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ABSTRACT

A recently developed free wake model of a hovering rotor iz used
in order to perform a study of the influence of different parameters
on the accuracy and efficiency of the calculations. The parameters
that will be investigated include: the spanwise and chordwise distri-
bution of cvells over the blade, the length of the near wake, the
length of the straight vortex elements of which the near wake is
assembled, the vortex core size, relaxation factors and the influence
of including & correction for the self induction in the near wake due
to the curvature of the real trailing vortex elements. This para-
metric investigation is aimed at giving future users of fTree wake
analyses guidelines on how to arrive at a numerical model which is
accuwrate and still efficient. The last part of the paper will in-
clude a free wake analvysis of a rotor having swept blades in order to
learn about the influence of the sweep back on the asrodynamic
behavior.

1. Introduction

Free wake analysis of helicopters’ rotors is a very important
tool to investigate their aerodynamic behavior. While prescribed
wake models usually give satisfactory resulis inm forward flight, this
is not true for hovering rotors. In this caszse the wake stays close
to the rotor and large distances of wake have a significant influence
on the aegrodynamic behavior. This is especially true in the case of
heavily loaded rotors where the use of prescribed wake models may
vield poor predictions of the aerodynamic behavior. References 1-5
are representative examples of free wake investigations of rotors.

A more detailed list of references may be found in Ref. 4.

While being a useful tool, free wake analyses on the other hand
are very demanding when computer resources are considered. This
includes both: computing time and memory size. The computing time
required for a converged solution of one case is wsually measured in
CFU hours. The reqguired computer resources is of course a Tunction
of the details of the model. FRefinement of the blade or the wake
description leads to a significant increase of the reguired computing
time and memory size. Therefore it is not suwrprising that aercdyna-—
micists are always tryimng to find the delicate balance between
accuracy and efficiency.

The purpose of the present paper is to present a parametric study
of the influences of different parameters (that define the numerical
madel details) on the accuracy of the results on one hand, and the
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computing time on the other. These results may assist futuwre users
of free wake analyses of rotors in deciding what will be the para-
meters they are going to use. Co

The models that have been developed in the past, by different
investigators, present many differences among themselves, This may
lead someone to wonder if a parametric study, using a certain model,
mavbe of any help to somehody who is going to use a different model.
Fortunately the answer is positive. Although there may be differ-—
ences between the models, they usually have important basic features
in common.  These common features include for example:; the lifting
surface is divided into cells in the spanwise and chordwise direc—
tions, the wake behind the blades is divided into different regions
{tnear  wake, - far wake eltc.), the accwracy of the wake description is
determined by the number of trailing vortex Tilaments behind the
blade and the lengih of the vortexr elements along these filaments —
and other common features. This paper will present a study of the
influence of the basic features which are common to most of the free
wake analyses - that have been reported previously.

The model that will be used for the present parametric study is
described in detail in Fefs. 4, T. In the next section a brief des-—
cription of the model will be presented for the readers’ conpvenience.

The parametric study will include three different rotors having
straight blades (Refs. &-8). In all cases the rotors are relatively
heavily loaded and thus presenting the region where a free wake ana-
lysis is especially important.  Moreosver, one of the cases includes a
four bladed rotor {(nost of the cases that have been reported in the
past ‘included two bladed rotors). Bince most of the modern rotors
include four or more blades — this four bladed rotor is interesting
from a-practical point of view. :

The rotors that will be anal ysed have been chosen because experi-
mental data already exist for them. This data includes in most of
the cases the spanwise distribution of the aerodynamic loads along
the blade and the geometry of the tip vortex. Thus almost a complete
comparison between theory and pxperiment will be available. This
comparison will help in assessing the guality of the theoretical
results. R '

" The present numerical model is capable of dealing with any geo-
metry. of the blade., This is very important nowadays since modern
rotors have swept tips or different nomuniform planforms of the tips.
The last part of the paper will present a fres-wake analysis aof the
influence of sweep back on the aercdynamic behavior of the blade.
This will include both: the distribution of asrodynamic loads along
the blade and the geometry of the wake.

2. ief Descripbtion of t adel and Solution Procedure

As already mentioned above, the model and solution procedure are
described inm detail in Refs. 4, 5., Here only a brief description for
the readers convenience is presented. :
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The model is based on the Vortex Lattice Method (VLMY which is
widely used in the free wake analysis of fixed wings. Each blade is
divided into cells, as shown in Fig. 1. Since the largest aerodyna-—
mic loads appear at the tip region, and since very drastic variations
of these loadz occtr there, the number of cells is usually increased
towards the tip. As can be seen in Fig. 1 this increase in the num-—
her of cells includes both: reducing the width of the cellis and in—
creasing the number of cells in the chordwise direction. The geo-
metry of the cells will be described by the blades’ cross sections
that define their left and right boundaries, and by indicating the
chordwise division of cells at gach column of cells.

The vorticity over the cell is concentrated on a horseshoe line
varter. This horseshoe is composed of a ling vortex along the cell s
guartetr- chord points and two bound trailing vortex filaments on both
sides. At the mid span of the cell, at the three guarters chord
point, a control point is located. At this point the condition of
nonpenetration of the flow (tangency to the surface of the resultant
velocity) is applied.

Trailing vortexr filaments leave the blades and form the wake.

The number of the trailing vortex filaments behind every blade is n,
where (—1) is the number of columns of cells along the blade. The
vortex filaments are numbered from left (root) teo right (tip). The
circulation of these vortex fTilaments is constant and denoted (1},
Tri2Y.., T{n f{see Fig. 1Y, fAny point along the line is defined by
ite polar coordinatess , ¥, # (see Fig. 2). The azimuthal location,
¥, is the only independent wvariable that doesn’'t change during the
sonlution procedure. The radial distance r and the axial distance z
are calculated during the solution procedure. ®,y,r and z are non-—
dimensional coordinates. The appropriate dimensional coordinates are
obtained after multiplication by the total length of the blade. This
length is equal to R (the rip radius) in the case of straight blades.

The wake is divided intc near and far wake regions. The near
wake starts at the trailing edge of all the blades and ends at a
certain azimuthal distance behind it. In Fig., 2 the jth vortex fila-
ment is shown. In the near wake region this filament is composed of
straight vortex: elements. The boundary points of these elements are
dencted (1,3, (2,3)...m{i},;3>. miji) is the last point in the near
wake region. As indicated previously, while the azimuthal location
of every point does not change during the solution procedure, the
radial and axial locations (r{i,J) and z{i,j), respectively) are
calculated during the solution procedure.

It is known that curved vortex filaments induce velocities on
themselves. A very important contribution to the self induction at a
certain point of the curved element comes from other points in the
neighborheod. This contribution disappears when the curved vortex
filaments are approximated as a chain of straight elements. There—
fore a correction is introduced in order to take account of the last
contribution. This correction is similar to the one suggested in
Ref. 9. A circular arc is fitted to every consecutive triad of
points along the trailing vortex filaments. The vortex filament seg—
ment that includes the three points is approximated as a segment of a



ring. The self induced velocity at the mid-point is obtained by sub-—
tracting from the self induced velogity of the ring the contribution
of the part of the ring that does not include the segment itself.

