X(300),Y(300),XX1(300),YY1(300),XXx2(300) : contain the X and
. Y.coordinates of the.points to.be plotted.

( X : horizontal direction )

(Y : vertical direction )

Type : reals single precision
b) Variables not in common TRCDA

ITITY to ITIT6é : six arrays containing the titles of the

different plottings.
Type : arrays of integers single precision,
dimension (30) '

IPLUS : characfer "y

ICOM : character " ' "

1

ISTAR : character " * *

CHX : character " X "

CHY : character " Y "




CHZ : character " Z " . 246
CHR : character "R " |
CB : character " B " ;
IC(15) : characters " 1,2,3,4,5,6,7,8,9,0,A,B,C,D,E "
( used to humber the streamlines )

CONV : convention factor.radians into degrees ( w/180 )
1Z . entky ind1c;tof‘ A

- 17 =‘1 ¢ entry by TRCPT

=12 =2 : entry by TRCN. |

Type : 1nteger.§1n91e precision
IP : current ndmber~§f pbint;

Type :-intéger“sihgle precfsioh
FACTX : X séé1e factor |
FACTY : Y scale‘factor
FXX,FXY,FXZ,FYX,FYY,FYZ : projection factors
XMINS,XMAXS : X definition of the window ( in TRCW ) .
CC,SS : position of the curreniﬁboint of the~tip‘path
IDEB : first azimuthal position of the nodé; df the interme-

diate wake, transition wake not included
1 4f ITRANS = 0 | -
3 if fTRANS 1

NBLbSZ‘:;numbér of bfades'p1otted ( in TRCT )



Interpretation of the plottings
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- TRCPT :

- TRCN :
- TRCVEL

- TRCW :

h]ottind of the nodes and of the centers ( radial and axial
position ). | - '
The nodes are pTotted withua character corresponding to the
axial position. The centers’with the character "X,
The horizontal directTon of theApage corresponds to the axial
position. | o | |
1dent1ca1 to TRCPT only the nodes are pTotted
: pTott1ng of the velocities 1nduced at the nodes. The nodes are
plotted with the character " * * The veToc1t1es are
represented by segments attached to the corresponding nodes
The grid is. the same as the one used in TRCPT
Scale : in both directions ( radial and axial ):a square side
width ( or heigth ) corresponds to a vercjty component equal
tc u ( the free stream veTocity') -
The tangent1a1 components are pTotted W1th an angle of 45°
( character W ) '
pTott1ng of a s1de v1ew of the wake.
Because of the lack of def1n1t1on, the user can have the plotting

on a double width of paper ( ISCA = 2 ), in that case, the

( defined by XMINS and XMAXS ).

The view angle can be modified by setting the projection factors

( FXX to FYZ ) to other values.

pTott1ng is done twice w1th a d1fferent w1ndow pos1t1on ‘
|
|
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A point in space located at ("X,Y,Z’) will be projected into

a point ( x,y ) with
= X % FXX + Y % FXY + 7% FXZ

=
I

X * FYX + Y-* FYY +'Z * FYZ '

<
]

The total window used is defined by (. -1,2 ) in x direction,

and ( -1.5, #1.5 ) in y direction.

Are plotted :

the blade tip path ( character " * " )

the three axis ( character " X “, "Y ", and " Z ")

the streamlines of the near wake and of the intermediate wake
( the character is the streamline number )

the lines joining the nodes in radial direction ( character " ' " )

the projections of the nodes on the rotor plane ( the character

is the streamline number )
Note : The transition wake is defined only by the near wake.
- TRCG : plotting of the'distribution of circulation along the blade
and of the d{stribution of stfength of the elements
( derivative of the circulation ).
Note : The value given by the scale must be multiplied by 10
to obtain the value of the cifculation.
- TRCT : plotting of the tip -vortex.
- character " Z " : axial position of the tip vortex versus
the azimuth.
- character " R " : radial position of the tip vortex versus

the ézimuth.




Notes :

249 -

- the azimuth scale is in vertical direction and in-
degrees. -

- the radial position is miltiplied by 2 and the value
.6 on the X scale corresponds to a radial position

of 1.



Subroutine TRACE

Function

" Entries

Input

Arguments

: TRCINI

TRCEXE

: plotting

TRCPIS
TRCLIN
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on the'printér

: intitialisation on the plotting:

definition of a curve composed only of points

:”definition of a continuous cruve passing through

 a set of points, by segments

TRCSEG

TRCCUB :

: definition of a curve : segment of length DELX,

DELY, attached at points X,Y.

definition of a continuous curve . passing through

~a set of points, by segmehts 6f cubics.:

: execution of the plotting

: on the unit specified by (JOUT), which specifieé a printer

- error messages

- plottings

- XI,XA :

- YI,YA :

¢ for TRCINI :

Timits of the plotfiﬁg in horizontal direction.

( X coordinates of the corners 6f the plotting ).
Type : redls ‘single precision

Limitation : XA > XI

limits of the plotting in vertical direction

(Y coordinates of the corners of the plotting ).
Type : reals single precfsion

Limitation : YA > YI-

- NCX,NCY : size of the plotting on the page. The number of

characters will be 20 * NCX + 1, in X direction



and 10 * NCY + 1, in Y direction.

Type :
Limitat

IXY : work area s

ﬁhtegers single precision
jons : 1 NCX 6
| 1 NCY 50
upplied by the calling routine.

.- Type : array of integers half précision.

IDIM : size of IX

Type : int
ITITT : title of

( IBM : 2 bytes or half word ).

Y
eger single precision.

the plotting : 120 characters in 30

array elements.

Type : arréy of integers single precision.

JGRIG : indicator

Range : 0

:'optional plotting of the grid.

or 1

0 : the grid is not plotted

1 : the grid is plotted.

a printer

Type : int

For TRCPTS :
“For TRCLIN :
For TRCSEG :

For TRCCUB

JOUT : output dataset reference number ( must specify

).

eger single precision

ICAR, X, Y, N.

ICAR, X; Y Nf

ICAR, X, Y, DELX, DELY, N.
: ICAR, X, Y, N, IDIR.

- ICAR : character used for the current curve.

dType ¢ int

eger single precision. .