The far wake starts at the end of the near wake and is composed
of semi~-infinite helical vortex lines. The radius of this helix is
equal to the radial location of the last point in the near wake,
r{m{id,y3). The pitch of the helix, p(j), is determined by the axial
velocity which is induced at the last point of the vorten filament,
at the near wake region. Thus it is clear that changes in the geo—
metry of the near wake result in changes in the geometry of the far
wake. The velocity which is induced by the semi-infinite helical
vortes filaments along the blades and at all the points of the near
wake, is calculated by applvying & recently developed efficient method
which is described in detail in Ref, 10. This method is a combina-—
tion of nunerical and analytical integrations.

In order to avoid singularity problems a vortex core model is
used. Two vortex core models have been applied in Refs. 4, 5. Cne
is the classical madel of Rankine and the other is a continuous model
that has been suggested by Sullyq. It should be pointed out that be-—
sides solving the singularity problem, the vortexr core model is not
intended to present additional physical phenomena like vortex core
bur'c_stimgl1 o a non-penetration condition at the l1ifting surfacel<,

The solution procedure is presented in the block diagram shown
in Fig. 3.

First, all the data concerning the: rotor geometry, angular velo-
city, air-density, cell distribution over the blade, the length of
the near wake, number of vortex elements in the near wake, vortex
core—size, and relaxation factors is read. Then initial values of
the circulation distribution are obtained. These values may be
obtained by using other theories (for example a prescribed wake
model or a blade — element/momentum model), or using empirical data.
Similarily an initial geometry of the wake is assumed. This geometry
may consist of semi-infinite helical vortex filaments that start at
the trailing edge of the blade, or a deformed helical structure based
orn empirical data.

Now the velocities which are induced at the near wake points, by
all the elements of the flow field, are calculated. Enowing these
velocities, a hew near wake geometry is obtained by applying the
condition that the wake is force-free. After the geometry of the
near wake is updated, the geometry of the far wake is also updated
based on the conditions at the end points of the near wake.

Based on the new geometry, the boundary conditions of non—pene-
tration of the flow at the control points are applied. This yields
a system of linear equations in the circulation strength of every
cell. Soluticn of these equations yields the new vortex
distribution. .

At this stage the convergence of the solution is checked. This
check may include the vortex distribution and geometry of the wake.



It may be either an auntomatic check or interactive. If convergence
is not satisfied, a new iteration is started up by computing the
induced velocities over the near wahke.

In aorder to avoid oscillations during the iterative solution pro—
cedure, relaxration factors are applied. This means that the new geo-—
metry iz chosen at some point between thg "old" geometry and the one
which is obtained by direct application of the condition of a force—
free wake (for more delails see Refs. 4,5). After convergence, the
aeradynamic loads are calculated by applying the Eutta-Jukowski 1aw.

The parametric study will include investigation of the influence
ofz

. the length of the near wake

. the number of cells and their distribution gver the blade
. the angular length of the elements in near wake

. the vortex core size

. the relaation factor

. self induced velocities due to curvature.

-

3. Details of the Parametric Investigation

Z.1 Botors Analysed in the Investigation

As indicated above three different rotors are treated during the
investigation. The details of the rotors are given in Table 1.
These rotors are identical to those reported in Refs. 5-7, where
experimental data is also provided.

Table 1: Details of the Three Rotors

rotor No. 1 2 =
reference number b & 7
number of blades b 4 2
radius [ml 1.143Z20 .73 1.05
chord (m3 0. 1905 Q.05 0, 0762
solidity ¢ 0,106 0. 0849 O.0Q4562
aspect ratio & 13 .78
root cut out/radius NA €,.22 0.134
the pitch angle at the root 8 16.2 17.8
[degiees]

washout angle {(preftwist) ] ~8.3 —-310.7
[degrees]

coning Udegrees] N& 2.5 1.5
Cyso 0. 0433 0.0919 0,099
tip velocity [m/sec] 150 107 7b.6

The rotors will be referred to in what follows according to their

number — 1,2,3. Unlike the others, rotor 2 has fow blades, which is
the number of blades in many of the modern rotors. This rotor (No.
2) also presents a solidity typical of modern rotors while the .

]
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solidity of rotor No. 1 is relatively high and that of rotor No. 3
relatively low. The aspect ratio shows similar trends to the
solidity. The root cut out of rotor Na. 1 is not available and will
be estimated as 0.2 of the rotor radius in the calculations. Error
in this parameter should not have any important influence on the
results, Rotors 2 and 3 have a linear washout {pretwist). The
coning angle of raotor No. 1 is not available and therefore will be
taken as zero in the calculations.

The thrust coefficients are relatively high, while rotor No. 2
exhibilts the highest. The thrust coefficient of rotor 2 is calcu-—
lated by wsing the data of Ref. 13.

The tip velocity in all three cases is relatively low so that
compressibility effect are not important and can be neglected.

Fe2 The Numerical Investigation

The numerical investigation includes a total of twenty-one
numerical configurations ~ six configurations of rotor No. 1, eleven
configuwrations of rotor No. 2 and fouwr configurations of rotor Noa.
3. The :
configurations® details are given in Table 2.

Each of the numerical configurations will be referred to in what
follows according to its number as it appears in the first column.
The number of columns of cells is equal to (n—-1) where (as indicated
above) n is the number of trailing vortices behind each blade. The
present investigation includes only two different divisions into
columns of cells, The first one includes wighlt columns which are
defined by the following cross sections: x=u,., 0.4, 0.4, 0.7, 0.8,
0.853, 0.9, 0.93, 1.0 (2, is the root cut out cross section). The
second division includes twelve columns, defined by the following
cross sections: x=y,, 0.33, 0.435, 0.055, 0.465, 0.75, 0.8, 0.83, 0.9,
0.928, 0.95, 0.97%, 1.0. Each column may have a different number of
cells in the chordwise direction. In the present investigation the
chordwise division of any column is uwniform. The number of chordwise
cells runs between a single cell and up to fouwr cells. There are
fouw different kinds of distributions of cells which are denoted I,
IT, III and IV and are defined in Table 3. Configuwations I and II
have only one cell in every column (they have eight and twelve
colwnns, vrespectively)., Configurations Il and IV exhibit an
increasing number of gells per column, toward the tip.

The length of the near wake should be related to the number of
il ades. Frevious investigations have indicated as an appropriate
length an azimuthal length of two and a half times the azimuthal
distance between neighboring blades. This means a near wake length
of 4509 and 2259 for two and fouwr bladed rotors, respectively. . For
rotors No. 1 and 2 the influence of using half or twice these dis—
tances, will be investigated. :

Of prime interest is the azimuthal distance of the straight vor-—
tex elements that assemble the trailing vortices in the nesar wake '
region.’ This distance, while constant along a certain filament, may
vary from one filament to the other, In Table 4 details of the six
different combinations of elements’ length are presented.



Jable 2 — Details of the Numerical Configurations.

Config.| rotor{No. of |chord-|total |near wake | near wake|vortex | relax—|average
No. No. jcell wise No. of |length config. **| core ation |CFU
columns| div. cells |[degrees] radius | factor | time
of {4 of per

cells* rotor iter—

radius) ation

Esecls
in 1 8 111 17 450 o 0.8 0.9 210
iB 1 & IIr 17 00 o 0.8 0.9 420
ic 1 =] I1I 17 225 o .8 0.5 160
1D 1 g I 8 450 o 0.8 0.5 200
iE 1 12 I1 12 450 T 0.8 0.5 130
IF 1 8 III 17 450 o 0.8 0.8 200
2A 2 12 11 12 Z225 B 0.8 0.5 560
ZB 2 12 iv 27 225 B .8 0.5 590
2C 2 12 11 12 225 B .4 0.5 560
2D 2 12 iI 12 225 £ 1.6 [ S70
2E 2 1] 1 8 225 k| 0.8 0.5 230
2F 2 a8 1 8 112.5 ] 0.8 4.5 160
e 2 3] 1 g8 225 T 0.8 o8 240
24 2 8 1 8 450 T 0.8 S 410
21 2 12 IT 12 225 g 0.8 -1 3190
2J 2 12 I 12 225 £ Q.8 0.5 jRalele}
2K 2 12 11 12 15 B8 0.8 0.5 720
3A 3 8 I g 430 T G.8 0.5 230
3B 3 ] I a8 450 Y 1.6 [ 230
3C 3 a I =] 450 Y G.8 0.8 230
FDH e 3 8 1 8 450 Y 0.8 0.5 220

*see Table 3, *#see Table 4, #**¥without the self induction correction
+1.R.M. 30810
Table 3 — The Chordwise Distribution of Cells.
column
no. 1 | =2 3 4 5 ] 7 g 9 to 11 12
config.

1 H 1 1 1 1 1 1 1 - - - -

I1 1 1 1 i 1 1 1 ] 1 1 1 1
Il 1 1 1 2 2 3 3 4 - - - -
v 1 1 b 1 2 2 2 3 3 3 4 L)

Table 4 — The Azimuthal

Length of Vortes

Elements in the Near

Wake [degreesl,

trail-—

ing

vor tex

ne. 1 2 3 L S & 7 8 9 10 11 12 13
config.

.4 32 32 Z8 25 (22,5 20 17 |17 1&6 - - - -
B 25 25 22.5| 20 |17 17 16 | IS 15 14} 14| 13 13
T 25 22.5| 20 19 | &7 14 15| 14 13 - - - -
§ S6 56 a5 45 | 37.5| 37.5] 32| 32 28 28 | 28 | 25 25
£ 12.5]12.5] 11 10 K 8.5 <3 7.5 7.5 7 7 5.5 6.5
T 32 32 | 32 z28 [ 25 22.95| 20|19 19 17117 | 16 16




The vortex core model which will be used in the investigation is
the classical Rankine model. In most of the cases (see Table 2) the
vortex core radius is taken as 0.8% of the rotor radius. In order to
check the influence of this parameter, results of taking values of
0.4% and 1.6% will also be presented.

The relavation factor refers to the way in which the geometry of
the new wake is determined. A relaxation factor of 0.5 indicates
that the position of every point of {the near wake is taken as the
average between its "old" location and the location which is obtained
by applying the condition that the wake should be free of forces (for
more details see Refs, 4, 5. A value of 0.5 will be chosen in most
of the cases. Few cases will have a relaxation factor of 0.8 which
means that the new geometry is closer to that obtained by the free
wake condition (the contributions to the new geometry include 80% of
the geometry obtained by the free wake condition and 204 of the "old®
geometry). All the configurations, except 3D, include corrections
for self induction.

4
A

-3 The Method of Fresenting the Results

The calculations of the different configurations were carried out
until convergence of the load distribution was obtained. In all the
cases, except configurations 1B and 2Z2H (long near wake),; convergence
af the wake geometry is also achieved. The average time per itera-
tion is given in Table 2. Few improvements in the numerical proce—
dures have helped in reducing the time compared to what had been
reported in Refs. 4, 5.

The results that will be presented and discussed are of two
kinds: the aerodynamic load distribution along the blade and the
wake geometiy.

The aerodynamic leoad distribution will be given as: lift coeffi-
cient, circulation or section loading distribution. Usually the
same parameter that was measwed experimegntally, will be presented.

The wake geometry will specifically deal with the tip vortex geo-—
metry. In the calculations, in order to account for the wake ropll-
up, the “rolled-up” tip vortex location is defined as the "center of
mass” of the three outer trailing vortices. Thus the equations
describing this location are:

n "

r r.T. r z.T

- _ 3= {n—2) 4 . - - j={n—2) 1
ty n ! Ttu n

r 5rj3 I, 1

j=(n—-2) j=(n-2 4

Frus Zty are the radial and axial nondimensional coordinates of the
rolled—up tip vortex, respectively.

Usually the circulation I'y is much greater than T¢,-q) and
I'tnh—23+ Therefore the "rolled-up” tip vortex location is mainly
determined by the geometry of the nth vortex lins,



#perimental results for the tip vortes geometry exist for rotors
Nos, 1 oand 2, but not for rotor NMo. 3.

4, Resulis and Discussion of the Parametric Study

The parametric study will be presented according to the different
paramgters which are investigated. While discussing a gspecific para-
meter, resplts of different rotors will be compared. Since experi-—
mertal results of the wake geometry are not available for rotor no.
Z, in most of the cases the comparison will be restricted to rotors
nos, 1 and 2.

4.1 The Near Wake Length

The influence of the length of the near wake, in the case of
rotor no. 1, is shown in Figs. 4a,b.  The standard near wake length
{a length of two and a half spacings between blades) 15 450°% (con—
figuration 1A). It is compared with a longer near wake (200°, con-
figuration 1B) and a shorter one {22572, configuration 1C). It is
shown in Fig. 4a that the spanwise 1ift coefficient distributions of
the standard and long wake are very close. The short wake exhibits
lower lift coefficients at the inner sections of the blade and thus
shows better agreement with the experimental results.

The geometry of the tip vortex 1s shown in Fig. 4b. The standard
wake exhibits nice agreement with the experimental results. The in-
fluence of the passage of the followesr blade {(after 1BO®) is clearly
seen in the theoretical and experimental results. The short wake ex-—
hibits nice agreement in its axial position, but the contraction is
too strong. The long wake is very problematic from a numerical point
of view. Not only that each iteration requires a longer computing
time (approximately twice the standard model), but the convergence of
the wake is slow and problematic and therefore will require a large
number of iterations. The calculations of configuration 1B started
from an i1nitial cylindrical geometry. The results presented in the
figure are those of the twenty—-fifth iteration. The wavy nature of
the tip vortex location indicates that convergence has not been
reached yet, and more iterations will be required for proper
convergence.