- X,Y: Xand Y coordinates of the points defining th%52

curve, N points must be defined.
Type : arrays of reals single precision, dimen- '
sion N . |
- DELX,DELY : components of the segments attached to
the points, N points must be defined
Type : arrays of reals single preoision
=N : number of points in the arrays X,Y,DELX,DELY.
Type : real single precision
Limitations: for TRCCUB N34
for TRCLIN N> 2
for TRCSEG N)I
for TRCPTS N2> 1 |
- IDIR : parameters of TRCCUB : direction of the curve
Type : integer single precision
Range : 1 or'2.
1 :a cubio interpolation of the form

3 2

Y = aX” + bX" +.¢cX + d\is used. The elements

of the array X must be in increasing order. .

3 2

2 :a form Y= aX" + bX

+cX + d is used.
The element of the array Y must‘be in increa-
sihg order.
TRCEXE has no arguments.
Limitations : - 30 curves on the same plotting
- IDIM-1 points on the same plotting

-10 superpositions on a single line

N
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the validity of the arguments is verified.

Notes :

- all points ohtsidé the window are jgnored.

- when an error.is detected, the control i§ immediately given back
to the calling foutine, up to the next call to TRCINI.-

- if one of the limitations ( number of points or number of curves )
is reached, the plotting is immediately executed, all successive
calls are ignored up to the next call to TRCINI.

- TRACE cannot be overlaid bétWeéh'the call to TRCINI and the call
to TRCEXE.

This general purpose subroutine have been dé?e]oped for the program FWC, but

is indépendent'from its data structure. Uging this routine, the user can b]ot

the locations of the control points,"&éctors representing the induced
velocities, the distribution of circulation, etc...

Although the definition is not excellent ( Timited by the space betweeh two

characters ), the results can be analysed very rapidly.

Utilisations : for each plotting, a call to TRCINI initializes tﬁe‘foutiné
( definition of the window, title, size of the p]otting'on
the page, etc... ), then by a serie~of calls to the entries
TRCPTS, TRCLIN, TRCSEG,’TRCCUB, the user defibes the curves
to be plotted ( one curve COrfespond to a call, except when
two curves are p]otfed with the same character, in that
case, they are merjed internally ), the integer coordinates

are computed and saved under a compressed form.

““+h a final call to TRCEXE, the plotting is executed.
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Internal variables : all variables are integer single precision, except

when specified.\

L : indicator :

Equal- to O :.TRCINI. has not been called or an
~ error has been detegted.
Equal to 1,:-TRbINI has been called, no errbr
- has been detected. : -
- NX : number.oﬁ‘chafacters in X directions ( NCX*20+1 )
- NY : number of characters in Y directions ( NCY*10+1 )
- DX,DY : width and ‘heighth of the window
DX. = XA - X1, DY = YA - vI
Type : reals 51ngle precision
- NCURB : current number of curves.
- NP':chrrent'numbef of boints in IXY.
- IX,IY : integer coordinates of the current point
in the local system of coordinates.
; N1 : total number of segments ( TRCLIN and TRCSEG )
- _ ISEG : entry indicator : O : entry by TRCLIN
' | 1 : entry by TRCSEG
Loép variable in TRCCUB.
- IX1,IY1,IX2,1Y2 : integef'coordinates of the<current
point of a segment in the local
system of coordinates.
- NPZ : number of characters for the current segment.

XXX,YYY : increment in X and Y direction ( TRCLIN

and TRCSEG ) coordinates of the current
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~point jn the user's system of coordinates

( TRCCUB ).
Type : reals single precision.

- ND : first point of the segment (1 if the seément is
‘only 1 character long, or if it is the first
segment defined by TRCLIN ; 2 otherwise ).

- LL : indicator : if set to'1 : indicates that the

- current cufve contains at least one point to
be plotted.

- LV fndiCator ;. if set ta 1 : indicates that the
limit of IDIM-1 points is exceeded.

IB,IE : array of pointersto the beginning and the end

of each curve in IXY.

JCAR : array of character the Ith curve is plotted

3

with the character JCAR(I).

1,J,ISEG,K : loop variables.
IRET,KRET : assignéd GOTO variables.

For TRCCUB :
~ 11 : pointer, first of the fouf points needed for the
cubic interpolation.
- A,B,C,D : a,b,c,d of the equation

3 + bxz

Y = aX +cX + d.
Type : reals single precision.
- DET,S,P,FC,FC1 : intermediate variables .for the

calculation of a,b,c,d.

Type : reals single precision.
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- XX,YY : arrays containing the coordinates of the four

points used in the cubic interpolation.

Type : arrays of reals single precision.

Shell's sorting :

;JB :
NN
0
AIT :
15

pointer to the first value to be sorted.

: pointer to the last value to be sorted.

: distance between the two values to be sorted.

indicator : set to 1, an exchange has been done.

: tempory variab]é used during the exchange.

For TRACE :

‘IP

IBL :

NCX2
‘AX

AY

ITIT
‘ITAB

Y1

character "." ( plotting of the grid ) -
space character.

. value NCX+1.

: array used for the plotting of the grid

( X direction ).

Type : array of reals single precision.

: value used for the plotting of the grid

( Y direction ).

Type : real single precision.

: title of the plotting ( copied from ITIT1 ).
: array of characters : contains the current

Tine.

: value of NY+1.

‘NSUP : current number of superpositions.
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- NOVER : indicator : if set to 1 : a superposition
is needed.
- JB,JE : pointer to the beginning and the end of the
| | curve in the array IXY.
- IT : pointer to the first non processed point of the

current curve IXY.

Internal functions :
KX : transformation : user X coordinates to local integer X coordinate.

KY : transformation : user Y coordiantes to local integer Y coordinate.

Condenséd form of the integer coordinates of a point.

To Iimit the size of the array IXY, a condensed form was needed, with it
a definition of one point takes only two bytes.

An integer half precision variable ( 2 bytes ) range from - 32768 to

+ 32767. The integer X coordinate (IX) of a point can range from 1 to 121
( 1imit of 6 for NCX ) and the integer (IY) can range from 1 to 501

( 1imit of 50 for NCY ), therefore there are only 60621 possible coordi-
nates for a point using a condensed coordinate

IXY = IX * IY - 32000 ( which can range from - 31998 to 28742 ) , IX and |
IY can be found by IY = (IXY + 31998) / NX and IX = IXY + 32000 - NX * 1Y

Notes : In TRCEXE the value - 32000 is placed in the array element of
indicate that the point is already processed.
- The value 32700 is placed in IXY(1) and tested ( in case the array

IXY has accidentaly overlaid ).
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Cubic jnterpolation

2, cX + d can be determined by

A unique cubic of the form Y = aX3 + bX
" four points ( X5 aY; ) for i =1 to 4.
a,b,c and d can be found by solving a linear system of four equations with
four unknown 3 calling Di the ith determinant.