Figures 3a,b present the influence of the near wake length on
rotor no. 2. Again, there is the standard length {(configuration 2E,
225°%), longer near wake {(configuration ZH, 450°) and a shorter one
(caonfiguration 2F, 112.5%). The spanwise distribution of the circu-
lation is presented in Fig. Sa. At the tip region the standard and
short wake practically give identical resulis, while the long wake
results are higher. At the inner sections the results of the short
and long near wakes are higher than the standard model. The shorter
near wake gives better agreement with the experiment at the inner
cross—sections, while the longer near wake agrepes better with the
experimental results throughout the whole length. It should be noted
that in the present calculations the pitch angle of the blades is
taken as the value given in the experimental data. There is no in-—
crease of the piteh angle during the calculations in order to match
the theoretical thrust coefficient with the experimental value (as
was done for example in the calculations of Ref. 13).
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The tip vortex geometry is described in Fig. Sh. The agreement
with the experimental resulis of the axial location is good for all
the configurations. The sudden increase in the axial induced velo—
citty as a result of the passage of the follower blade (at an azimuth
of ninety degrees) is clearly seen. Irn the case of the long near
wake, a much smaller influence of the passage of the second follower
blade {one hundred and eighty degrees) can also be seen. The main
difference between the configuwrations appear in the radial location
of the tip vortex. The short near wake is too short to predict the
actual contraction €recall that the radius of the last point of the
near wake becomes the radius of the semi—infinite helical vortex
line). . The standard wake seems to be the best in describing the con-—
traction. After the passage of the foliower blade the experimental
results exhibit a significant decrease in the rate of contraction and
the last points show a tendency to approach asymptotically a constant
value of contraction. The standard model presents a decrease in the
rate of contraction, similar to the experimental results, but still
the theoretical rate is larger than that shown by the experimental
points. The long near wake also shows a reduction in the contraction
rate as a result of the passage of the follower blade. But this
reduced rate is much higher than the experimental rate, and does not
show a tendency to approach asymptotically a constant value of con—
traction during the first revolution. Therefore, because of the
longer near wake, the contraction of the wake is much larger than in
the case of the other configurations. This is probably the reason
for the increase in the aeraodynamic loads (of this configuration) at
the tip region of the blade {see Fig. Sa). Similar to the case of
rotor no. 1 the long near wake has not converged yet (at the twenty—
fifth iteration) and the convergence proceduwre is slow and tends to
be unstable. The results of rotor no. 2 indicate that it is possible
that a near wake of 225° for a four bladed rotor may be too short to
vield the correct contraction. On the other hand a wake of 450°
fails to predict correctly the asymptotic approach to a constant
contraction ‘after the passage of the follower blade. In addition a
near wake of 430% is very unstable and exhibits convergence difficul-—
ties, In order to clarify this point, further numerical investiga-
tion is required together with éxperimental measurements of the tip
vortex geometry along longer distances (see additional results in the
conclusions). :

4.2 The Number of Cells in the Chordwise Direction

Figure & shows the influence of increasing the number of chord-
wise cells in the tip region, on the lift coefficient distribution
along the blades of rotor no. 1. The standard configuration (1A) has
a total of seventeen cells incrsasing from one chordwise cell at the
root region to fouwr chordwise cells at the tip. The standard con-
figuration is compared with configuration 1D having only one cell in
the rhordwise direction {over the whole length). As can be seen, the
di fferences between boith cases are negligible. The wake geometry is
not presented since practically both configurations yield identical
results. It should be noted that the blades of rotor no. 1 have a
low aspect ratio and therefore these results are not fully expected.
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Experimentsl results for the tip vortex geometry exist for rotors
Mos. 1 and 2, but not for rotor No. 3.

4., Results and Discussion of the Parametric Study

The parametric study will be presented according to the different
parameters which are investigated. While discussing a specific para-—
meter, results of different rotors will be compared. Since experi-—
mental results of the wake geometry are not available for rotor no.
Z, in most of the cases thg comparison will be restricted to rotors
nos. 1 and 2.

4.1 The Near Wake Lsngth

The influence of the length of the near wake, in the case of
rotor no. 1, is shown in Figs. 4a,b. The standard near wake length
{a length of two and a half spacings between blades) is 4509 (con-
figuwation 1A). It is compared with a longer near wake (F00°%, con-
figwation 1B) and a shorter one (225°, configuration 10). It is
shown in Fig. 4a that the spanwise lift coefficient distributions of
the standard and long wake are very close. The short wake exhibits
lower l1ift coefficients at the inner sections of the blade and thus
shows better agreement with the experimental results.

The geometry of the tip vortex is shown in Fig. 4b. The standard
wake exhibits nice agreement with the experimental results. The in—
fluence of the passage of the follower blade {(after 180°) i1is clearly
seen in the theoretical and experimental results. The short wake ex—
hibits nice agreement in its axial position, but the contraction is
too strong. The long wake is very problematic from a numerical point
of view. Not only that each iteration requires a longer computing
time {approximately twice the standard model}, but the convergence of
the wake is slow and problematic and therefore will require a large
number of iterations. The calculations of configuration 1B started
from an initial cylindrical geometry. The results presented in the
figure are those of the twenty-fifth iteration. The wavy nature of
the tip vortex location indicates that convergence has not been
reached vet, and more iterations will be required for proper
convergence.

Figures Sa.b present the influence of the near wake length on
rotor no. 2. Again, there is the standard length (configuration Z2E,
22%°%), longer near wake (configuration 2ZH, 4530°) and a shorter one
(configuration 2F, 112.5%). The spanwise distribution of the circu—
lation is presented in Fig. 9a. At the tip region the standard and
short wake practically give identical results,; while the long wake
results are higher. At the inner sections the results of the short
and long near wakes are higher than the standard model. The shorter
near wake gives better agreement with the sxperiment at the inner
cross—sections, while the longer near wake agrees better with the
experimental results throughout the whole length. It should be noted
that in the present calculations the pitch angle of the blades is
taken as the value given in the experimental data. There is no in—
crease of the pitch angle during the calculations in order to match
the theoretical thrust coefficient with the experimental value f{as
was done for example in the calculations of Ref. 13).



The tip vortex geometry is described in Fig. Sb. The agreement
with the experimental results of the axial location is good for all
the configurations., The sudden increase in the axial induced velo—
city as a result of the passage of the follower blade (at an azimuth
of ninety degrees) is clearly seen. In the case of the long near
wake, a much smaller influence of the passage of the second follower
biade (one hundred and eigbhty degiees) can also be seen. The main
difference between the configurations appear in the radial location
of the tip vortex. The short near wake is too short to predict the
actual contraction (recall that the radius of the last point of the
near wake becomes the radius of the semi—-infinite helical voartex
line). The standard wake seems to be the best in describing the con—
traction. After the passage of the follower blade the ewperimental
results exhibit a significant decrease in the rate of contraction and
the last points show a tendency to approach asymptotically a constant
value of contraction. The standard model presents a decrease in the
rate of contraction, similar to the experimental results, but still
the theoretical rate is larger than that shown by the experimental
points. The long near wake alzso shows a reduction in the contraction
rate as a rasult of the passage of the follower blade. But this
rethiced rate is much higher than the experimental rate, and does not
show a tendency to approach asymptotically a constant value of con-
traction during the first revolution. Therefore, because of the
longer near wake, the contraction of the wake is much larger than in
the case of the other configurations. This is probably the reason
for the increase in the asradynamic loads (of this configuration) at
the tip region of the blade (see Fig. Sa). Similar to the case of
rotor ne. 1 the long near wake has not converged yet (at the twenty-—
fifth iteration) and the convergence procedure is slow and tends to
be unstable. The results of rotor no. 2 indicate that it is possible
that a near wake of 228°% for a four bladed rotor may be toco shart to
vield the correct contraction. On the other hand a wake of 450°
fails to predict correctly the asymptotic approach to a constant
contraction after the passage of the follower blade. In addition a
near wake of 430° ig very unstable and exhibits convergence difficul-—
ties. In order to clarify this point, further numerical investiga-
tion is required together with éxperimental measuwrements of the tip
vortex geocmetry along longer distances (see additional results in the
conclusionsd.

4.2 The Number of Cells in the Chordwise Direction

Figure & shows the influence of increasing the number of chord-
wise cells in the tip region, on the 1ift coefficient distribution
alonyg the blades of rotor no. 1. The standard configuration (1A) has
a total of seventeen cells increasing from one chordwise cell at the
root region to fouwr chordwise cells at the tip., The standard con-
Figuration is compared with configuration 1D having only one cell in
the chordwise direction {(over the whole length). As can be seen, the
differences between both cases are megligible. The wake geometry is
not presented since practically both configurations yield identical
resul ts. It should be noted that the blades of rotor no. 1 have a
low aspect ratio and therefore these results are not fully expected.

2210



Similar results are shown in Fig. 7 for rotor no. 2. The
standard configuwration 24 (with a single chordwise cell) is compared
with configuration 2B having a total of twesnty-seven cells. Only
negligible differences appear at the tip region. Again the tip
vortex geometry is identical in both cases and is not presented here.

In Fig. 8 the build up of the circulation, in the last column of
cells of configuration 2R, is compared with the constant circulation
of configuration 2A. As expected from Fig. 7 the value of the cir-
culation leaving the trailing edge is practically identical in both
Ccases,

Ae shown in Table 2, increasing the number of chordwise cells
results in an insignificant increase of the average CPU time per
iteration.  This is due to the fact that the calculation of the new
wake geometry (which consumes most of the computing time) is only
very slightly influenced by an increase in the number of cells.

On the other hand it has been found in different cases that
increasing the chordwise number of cells tends to stabilize the

convergence procedure.

4.3 The Shanwise Distribution of Columns of Cells

The spanwise distribution of columns of cells is important since
it not only affects the accuracy of modelling the lifting surfaces,
but 1t also determines the number of trailing vortex filaments.
While investigating this point, configurations that include eight
and twelve columns will be ¢ompared. The increase of "columns
density” occurs mainly at the tip region.

In the case of rotor no, 1 configuration 1D includes eight
columns while configuration 1E has twelve columns. Figure a shows
that as a result of increasing the number of columns the 1ift
coefficient is decreased, especially towards the root region. As a
result the agreement with the experimental results is improved.

As shown in Fig. @b the axial location of the tip vortex is only
very slightly changed as a result of increasing the number of
columns. The contraction on the other hand is decreased and the
agreement with the eiperimental results is improved.

Similar trends also appear in the case of rotor no. 2. Figure
1da shows that azs a result of increasing the number of columns, the
circulation at the inner cross—sections is decreased and the peak at
the tip becomes more pronounced. Concerning the tip vortex geometry,
the configuration with twelve columns (2A) exhibits very nice
agreement with the superimental results, while the configuration
having only eight columns (2E) shows greater deviations.

The results of both rotors indicate that having twelve columns
of cells seems to give good results. But at the same time the CPU
time per iteration is inecreased significantly compared to eight
columns.



4.4 The Azimuthal Length of the Vortexr Elements Composing the Near
Wake

The azimuthal length of the elements in the near wake is con-—
sidered as a very important parameter. Since small elements require
a lot of computing time (see Table 2} the investigation will include
only rotor no. 2. For the case of thirteen trailing vortex lines
behind every blade, and a negar wake length of 2235°, thiee different
configurations are compared. Configuration 2A is the standard one,
having elements ranging from an azimuthal length of 2% at the root
tg 139 at the tip. Configuration 2T presents a cparser near wake
wheire the length ranges betwesen 509 and 26%. Configuration 2J
includes the largest number of elements in the near wake, the length
af which ranges between 12.5° and &6.35°.

Figure 11a presents the circulation distribution. Configurations
26 and 21 show similar behaviour where the coarser near wake (21D
exhibits slightly higher peak at the tip, and a lower minimum at the
0.8% spanwise station., Confiquration 2J shows the smallest peak at
the tip, and from the tip to the root (unlike the other configura-—
tions) there is a smooth decrease. It should be noted that this
smooth decrease is in contrast to the sxuperimental results that
exhibit an increase in the circulation while going from cross—
section 0.8 towards cross—section 0.75. This trend is also shown
in the numerical results of configurations 28 and 21.

The tip vortex geometry is presented in Fig. 1ib. Concerning the
axial location, configurations 2A and 21 agree very well between
themselves and with the experimental results. Configuration 2J
erhibits a larger axial velocity of the tip vortex. Concerning the
radial location of the tip vortex the trends are different. In this
case configurations 24 and 2J show nice agreement between themselves
and with the experimental results. The coarse near wake (configura-
tion 2I) vyields a rate of contraction which is too large towards the
end of the neatr wake. Thus it can be concluded that the standard
near wake yields the best results concerning the tip vortex geometry.

It is &also worth pointing out that configuration 23, besides re—
quiring a lot of compulting time per iteration, also exhibits conver-—

gence and stability problems which makes i1t unattractive to use.

4.5 The Vorteyx Core Radius

Figure 12 presents the influence of the vortex core radius on the
spanwise circulation distribution, in the investigation of rotor no.
2. The standard configuration (2A) has a core radius of 0.8 percent
of the rotor radius. Configuration 2C has a smaller core with a
radius of 0.4 percent, while configuwation 2D has a core radius of
1.6 percent of the rotor radius. It should be noted that all the
vortex filaments, bound and free, have the same vortex core size.

The configwations having the standard core and the smaller one
vield identical results. The configuwation having the larger core
(2D) gives higher circulation values at the tip region. The reason
for this increase is that in this case the control points of the
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cells at the tip are within the core region. Therefore the induced
velocities at these lehtﬁ are decreas ed, causing an increase of the
aerodynamic loads.

The tip vortex geoMetry is identical for the three configurations
and therefore not presented here.

Similar results have also been obtained for rotor no. 3
{configurations 3A,3B).