Dy = (xymxg ) (xgx ) (X )

(4, 3, k, 1 all different_)

We have : .
o= 2 $/o
’ =1
"3‘2 %;(1,5+12L+1€)/D;
(=1 '

An equivalent formulation, which have been used ‘is :

.= g /(T (é-x)]

S aFe
G = :i [)é—
b= 2 D:.(E;M)
¢= ‘2 D:'[ JZ;L (g—::xk”

d = Z D’L[U Li}

J#e



( begin TRCINI )

[save titie]

|
linitialize NCURB,NP,IXY(1)]

L =1
l
1¢NCX<6, 1<NCY<50 \
DX>0, DY>0 /

' L 0,
( return )
) fmessages /

('begin TRCPTS )
|

[| initialisation * ||
|

——————1 1oop on the points |
' |

]compute integer coordinates of the poihf]

!

| store point in IXY * |

{ end loop )

“ end of definition *




{begin TRCLIN)

number of segments=N-1
ISEG=0

- 60
(}beg1n TRCSEG 3

‘number of segments=NJ

ISEG=1]

|

[initialisation *]

l

;ﬂ]oop on the segments (I)ﬂ

-

]

integer coordinates of the first point of the segment

Integer coordinates of the second point of the segment
IX2 and IY2 :

IX1 and IY1

from X(I+1) and Y(I+1) ifISEG=0
from DELX(I) and DELY(I+1) if7SEG=1

[number of points for the segment= NPZ|

fincrements in X and Y direction,

l

Iskip first point of the segment except
NPZ=2 or first segment from TRCLIN

by setting ND=2

|

lToop on the points J=ND,NPZ|

l

store point in IXY *

l

L—end loop on the points ¥

(end Toop on the segments )

ﬂend of definition fJJ».,
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([ initialization * ||

verification : N 4\\
IDIR = 1 or 2

ascending order /[

I /message/
loop on the segments :

> ISEG = 1,N1

i
II : first of the four points used for the cubic interpolation

IT = ISEG-T, ISEG # 1 and NI

I1 =1 » ISEG =1

1T = ISEG-2, ISEG =1

four points X-XX 4 IDIR )2 >t four points Y-XX

four points Y-YY four points X-YY
compute IX1 and IX2 4 ' compute IY1 and IY2

[compute a,b,c,d]

+ o)

r o/
skip first point (IX1=IX1+1)] SKip first point (IV1=IV1+1)!
if ISEG # 1 , if ISEG # 1
IX1 # IX2 | : IY1 # I¥2
| |
[1oop on the poiq§§}<——--—~ ——————{1oop on the pointgj
I I
compute X from IX ‘ compute Y from IY
and Y=aX3+bX2+cX+d and X=aY3+bY2+cY+d
icompute integer coordinate IY| |compute integer coordinate IX|
l
[ store point in IXY f_” [| store point in IXY * ||
end loop ) end Toop )
: : N

(fEnd Toop on the segment )

|
[["end of definition * ||

(return)




(" begin : initjalisation )

(= )——— G
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{1xv(1) # 32700 ) yes

yes

4 message 7/
( return )

{'max. number of curves )

message /

[reset LL and LV to 0]

| (continue on TRCEXE‘)

[set pointer 1B at NP+l
|
(‘return to TRCPTS, TRCLIN, TRCSEG, TRCCUB )

( begin : store point in IXY )

|
_outside ckeck against boundaries)
I

no

{ enough room in IXY ? )

|
|set indicator LL to 1]

set LV = 1

lincrement number of points NP|

compute compressed form,| (:

continue on the end
- of the definition

of the curve

assign value to IXY(NP) |
l

1
(return to TRCPTS, TRCLIN, TRCSEG, TRCCUB)




263

- (‘begin : end of definition )

I

( no point ( LL=0 ))
l

{ same character no

merge by omitting :

the incrementation of NCURB 1ncremert NCURB
set pointer IE '

( end of the curve in IXY )

l ,
| load character ICAR in JCAR |

sorting of the points
from IB(NCURB) to
TE(NCURB)

no

LV =0

( continue on TRCEXE )
|
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(Tbegin TRCEXE)
=0 > el {return)

\_Yes ( error )

(no points, IXY(1)£32700)— !
! / message/
[print title, print X scale if JGRID=1 |
] L=0
[cTear array ITAB entirely, number of lines: NY1=NY+2]
return

| .
Toop on the lines, compute 1Y of the 1ine}4—————-<:>
Ireset NSUP |—s NOVER =- 0, clear line (1 to NX)}s———-(:>

‘ |

»Toop on the curves;
| yes

[3B>JE (all the curvelhave been processed) »-
[Toop on the points L=JB,JE/®
] .
[set pointer 1T at L|
| yes

{1XY(L)=-32000 (poinf already processed) y———

l}ggr / ____linebefore
~21 =" Jcompare 1Y of the 1ine and IY of the point)———=
| . yes
5 ——{ place occupied)——= : ;
piace point in ITAB]| {set indicator MNOVER=1
2 4

set IXY(L)=-32000 }

[7d
{end of curve
——

)-4 X
[no_superposition: reset beginning of the curve at IT|

o
—{end Toop on the curves)

yes

NSUP£0 )
yes —
JGRID=0) (‘more than 10 superpositions)

N

, |
fgrid pointsje<every 10 lines
| [resetNOVER to 0}

—>/print a superposition 1ine/
—

rint lin

NSUP=NSUP+1}=

l yes
{need a superposition)—-————-b(:)
L
{end loop on the lineé)——————*>(j>
]

=0 |
(_return)
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." Program GENERF.

Function : genération of the map of the far wake
Entry - : GENERF
Argument - : none

Parameter used : none
Input ! none
0utpdt' : on unit (6), which specifies a printer :

- array ETA of the locations of the control points.

- arrays WX, WY, WZ : map of -the far wake.

. On unit (8) : ( sequential file ) map of.the far Qake.
Although cbmpiled a§ a subroutine, GENERF 1is'a complitely independent
pﬁogram. This program first computes a sét'of.cantrol points, ( array ETA )
and then, the velocities induced by-a unit semi-infinite cylinder at fhese
points. A1l the values are printéd ( for control ) and written on a
sequential file. | | |
A11 these values compose the map of the far wake ( semi-infinite cyiinder ).
Using this map, the velocities induced at any pdint in space by a |
semi-infinite cylinder can be obtained rapidly by'interpo]afion in the
arrays WX, WY, WZ. | |
One can fefer to the appeﬁdix B for the notations and the detérmination
of the formulas. |

&
The array element WX(I,J) contains the value W (Q,,E) ‘

,sz](

where n = ETA(I) and ¢ = - ETA(QJ)
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WY(I,d) the value | -V\/Y. QJ) S)
PEG
WZ(1,d) the value W; (“L) S)
| b

A1l the values are computed with a relative precision of 10’4. The division

by 2r is done in GENERF to avoid it in INDVEL.