The present results indicate that if a vortex core model is used
in order to avoid singularity problems {(and not to model physical
phenomena as, for example, vortex buwsting), then one shouwld keep the
core radius small enough in order to prevent influences of the core
size on the results. 0On the other hand a toc small radius may cause
difficulties during the calculations.

4.6 The Relaxation Factor

As indicated above, the relaxation factor is introduced in order
to avoid instabilities during the iterative sclution procedure, In
order to investigate the influence of the magnitude of the relaxa—
tion factor, results for twe values (0.5 and 0.3} will be presented.

Figure 13 presents the variation of the thrust coefficient with
the iteration number, for rotor no. 2. Configuration 2E incorporates
a relaxation factor of 0.5 while in configuration 26 the factor is
0.8. The initial wake geometry in all the present Lalculatlan is
aamposed of semi-infinite heliLal vortex 11nes.

The case of using a higher relaxation factor exhibits a faster
asymptotic convergence towards a value which is practically constant.
After a small overshoot the tenth iteration presents in fact a con-
verged solution. The convergence is much’ slower when a relaxation
factor. of 0.5 is used. Although the results in thlE_LaEE prractically
converge to the same value as ip configuration 26, they still show
small oscillations after twenty—five iterations. As expected from
the results of the spanwise dis trlbutlon of loads, the value of the
calculated thrust coefficient is lower than the emperlmental result
{see the comment in subsection 4. 1.

Figure 14 presents results for rotor no. . In this case the
trends are completely different. Use of a relaxation factor of 0.5
exhibits a relatively nice convergence. From the second to the
seventeenth iteration there is a very slow monctonic increase of the
thrust coefficient. From the eighteenth to the twenty—third itera-
tion there is a faster rate of increase, and then the calculated
values remain almost constant and agree very well with the experi-
mental value. Using & relaxation factor of 0.8 exhibits an
increasing instability without a satisfactory convergence.

In Fig. 15 results for rotor no. 1 are presented. The trends
are similar to the case of rotor no. 3. While the use of a relaxa—
tion factor of 0.5 shows relatively nice convergence, increasing
instability is presented while applying a relaxation factor of 0.8.
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The difference in the behavior while using a relaxation factor of
0.8, betwen rotor no. 2 and rotors nos. 1 and 3, may be a result of
the differences in the near wake length. In the case of rotor no. 2
this length 1s 2250° while in the two other cases it is 450¢. This is
also related to the number of blades. Fuwrther investigation is
necessary in order to obtain a better insight into the nature of the
influence of the relaxzation factor. In the meantime it seems that a
value of 0.5 is appropriate in most of the cases. Higher values of
relatation factors may give faster convergence, but they shouwld be
used with caution.

4.7 Correction for Self Induction

The correction has been explained in the previous section. In
Fig. 16 results for rotor no. 3, with (configuration 3A) and without
{(configuwation 3D} self induction correction, are presented.

Figure léa presents the spanwise circulation distribution. It is
zeen that the influence of the self induction is very small and prac-
‘tically negligible. The theoretical results agree very well with the
experimental results.

The tip vortex geomeltry of both configuwrations is presented in
Fig. 16b. Again the differences are very small.

i The Influence of Sweep Rack

As indicated above the present model can deal with lifiing
surfaces having any planform. This capability will be used in order
to investigate sweep influences,. This investigation will include a
comparison between a swept blade and a similar straight blade.

Rotor no. 3 is the basic rotor having straight blades. The swept
blades are obtained (see Fig. 17a) by "cutting"” the outer thirty per—
cent of the blade and swesping them back by 30°%, relative to the
other seventy percent. The planform of the swept part is identical
to the same part of the straight blade {(excluding for the sweep)
except for the tip which 1s parallel to the y axis (the area of the
straight and swept blade are identical). It is clear that cross—
sections perpendicular to the axis of the swept poition will "see" a
different flow field, even when induced velocities are not considered.
Therefore in order to try and compare two rotors which are "similar
to the maximum", the pitch angle of the cross—-sections of the swept
portion (the angle is measured about the swept axis) is changed.

This angle is obtained by multiplying the pitch angle of the same
cross-section of the straight blade by the factor f defined as:

i s5inY 1 JE
(P-FS) sinA cos (A—-T1)

fo=1

where

(P“PS)Slhﬂ

-3
i

arc tg ,vS+ { p—ys) cosi



f is a nondimensional coordinate along the blade axis, equal to rerco
at the root arm unit at the tip. fe is the coordinate of the cross-—
gsection where the sweep back takes place and A the sweep angle there.
It has been shown in Ref. 14 that based on a blade element theory,
assuming identical induced velocity and neglecting small terms, both
rotors will give identical aerodynamic loads. The division into
cells is identical to the straight blade {(configuwation 3A) and shown
in Fig. 17a as configuation SWi. '

Az can be seen from the circulation distribution along the blade
fFig. 17a), the load at the tip region is similar in both cases.  On
the other . hand, at the sweep back region there is a significant in—
fluence which . indicates that s a result of a sweep a trailing vortex
filament appears which is much stronger than the trailing vortex
leaving the same region of the straight blade.  Hecause of this beha-—
vior it seems that at the sweep back region, a refinement of division
of cells is desired. Configuration SW2 presents such a refinement
{(see Fig. 17a). It is seen that as & result of this refinement,
shape change of the circulation at the sweep point is esbtained. The
intensity of the trailing vortex filament at this goint is thirty
percent of the strong tip vortex. Investigation of the wake (not
seen here) reveals a roll-up phenomenon associated with this fila-
ment, similar to what happens in the case of the tip vortex.

The geometry of the tip vortex in the case of the three configu-
rations is shown in Fig. 17b. The axial location is very similar in
all the cases. There are some differences in the radial location.
The decrease in the initial point is due to the fact that the radial
location is normalized by the length of the blade (from rotor center
to tip). In the case of the swept blade the length is larger than
the radius of. the tip. Besides these geometrical differences, it
can be concluded that the radial location of the tip vorter is also
similar in all :the cases.

The present results indicate that sweep back introduces interest-
ing phenomena in the aerodynamic behaviour of blades. Further inves—
tigation is required in order to get better insight into this
influence. :

&. Conclusions

' Based on the parametriﬁ investigation presented in this paper,
the following conclusions are dirawn:

- Near wake length - for a two-bladed rotor a near. wake length of
450° is appropriate. This length requires long computing time
and tends to instability if appropriate relaxation factors are
not applied.. For a fouw-bladed rotor a near wake of 2259 (or
slightly longer) seems to give fair results. It has been shown
that taking very long near wake increases the computing time
significantly and introduces convergence difficulties.

- Numbier of cells in the chordwise direction - increasing the
number of cells in the chordwise direction does not seem to
change the resulis. On the other hand such an increase may
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introduce better stability of the iterative computing
procedure. Increasing the number of chardwise cells has only a
mild influence on the reguired computing time.

- The spanwise distribution of columns of cells - twelve columns
wf cells, with increased number of columns at the tip region,
seems to give good results for two— and fouw-bladed rotors. On
the other hand it reguires much more computing time compared to
wight columns that offer results which in certain cases may be
of sufficient guality.