Cho1ce of the control points

The map extends from 0. to approx1mate1y 20 in n direction, and from

0 to 200 in % direction. _ ’

To limit the size of the map, while keeping~en6ugh accuracy, a variable
mesh size was needed ( small mesh size for ihe small values of n and g,
where the velocities are large and vary rapidly, large mesh size for the
lérge values of n and ¢ ), and the number of'po{nts in ¢ direction limited
to 40. To locate easily the points in tﬁe map during its use, a rational
fraction was choosen.

A ve1oc1ty component at a point of coordinates { n,z ) can be interpolated

between the four arrays elements (I,J) (I+ ,J), (1,041) and (I#1 ,J+1)
a@+b@+4
CfLi “+ lorb-f‘l
has been used for the n and g directions )

where 1 :.integer part °f'[ } ( an identical formulation
The formulation satisfies : I =1 for n = 0
To ‘evaluate the coefficients a,b,c,d ( constants ( AA, BB, CC, DD in the
program ), four equations are needed. |
They are : I = -2 for n =-{1 ( mesh size of .1 around n = o ).
I =20 for n = 15 ( the middle Qf the map corresponds approximatly
| to 200 ).



1 =39 forn =190 (‘ mesh size of 1_'.0.1a-r'bu.nd n = 200 )
I = 40 for n = 200 ( maximum value of n ). |
This represent a system of 4 Tinear equations with 4 uh'knowns..
We arrive at  a = 5.12160 1072 |
b = 11.0501
¢ = 6.76976 107
d = .527592

The formulation can be inverted and the position. o.f the control point_
ETA(1) is given by : N g
. ~(ixd-b)- V(Lnd b) (LVC—“)(C‘i)'
(()(L) =
&(ixec -a)

As the range in n is smaller than the range in ; ‘the map is 11m1ted

to 22 elements (ETA(22) = 20) in this d1rect1on. |




SEVI-RIGID WAKE ANALYSIS OF THE WIND TURBINE

ROTOR OATA

2BLADES

THET
ALPH
GAMM

LIP
TLIP
FLIP

op
Tup
Fubp

™
P

0.2259

-0.00690739.

0.02C06721
-0.06183186
0.26844587

0174297224
v.034904653
0.13939261
0.01813244

0.00450493
0.00443667

=0.000/8124

0.00010141
C.000C1759
0.09009387

0.00645425
-0.00068136

19,2750

=-0.003543359
-0e01347884

~0.05353374 "

0.29¢94074

0.17661262

0.23470628

0.14170599
0.02173465

V00636690 .
0.00626792 .

«0.00111805
" 0400914331

0.000¢02518
0.00016}08.

6.00629307

~0.000977517

CT = 0.53107€ 00
CP =-0,16958E 0O
LT & 0.0655LFE=02
LP =-0.,13632E£-03

CT/CP=~0s31316€ 01

0.4000
0.00342347

. D«00846278

~0.04729566
0.41253263

0.14033478
0.034700u58
"U.10242816
0.022717191

0.00939415

0.00930180
~0.001314G0

0.000220¢3
0.000603086
0.00021846

© 003933200
-0.001G0955¢4

THETAO 0.035 RAD

¥us 0.105

CU= 0.01G0¢ O.S50%ALPHA®S2
STALL ANGLE= 0.200 '

H
.

0.6000

.0.01243281

0.00532218 .

-0.06426629
0.60833764

0.09999341
0.03490658
0.065080678
0.02073109

0.01261150
.0.01254850
-0.00125497

0.00037371
0.0G003731
1 0.00037184

. 0.01258581.

-N.00088713

0.75C0

0.01912123.

0.00405711
=0.04242026
0.75663126

0.06280218

0.03490658
0.047895690-

0.01897424

0.01435651
G.0143C732
«0.00116739

0.00n53178
0.00004394d
0400952996

0.01435130
=0.000065743

0.8500

0.02389324
0.00347845
=-0.04172742
0.85579538

0.07400113
0.03420658
0.03909455
0.01751745

0.01492135
0.01495032
~0.00110836

0.00065694
0.00004857
0.00065514

" 0.01499883

-0.00045322 -

Table 1:

0.9250

0.02721006 -

0.00235051
~0.04277101
0.92980069

0.06699568
0.03430658
0.03208910
0.01562183

0.01452519
0.01449260
=0.00077240

0.00075751°

8.00C05071

0.00075581"

0.01454331
-0.00021659

0.9750 -

0.02813129 -

0.00293975
=0.04695357
097960007

0.05928959

0.03490658 .

0.02438301

0.01250G606 -

"0.01225094%
0.01222941
=0.00072533

0.00082343
0.00004879
0.00082198

0.01227820
0.00009605

Case number I

89¢



FREE WAKE ANALYSIS OF THE WIND TURBINE

ROTOR CATA
2BLALES
SIGrA=0.106
THETAC 9.03%
syus 0,105

RAD

CO= 0.0100¢ 0.50¢ALPHA®®2

CT/CP=~0,3CE42E O

STALL ANGLE= 0.200
. ETA 0.2250 ' 042750 04000 0.6000 0.7500 0.8500
WXC  =0.00443090 =0.00219909 0.0048320]1 0.01381350  0.01965054 0.02318192
hYC 0.01874966 0.01455439 0.00916151 0.00590643 0.00452592 - 0.00394162
WLC  =0.05799785  =0.05306780 =0.04755623 =0.04424042 =0.06200734 =-0.04106887
U 0.24823793 0.296417145  0.41317439  9.60894507 0.75715029 0.85633123
GHC 0.0202¢196  ©.0z1946v¥3  0.0226235¢  0.02073622 0.01918189 0.01785360
: LAk 9.19049133  0.177398U3  0.13948691  0.09994459  0,08329314  0.07472640
ALP 0.15558475 0.14249140 0.10458026 0.00503797 0.04838656 - 0.03981982
The U.03470658  (.03490658  0.0349C658  0.03490658 ~ 0,03490658  0.03490658
LIP 0.G0521990 0.00645616  0.00934762 0.01262722  0.01452357  0.01524859
TLIP  U.D0472903  G.0G635463  0.00725603  0.01256420 0.01447322  0.01524592
FLIP  =0.00095047 =Ced0L113931 =0.09129965 =C.00125992 =0.00120831 =0.6G114140
o 0.00011357  0.20014532  0.CC022995  0.00037435  0.00753364  0.00065951
TOP 0-07002149  U.UCOC2564  0.00003059  0.00003735  0.0GJ0444D  0.20004924
Fup S.39011145  U.0C914334  0.0)021791  0.00037249  0.000531T9  0.00665767
T C.0M495058 0.00038048 0.00928742 0.0126GL55 0.01451762 0.01529516
Fo -0.00Cu3902 =0.00099627 =-0.001C8173 =0.00084744 <0.00067653 =0.00348373
CT = 0.535108 9O
CP ==(.17447% 0O
LT = 0.59326E~52
LP =-0.20197C-C3
Table 2:

0.9250
0.025€1358
0.C0394605

-0.04255347

0.93104219

. 001570423

0.06712192
- 0.03221534
0.03430658

0.01462130
0.01458637
-0.C0C98067
0.02075983

0.00C050906-

0.33075812

0.01463934 -

=0.00922256

0.9750

0.02651423 -

000413144
-0.04509711

0.98096198
0.01345506

0.06110344
0.02619686
0.03490658

0.01312890
0.01317427
~0.€0080600
0.00082939
0.060005065
0.00082785
0.C1322491
0.00002185

Case number 1

692



ETA
®X

WY
Wl

T LAM
THEY
ALPH
GAMM

LIP.
TLIP
FLIP

opP
TCP

FCP -

TP
FP

" 042250

=0.00574285
0.02258815

-0.08429509
0.2¢¢604648

" 0.26425716

c.C

0.26425716¢
0.02794320

€.00745654
0.0C719779
-0.00194759

0.00C22586
0.00008511
0.00031454

‘0.00728281
-0,00163305

0.2750"

C.CCCo23Ce
C.C18571¢60
~0.04458468
C.213294¢5

0.25674234 -

0.0
€.25674334
0.0228C705

0.01027827

0.00963114.

-0.€03589%2

-€eCCC6B405
0.€2023809

- €.C00¢€4058

€.(C587CC3

=Q0.CC294844

CT = C,54229E (€O
cP 3-0,21873E €O
LT = 0,12887€-C1
LP =2-0,7988¢E-C3

CT/CP=-0,.24843E 01

'SEMI-RIGID WAKE ANALYSIS CF THE WIND TURBINE

2BLADES
SICMA=0,106

THETAQ 0.3 RAD

0.4000

0.00762311
C.0154785Q
-0.07105494
0.42367351

0.157CC2¢€0
0.0 :
C.197C0360
C.0427C0€7

' 0.013851490
€.01815617
-C.C026229¢

C.C0043984

€.CCCOE6CY .

€.CC043133

0.01824286
«C.C02192¢€2

MU= 0.154

CD= 0.0100¢ 0.50%ALPHA®®2
STALL ANGLE= 0.200

0.6000

0.01891254
€.C1C0S5170

=0.06906837

0.61597538

0.12824268
0.0
0.13834298

C.C44E17417

0.02748326

0.02722068
~0.6G275CCC

0.00061874
0.03008533
€.C0061283

0.02730601
«C.002117717

. 07500

0.02755733
€C.CN8CTOEG
-0.07017535
0.76259786

€.11012¢59
0.0
0.11012059

C.C4396921
0.03353083.

0.03332773,

-C. 00368497,
0.02077845

0.00008555
0.00077373

0.03341328

.=+ 00291124

0.8500
. 0.03296589

0.00727961
-=0.07231032

0.86106586

0.09377313
0.0

0.09377313
0.04227653

0.03640288

0.03626294
~0.00340861

0.00C88949
0.00008329
0.C0C88558

0.03632623.

-0.00252303

Table 3:

,

0.9250

0.03586733

0.00739536 -

=0.08100C39
0.93453950

0.07812935
0.0
0.07812935

0.03822932°

0.03572680
0.03561782

=0.00278847 .

0.00094591
0.00007414

0.00094701 -

0.03569195

~0.00184146

09750

0.03685402
0.01081716
«0.09549427
0.98749435

0.05941479

c.0
0.05941479
0.03071947

C.03033530.
0.03028177

-0.C0180130

0.00095602.

'0.000056177
0.00095434

0.03033853
-0.60084697

Case number (-

0L



ETA

WXC

WyC. .

wic

U
. GiC

LAy
_ALP
ThE

LipP
TLIP
FLIP
opr
TuP
FubP
TP
FP

0.2259

=0«0C160373

" 0.03319C27
-C.06412143

0.273330678

0.02862897 -

63348996
0.334938996
0.9

0.0n7820653
Ve00739140

~0.CI257305°

Q.00C4 7402
V.0GN15584%
0.€00447067
04207549732

" =0.00212%35

0.2750

-0.00076856
0.02572441\
=0.05814109

0:3156327¢6
0.03305141

0.30857754
G.30657754
°$O .

¥.01043226
0.NU993951

=y ed0316832.

Ve.J0v56128
C.unul7046
0.N3253477
0.91016997
«0,U0263355

CT = (.55T27E Q0
CP ==(,22877 40
LT = QelV216E-QL
LP =2-0.B3553E~03

CT/CP==0a24359E 01

_ FREE HAKE ANALYSIS OF THE WIND TURBINE -

0.4000

0.00449574 -

0.017105670

-0.06563%80.

0.42636349-

| 0.04464728

0.208763606
0.20876366
o.o

0.01903598

0401862267
-0.00394522
0,00063367
0.00G13120
0.0C001732
0.G1875307
~5,00332559

ROTOR CATA

2BLADES

SIGrA=20.106
THETAO 0.0

MU= Q.154

RAD

CD= 0.01C0+ 0.50¢ALPHA®®2
STALL ANGLE= .0.200 -,

0.6000

0.01472700 -

0.01243965
-0.06680399

0.61861557
0.0458C674

0.14142430

0.14142430

0.0 _

. 0.02833676

0.02805385
=N.00399416
0.000637892
0.0G008590
0.00063143
0.02814375
-0.0G336273

0.75C0
0.02288925

0.01033473"

-0.06888652

0.76508319

0.064465628

. 0.11147803
0.11147203.