- The azimuthal length of the vortex element of the near wake — a
near wake composed of vortex elements ranging from an azimuthal
length of 25° at the root to 13° at the tip, gives good resulis
for two— and four—bladed rotors. '

- The radius of the vortex: core — in cases where the vorlex core
is introduced in order to avoid singularity problems, if it is
kept small enough then it does not have influence on the results
themsel ves. ' '

- The relaxation factor — the relaxation factor is very important
to the stability of the iterative procedure. A relaxation
factor of 0.5 seems to be appropriate for a wide range of
configurations. Higher relaration factors may accelerate the
convergence procedure, but on the other hand, they may cause
instability of the iterative procedure. Therefore the use of
higher relaxation factors reqguires special caution. The
question of the optimal combination of relaxation factors (one
may apply different relaxation factors to different parameters)
still remains open and requires further investigation.

- Correction for self induction -~ has only a negligible influence
an the resultics.

- Sweep back — as a result of sweep back of part of the blade, a
relatively strong trailing vortex filament is formed at the
sweep back region and the aerodynamic loads at this region are
significantly changed, relative to a similar straight blade. A
further investigation is reguired in order to get a better
insight into the influences of sweep back.

The present study offers guidelines on how to choose a proper
configuration for a free wake analysis of a certain rotor. Thus,
for example, configuration no. 1E seems to be a good choice for a
two-bladed rotor (see Figs. Fa,bl. Fuor a fouwr-—-bladed rotar, configu-—
ration 2/ geems appropriate. But baszed on the results of the present
study, examination of a longer near wake is appealing. Thus configu-
ration 2K has been calculated. The results are shown in Figs. 18a,b.
As can be seen the longer near wake {Z137) presents an improvement in
the agreement with the experimental results. It is still up to the
usaer to decide if the slight increase in the gquality of the results
are warth the large increase in CPU time. By sxamining the present
results the aerodynamist has important information which helps him
to find the delicate balance bestween accurancy and efficiency.
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It is also worth mentioning, as indicated in Refs. 4,5, that the
total required computing time may be dramatically reduced by starting
the calculations from an initial wake geometry which is better than
that composed of semi—-infinite helical vortesx filaments. This ini—
tial geometry may be obtained from calculations using simpler {(and
therefore cheaper to run) configuration, or using existing empirical
data.

Acknowl edaeinent

The authors would like to thank Mrs. A. Goodman-Finto and Mrs.
E. Hirsch for typing the paper and Mrs. E. Nitzan fTor the
preparation of the figures.

Feferences

1. D.R. Clark, A.C. Leiper The Free Wake Analysis - a Methaod
for the Frediction of Helicopter
Rotor Hovering Ferformance
J. of the American Helicopter
Society (19703} 15 1) 3E-11.

2. H.F. Chou Helicopter Lifting Surface Theory
with Force Free Wake
West Virginia University Dept. of
Aerospace Eng. Ph.D. Dissertation
January 1975

. L. Morino, Z. Kaprielian, Free Wake finalysis of Helicopter
S.R. Sipcic Rotors
' Faper Ng. X Ninth European
Rotourcraft Forum Stresa  Italy
September 1983

4. a. Rosen, A. Graber Free Wake Model of Hovering Rotors
Having Straight or Curved Blades
Proceedings of the International
Conference on Rotorcraft Basic
Research Research Triangle Fark
Morth Carclina February 1985

%. #. Rosen, A. Graber Free Wake Model of Hovering Rotors
Having Straight or Curved Blades
Has been accepted for publication
in the Jouwrnal of the American
Helicopter Society (condensed
versian of Ref. 47

6. F.X. EBaradonna, C. Tung Experimental and Analytical
Studies of a Model Helicopter
Rotor in Hover
Vertica (1981 5 149-161

22-17



10.

11.

12.

14,

D. Favier, M. Nsi Mba,
€. Rarbi, €. Maresca

J.D. Ballard, K.L. Orloff,

A. Luebs

M.F. Scully

A. Graber, A. Rosen

R.H. Miller

H.A. Sabert

M. Nsi Mba, C. Mevlan,
£. Maresca, D. Favier

D.'Rand and A. Rosen

A Free Walie Analysis for Hovering
Rotors and Advancing Fropellers
FPaper No. 21 Eleventh European
Rotorcraft Forum London England
September 1985

Effect of Tip Shape on Blade
Loading Characteristics and Wake
Geometry Tor a Two Elades Rotor in
Hover

J. of the American Helicopter
Society (1980) 25 30-35

Computation of Helicopter Rotor
Wake Geometry and Its Influence on
Rotor Harmonic Airloads

M.I.T. Dept. of Aeronautical Eng.
Fh.D. Dissertation February 1975

Calculating the Axial and Radial
Velocities Induced by Semi-
Infinite Helical Vortex Lines

Has been submitted for publication

Rotor Hovering Performance Using
the Method of Fast Free Wake
Analysis

Journal of Sircraft (1983 20
257261

Analytical Model of Rotor Wake
Aeradysmics in Bround Effect
NASA CR 1466533 December 1783

Radial Distribution Circulation of
a Rotor in Hover Measwred by Laser
Velocimeter

Faper No. 12 Tenth European
Rotorcraft Forum The Hague
Netherlands dAugust 1984

An Unsteady Frescribed Wake Model
of the Aerodynamic Behaviour of a
Helicopter Rotor Having Curved

Bl ades

TAE Report No. 544 Naovember 19835
See also: A. Rosen and 0. Rand

A Model of a Curved Helicopter
Blade in Forward Flight

to appear in Vertica



/—CELL BOUNDARY
H —— _~—CONTROL PQINT
.

——r—
4||_ ! T o~
—-_——— T
"
* x
IR, S
- * I - . * ). o
4 =
I B ____4_‘-' :'-.::
T I | I ~.J . bt
" 5'{2) T, . * - + X
{3} ~H s +
NIy
*
b
r[n‘
Fig. 1 — A vortex lattice model of
a blade
‘/ x

"SECTION LIFT COEFFICIENT, CE

NONDIMENSIONAL CIRCULATION, [/Q R?