O.C

 0.03416577

0.03395369
-3.00380085
c.00079087
0,00008798
0.00078595
0.034n41617
-G.00301489

0.8500

0.02830830

0.00968996
~0.07252163

0.86354226
0.04272413

0.0944%4106

0.09443416

0.0

0.036089409 -

0.03672950
-0.00348109
- 0.,00089883

0.00008481

0.00083482

0.03681430 °

~0.00258627

1 0.9250
0.03429672

-~ 0.01102869 . .

-0.08130354

0.93é84701
0.03810C63

0.07750911
0.07750911
o.o

0.03577066
0.03566327
~0.00276978
0.C0095514
“0.00007396
0.03095227
0.03573722
«0.0018175)

1 0:9750

0.03532047 -
0.01260881-

-0.09130532

0.98959661

0.03284776

006339622
0.06339622
0.0

0.03252603

0.03244C73
~0.00205938
0.00098005
0-.00006209
0.00097808
0.03250282
~0.00108130

4

o Table 4: 'Casé“nﬁhberRZ-"'

LLe




ETA

wXc
wWYC
‘w2

v
GMC

LaM .
ALP
THE

LIP
TLIP
FLIP
ce
TOP
FCP
TP
FP

0.2250

-0.00128327 -

0.02295487
=0.06229305

0.27377146
0.028¢66835

0.34158003

0.30667341

0.03490658

0.00784€58
0.00739513
-0.00262909
0.02041861
0.0914023
0.GCC35443
0,00753536
~C.00223466

0.2750

~0.00048063
0.€2530602
-0.057115517

0.31554615
€.C3304285

0.2120¢€34¢
0.27715683
0.C349C¢5¢

 0.01042654

. €.€0992296
-0,0C320119
0.CR048462
C.00014879
0.€0346121
0.C1CC717S
-0.00273997

CT = 0.47634E OO0
CcP =-0.23044E 00
LT = 0,11297E-C1
LP =-0.841€4E~C3

CT1/7CP=s-0,20671E 01

FREE WAKE ANALYSIS CF THE WIND TURSINE

0.4600 .

0.00464309
0.01597787

-0.06C19039

0.42642438
0.04172850

0.22180¢%27 -
0.186898¢&5 -
C.03490658 -

0.01779405
0.01735812

+=0.00391453
0.0C0416€18°

0.00009155
C.€0040G558
0.017445¢€8
-0.00350855

ROTOR DATA

2BLADES
SIGMA=0.106

THETAC C.C35 RAD

MU= 0.154

CD= 0.0100+ 0.50¢ALPHA®#2
STALL ANGLE= 0.200

0.6000

0.01412700

0.01078694

dde0512a259

0.61839688
0.03954607

015704483

0.12213820

0:03490658
0.02445517

0.02415422

=0.00382479

Q.CCCESS€36 -

0.00008701

0.00054951"

0.C2424123
~0.,00327528

0.7500

0.02085144°

0.00863140
~C. 05651570

- 00766486850

0.03720105

0.12779981
0.09289318
0.03490658

0.02845391
0.02822186
~0.00362651
€.Ca069784
0.00008694
0.00069215
0.02831G80
=0.00293436

0.02470255
0.00795782

" =0,05767658

0.86334789
" 0403475937

0+11180228

- 007689565
0403490658

 0.03000943

0.02982207
=0.Q0334814

0.CC080475

0.00C08979

0.00079973

0.62991185
=0.00254841

"0.9250

0.02846504
0.006884949

©=3,06321973°
0.9382511¢ °

0.03045745

10.09690%630
©0.06199972

0.03490658 -
‘0.02857674

0.02844266
«0.00276493
0.00087456

0.00008462

0.00087046
0.02852727
«-0.00189447

0.9750

0.02873173
0.C0997379
~0.07018828 ~

 0,98853296

0.G2586811 .

*0.,08488578
10.04997919

0.0349C658

0.02557148
0.C2547941
-0.00216835
C.00091601
C.CC007766
0.00091271 -
0.025557C7
-0.00125534

Table 5: Case number 3

aLe



WX
WY
We

Lal’

CALPH
. GAMM

Lip
TLIP
FLIP

bp
T..P
F.P

L
P

ETA -

TLET'

02259

=3.02020236
L.03315381

" =0e.ub0348117

C.26840U526

T 0.27725967

0.u349uban
C.26215305
U.02810H42

C. 00754391
0007250621
~L.0J2C0347

OewlG029C0T -

0.300,8%%
Ge2)0286173

0.03733720
-0.CC17716D

0.2720

~0e0N2608%8
C.ul851357
=0e045445u1
0e3129406¢H

0.35426110
0003470058
C.313354¢7
Wed3277057

VeNlu20243
0.0036180%
=035 7oy
N.0Nu>7938
0.u0920079
Vad0.94340

0.307819.8

~0e203vl4l8

2T = Q.4T190E 00
CP =-u.22T75E 00
LT = 0.11192€-01
LP =-0.83179£-03

CI/CP== 1 20720E U1

940060

0.9°584307
0.016987¢5
~0.06159778
Va4251472v

0.21908400
. 0.03490000
"0.lo41778%
0.04099807

 0.01743029
0.617u1365
-0.0.378R23

0.00C460609
0.00000026
0.0CC39630

0.0.710191
~(.05339183

"ROTOR. DATA

- - - -

2BLACES

. SIGrA=0.106

THETAR 0.03
MU= 0,154

5 RAD

SEMI-RIGID WAKE ANALYSIS DF THE WIND TURBINE

CC= 0.0130+ C.50¢%ALPHAR®2

STALL ANGLE

0.6000

0.0152145¢6
0.00931549

-0.0573¢181

G.01692816

0.15134798
0.U3492458
0.12244135
9.G33550n7

0.L2439955
0.02409412

“-N.00382339

U.00055490
J.uC00b69S
NL0US4 8IS

002414207

’0000321535

= 0,200

0.7500

0.02207758
0.00722514
-0.05632180
0.763497959

D.12829059

0.03490650 -

© 0.09338397
0.031}3057

0.02850189
0.028267517

=0.003064649

0.000691756.

0.00208925
V.00067183

0.02835681
-0.002%5460

3.8590

0.02611104
0.00643869
-0.05768217
086183745

0.11199301
2.03490658
0.,07708639

T 003478464

3.023997871
0.02979040
-0.00335019
0.09360285
0.002CA973
0.00073782

0.027880062
-0.00255257

Table 6:

.o.9éso

0.02818136
000646924
-0.06260758

0.,93573000

0. 09779062
0.03470658
0.06288999
0.03081209

0.02883191

0.0cH869414
~0.0N28L517

0.00087394:

2.00008533
0.0C0B6YTO

0.028779467

“0.00194541

0.9750

0.72885750
0.00862528
-0.07313573
0.38721164

0038202237
0.03493658
0.06711579
0.02435348

0.02406206
0.22390121

"=0.00196977

0-00090227:
0.J0007392
0.00089924

0.22403513
-0.00107053

Case number 3

€12



ETA

WX .
WYy

LAM

THET . -

ALPH

GANMM.

R
TP
FLIP

cP .
TCP
FOP

TP
- FP

0.2250
=0.0C676415

- 0.02342030C

=L.C7539029

0.2€667226

0.28026046
C.C6581313

. 0.210547323

0.02822921

0.007€152¢
:'0.00731802
-0.0021571¢

- 0.00025552
0.0CG07I70 .-

'0.06024555
0.0C738872

0.2750

r=0.€0116885"

Cc.Cl9e0ece
=0.05058693
C.21241578

€.23722652
0.06981313
0.26751239
c.C3271562

€.C1C22C69"

" 0.CN964468
~0.0C2382¢9

C.CCC45369
0.CCC15C1e¢
€.CC042812

€.CCST79483
«C.C0292457

CT = C.35185E CC
CP ==0.,21324€ 00
LT = 0.92932€~02
LP =-C,77E8CE-C3

CT/CP=-0,1827¢E G1

SEVMI<RIGID "WAKE ANALYSIS CF THE WIND TURBINE

0.4000 .

0.00437855

0.01422713 .

+~0.05363949

Q0.42631286

0.2378204¢

.- 0.06981313

0.168C1733
C.0375C2C9

- 0.01598805
.015538C1
-C.C0376670

0.00036521
C.CCCCRECS
0.00035493

0.01562405
~C.€02411177

RCTCR DATA

2BLADES
SIGMA=0.106

THETAG 0.070

MU= C.1%4

RAD

CD= 0.0100¢ 0.50%ALPHA®S2

STALL ANGLE=

0.6C00

0.01225680
¢.CcR2%¢el
=0.04730738
0.61784506

0.17392457
0.06981313
0.10411143
C.022£7525

-0.02080856.

C.02049462
=0.00360090

0.€0049050
c.cccceqee
0.00048310

0.02057950
~C.CC2117¢0

0.200

. 0.7500

0.01776307
C+C06128¢6
-0.04393889

‘076416659

0.14454120
0.06981313
0.07472807
C.C2585899

7002284781

0.02260955
-0400329096
0.00062248
€.CC0C89¢6
0.00061555

0.02269921

=Ce 0267497

" 0.8500

0.02082472
0.00530534
-0.04355464
0.86241955

0.12e83788

0.06981213

0.05902475
0.02¢652647

0.02298561
0.02279510
-0.00295323

0.00072775
0.0C009350
0.00072172

0.02288860

- =0,00223151

Table 7:

0.9250

0.02233298
0.00508729
~C. 04506795
0.93604624

0.11644536
0.06981313
0.04663223
0.02285431

0.€2139269

0.02124782 -

«J.00248545
0.00080951
0.00309405
0.00080403

0.02134186

.=0.00168142

. 049750 -
. 0402279632

0.00647864
-0.05190121

0498702145

0.10401100
0.C6981313
0.03419787
C.01767300

0.01744362
£.01734935
-0.C0181106

0.€0285929

. 0.2€0G08921 -

0:00085464

0.01743856

.=0.00095642

Case number 4

vie.



EiA

T HXC
WYC
" WLC T

V]

Gl C
Lnk
ALP

Tné

Lip

TLlP
FLIP

v?
Tup
Fob
T
Fr

042750

0.2259

«0.0000649 000914340
0.03245122  0.02505873
~0.06002273. =0.35628279
0-27'0()7‘)90 0-3155690"
0.0267C024  w.U33P4523
0.346:38365 0.31482837
0.2770705: 024301574
3.06921513  0.06981313
LONTREL0E  C.010428CS
033739751 000991529
mG.u326T621 =0.003223086
0.7)036340  0.00441505
UeI0Nached  Ge00UL2852
GeIduCle30) NeJdCu39405
C.33052170  G.01204432
030253057 =3.d0233443

CT = 0.3J819E 00
CP ==0.21894E 00
LT = Go944365=02
LP =-0.717625-73

CT/CPa-5.14187F 0L

FREE WAKE ANALYSIS OF THE WIND TURBINE

" 04000

0.00>02454
0.01498579
-0.05274114

0.42716092
0.03791282

0.23932892
016951577
0.06981313

- 0e01619487
.0.015733217
«~0.053837C1
D.6uu37951
. GJ06C08783
0.05C 359775
0.015&2110
-0.00347305

ROTJR DATA
28LADES
SIGMA=).106

THETAQO 0.070 RAD

MU= D, 154

CU= 0,100+ 0.S500ALPHA®®2
STALL ANGLE= 0.200°

' 0.6000

0.01315366
0.00945139
-0.04671310

0.61882240
0.u3383899

N.17425311°

"0.10443997
C.069861313

0.02094032

0.02302321

~0.00363048
. 0.00049314
£.0C0GES50
0.0034L568
0.5207Ca70

=0,00314480

0.7500
0.01809516

. 0.00719507

~0.04330312
0.76526329

C.030191C6

0.14516503
0.07535189

0.n6981313

0.023103514
0.02286050
-0.00334205
0.00062652
0.90009063
0.00n61393
0.02295113
-0,00272213

0.8500

0.020463%8

0.00640C60 .

-0.06218379

0.66366928
0.02714008

0.129€3078°

0.06001765

0.G6981313

0.02344005
0.02324277
-0,00303470
0.00073353
0.000C2497
0.00972776
0.02333774
~-0,00230733

0- 9250 h
0.02237735

0.0068136C
~0.04473476

0.93819761
0.02304554

0.116727171
0.04671458
0.06981313

0.02162126
0.02147413
-0.00251807
0.00081421
0.00009482
0.000806867
0.02156896

0.9750

0.02213269
0.00747167 .
.=0.04876042

0.98807183
. 0.01908855°

0.1067101¢%
0.03683700
0.u6981313

0.01886124
0.01875375
-0.00200887
0.00086896

020009255
0.00086402

0.01884650
~0.00114485

. Table 8: Case number 4

§L¢
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TABLE - 9
INPUT FOR THE CASES 1 to 4

- Number of blades (NBLD1) = 2
- Rotor solidity (SIGMA) = .1061
~ Untwisted blades : LTWIST =0
Stall angle (ALPHAS) =.2
Drag coefficients (CDO) = .01
(coK) = .5
Root and tip vortices factor (COEFF) = .5

Rectangular elements thickness (EPS1) = .03

segment elements. core size (EPS2) = .01

Distribution of the nodes :

. a) Near wake:

o KNNVR = 9

Mva ° NTVA = 5, resulting value of NNVA : 9
n,(i): ETAN = .2, .25, .3, .5, .7, .8, .9, .95, 1.

™n

b) Intermediate wake:
"ivr : KNIVR = 6
Miva * NIVA 20
n;(i): ETAI = .2, .275, .6, .85, .95, 1.

i
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~ Pitch ang1e.(6)

. Case # 1 : THETOD = 2,
Case # 2 : THETOD = O.
Case # 3 : THETOD = 2.
Case # 4 : THETOD = 4.

- Advance ratio (u}
Case # 1 ; FMU = .105
Case # 2-ta:47i FMU =i 154 |




TABLE 10

EXPANSION OF THE WAKE

Case number 1 2 3 4
LastupOSition of
the tip vortex: R =} 1.092 1.097 1.062 1.039
Last position of
the outermost '
R=11.206" 1.129 1.193 1.189

vortex line:

The outermost vortex line originates from n(5) = .95

Azimuth for which the outermost vbrtex 1ine has a larger radial

.}position than that of the tip vortex (y)

Case number

ROLL-UP EFFECT

1

2

v ( dégrees )

110

45

60

Tas
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“inflow (u)
e (>

(- figure 1 ) system of coordinates
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: 2 3 4 i+l '
F——————“ X o x ¢ x % x € X € x ¥ x -&x‘*
! ' ' N . .
| ] 2 . 3 .l—-—f'-'lj] nnvr
' g .th -
| . ] section
L axis S

a(>0) A(>0)

1 200,

Qr=n
——p

( velocity of the blade )

( figure 3 ) sign conventionsfor the angles : g



C‘AA'a | | 28

..‘.c

1 max s - 4

dore = o= o= ow =
.

DA, |

( figure 5 ) 1ift and drag components




x % x x x "
1 n ? 3 j- .’"'] ' ~ nnCa, nncr )
nvr 7 |
) x X »
—4 4
’ x X *
element T
* 4 x x (1 ’)) . x
. radial
+ *node-(i.J) l 7 - radial
' x center . . ;
¥ x .
' (1 :j) ! i
¢ ¢
g * > » L X X3
4 ! ! ”
x x X u * % | x2
= | - .i S 1 f
P 1 x 2 . x « h| N x Moo xl
azimuthal direction

( figure 6 ) near wake definition
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1 2 3 A .4 l Nica® Mier
T= T =" — n"ivr
% X i X x ¥ *
]
v — ¢ R — ¢
) A % X X %
# ae . . ’(133) R | : 3
X X ) \(1»1) LR x X3
j
g T - 2
x x X x x X2
------ ‘
]
:::::+ — ) . — : 'Fn' N'l' 41
'] 2 3 Niva!
. . : , , : vl
o - . ' 1
x : ' X ,‘ ¥ . Ax : . .
» SR | | o e
near wake (transition wake not included) . T | l. far wake

(figure 7 ) intermediate wake definition
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X % s x X
1 | 3 LR ~ Mca® Mer -
. Om——— < = —p a"ivr
% X % F l 4 %
12 o e @
x 2 2 R ' X S 1
é ® . ’(193) ) ‘_# 3
X X W1,1) ¥ ) ) %3
¢ ¢ A ¢ 2 .
x R X i % | R2
. ]
et 15 —ar
" '2 ‘; o — 1!
: "iva:
: | )
[} i F - R -
near wake (transition wake not included) far wake

(figure 7 ) intermediate wake definition
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near wake »
.A "n B n
AL “tva A nva
' N A
R P 2 % 3 1 x * x » *
e < 4 + ot
b] 42 $3. - —o »
x1 w2 B x 4 x
] [ W . A\
VvV N
. B ! c
! , intermediate wake
| g 3
' |
1 B
I i
| _ | —azimuthal direct
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(figure 8 ) implementation of the transition wake
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(@)

( figure 10 ) strength of a rectangular element
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(begin: guéss Vﬂ\l/“)'
.

| compute Q[: -x (Wea)

compute ¥ - ‘%5(5,\/\(5.)

induced ve10¢1t1es

|Wes= §(A,%)|
. |

: no - o~ \Wa :
weight _V,V;B'X;WBZ 4—-—(\/‘.&05_ = WG'(-_)
(et We, X )

(figure 11) iterative pfocedure, case of the semi-rigid wake model‘
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(begm Weq, Gi O’L\N)

compute X %( \’ng

jnduced velocities

Wz ﬁ( (’i)

Wos §03,69] - -
T -

weight ﬂ% :A,/'L —bwi

integrate : W, = Gy

< W= We (6261 %".W"' ¢)
l - “ . v ’

Weight We‘ )WGL ' N
) T

(figure 12) iterative procedure, case of the free wake model

( direct method )



(begm X&,Ws, N ~)

<__u- Wsz. yf;e__s;;(end X (£),we(D))
weight '\I'\\I'M’\!\\I'e‘—y\u,l;;" : '
%= § (Wa)] -

X_and ‘\ﬂa are then compatible with the geometry, but the geometry
is not then compatible with«é : ‘

(figure 13) loop on the circulation




loop on the .
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induced velocities
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AI.2,= 'gCQ})

weight We Wi — W

weight . 'Ié; L1 — Lg

|
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loop on the
geometry
WB’ = g(—Is/ X )
weight 8,_/ Xg f—\!.

circulation Wez - Wu
X’-' g(wﬂ\
. weight \x.\/,ﬁi f(XQ, 1‘1)
‘We.u, ,Wc'z -bWe'.
5 /WB-L —WB.»*> '
Qs - Vo, )

( end WY, —C%W )

(figure 14) complete jteration prdcedure
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figure 15

Wake geometry for the case. 3 ( u = .154, o = 29 )
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a) physical roll-up

( figure 16 ) roll-up of the wéke

b) folding of the last section as computed
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position used in the semi-rigid wake model

real position of the wake

velocities indue\d by the bound circulation

~ first blade
inflow (u) -

( figure 17 ) deflection of the wake

second blade
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