g | MmOy

{@

START

READS ROTGR
DATA

INITIAL YALUES OF
THE VORTEX
DISTREBUTiON

|

!mn:m_ WALE GEDMETRY I

CALCULAIES THE
INDUCER VELDCITIES
OVER THE MNEAR WAHE

(e wné ceonerar

SOLUTICN OF THE
BE.C. EOUATIONS

NEW VYORTEX
DISTRIBUTTON

CALCULATES THE
AERODYHAMIC L0ADS

RESULTS DISFLAYED
NUMERICALLY AND/OR
GRAPHEICALLY

Fig. 3 — A bloek diagram of

T

the

Fig. 2 — A typical vortex filament solution procedure
(a
0.8
0.4
s
~ s
~ osl /
0.3 0 v
hd -’
0.5 Ve
=z -
ozl &
— 14 (450°) 2
——— 1B (300%) :
Q.1 —a— IC(225%) E 1A [430%)
©  EXPERIMENT{REF.§) o m e 18 (2007
0.0 1 1 1 3 L | ) o —_— e {228%)
0.2 0.3 04 0.5 06 07 08 05 1.0 = O exeemmeTiners)
T20.
NONDIMENSIONAL SPANWISE COORDINATE 9 %0 MG 270 360 439 oS40 G0 TRO. 810 990
VOATEX AGE (DEG)
Fig. 4 - The influence of the near—-wake length — rotor no. 1
(a} spanwise distribution of the section 1ift coefficient
(b} tip vortex geometry
{a
LOJ:
—— 2E(225%) - m%}%al
¢.03} .
——= ZH(450%) - _
—— 2E(312.5%) o o8 e
O EXPERIMENT [REF.T) L=
z ——— 24(850%)
0.02 | 2 SO aeizasn e
2 ——— 2F112.3%) 7
O g4l A0 EXPERIMENTUREET) ///
>
o -7
& -~
0.0l & -~
> 0.2 (w]
a
-
0.0l
0.00 L L 1 L 1 1 1 & ] \ . ) ,
0.2 03 04 0% 06 07 08 09 ro o T T 5 30 v
NONDIMENSIONAL SPANWISE COORDINATE VORTEX AGE {DEG)
Fig. T - The influence of the near~wake length — rotor no. 2
{a) spanwise distribution of the circulation
(b) tip vortex geometry

(b



-~
- 1407 CELLS) =
o =]
- o5k —-—— 1D {8 CELLS) >
ﬁ O  EXPERIMENT (REF. 6} N Qosk 2ALI2CELLS)
z
O 0.4 - o ~——— 2B {27 CELLS)
™. b O  EXPERIMENT (REF.7)
o 3
w
2 o3l 3 oozl
=1 ‘ et o]
- = °%o
w (&)
S ooz a
o
z z
=} o 0.01F
5 oo 2
w i
Z S
0.0 1 1 1 1 L 1 : z 0.00 1
R ] i 1 1 | 1
02 0.3 0.4 08 0.6 07 038 0.8 Lo g 0.2 0.3 04 05 06 07 0.8 0.9 -0
NONDIMENSIONAL SPANWISE COCRDINATE NONDIMENSIONAL SPANWISE COORDINATE
Fig. & — The influen;e Df th? Fig. 7 ~ The influence of the
chordwise distribution chordwise distribution
. of cells - rotor no. 1 of cells - rotor no. 2
o
C-,:‘f 0.015 ¢
[
z
5 T
> ooimof -
o
o I
& e
L#] .
|
L4
3 o.oosf
o
= 24
o ——— 28
=
g 0.000 1 ! 1 I L 1
z 0.0 02 04 06 08 1.0 1.2
=z
NONDIMENSIONAL CHORDWISE COORDINATE
Fig. 8 = The build-up of circula-
tion in the last column
of cells — rotor no. 2
-
< {b
k- (a
z
w04
7]
u—_ " 10{8 cOLY, }
T8 T o osl ——— 1E {12 coLU.)
g 0.3 E O EXPERIMENTIREF. &)
e z
E o2l § oal
- s 1E (12 COLUL) :
& ot 10(8 coLU.) E oz
- O EXPERIMENT(REF 6] a
o >
% 0.0 1 1 ] 1 1 L 1 E B}
0.2 0.3 04 05 06 07 08 09 1.0 00 i s . . .
) 30 1) Z70 350 as0
NONDIMENSIONAL SPANWISE COORDINATE VORTEX AGE {DEG)
Fig. 9 — The influence of the number of columns of cells — rotor ne. 1
.{a} spanwise distribution of the section lift coefficient
(b) tip vortex geometry
{a tors (b
~ —_
= = a
~N
? Sooef
| 4 -
- 003 2a (12 cOLUD .
3 -~ 2E {8 cOLU.) % el za (12 cOLUY
: QO  EXPERIMENTY (REF.7) z ' w——— 2E (B EOLY.)
a b 40 EXPERIMENT {REF.T)
Sooz2t o
1=}
= o Daf
(&)
»
d Rt
a -
Zooif s
2 >
a
¥ bl
a
2 0.00 ! 1 I 1 ! | { & 3 I 3
2 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 .o o a0 180 270
NONDIMENSIONAL SPANWISE COORDINATE YORTEX AGE {DEG)
Fig. 10 — The influence of the number of columns of cells - rotor no. 2
(a) spanwise distribution of the circulation

(b} tip vortex geometry



qf//—cELL BOUNDARY
—— e e
F T ] i .~ GONTROL

o — o — ] " o
+*
g S
|+ +* - gy N *. * -
+ XY
— - h e TR
T Ta1 Hp s B
[E}] WiN =
'y
Ty
Fig. 1 -~ A vortex lattice model of
a blade
r(Lﬁ
-

"SECTION LIFT COEFFICIENT, Ct

NONDIMENSIONAL CIRCULATION, '/ R?

!

i3]}

‘ fmiB )}

}U)

POINT

vt Ee e fT

Fig. 3 — A block diagram of the
Fig. 2 —~ A typical vortex filament solution procedure
(a
0.5
0.4
~ 7
oy ;/
0.3} o P L
= s
: D5 7
z ’
oz z
- 1A {450°) g
——~ 1B {300°} .
0.1 r —— iCi228%) e ta t4sue)
O EXPERIMENT{REF.6) g m—— ‘I”‘t:::.’
0.0 ' I : : : : . 2 —(:.’_ ; II‘JHT(HEFG
0.2 0.3 o4 08 06 07 0.8 0.9 1.0 = EXPERIME 81
ST T S
NONDIMENSIONAL SPANWISE COORDINATE © %% MO 270 360 %30 340 &30 T2 MO 900
VORTEX AGE {DEG}
Fig. 4 - The influence of the near—-wake length — rotor no, 1

0.03

0.0z L

a.01 -

c.00

S5TART
READS ROTOR
DATH

IHITIAL VALUES OF
THE VORTEX
DISTRIBUT 1OM

|_mxnm_ WAl E rseansmv_l

CALCULATES THE
TNDUCED VELDCITIES
OVER THE HEAR wWALE

SOLUTTICOH OF THE
E.C. EQUATIONS
NEW YORTEX
DISTRIBUTLON

CONVERGENCE
) CHECHK:

CALCULATES THE
NERODYNANIC LOADS

RESLLTS DISFLAYED
NUHERICALLY AND/DR
GRAPHICALLY

(a}) spanwise distribution of the section lift coefficient
(b} tip vorter geometry

0.2

(o
Lo
— 2El225*) ~
-=— 2Hl450°) - -
—— 2F(12.5%] o O0F S
O EXPERIMENT {REF. T) b
z e 2H[430%}
5 06 —
s RE(228%) e
3 —— 2F(112.5°) -
o g4 &0 EXPERINENT(REET) //’
- -
= -~
e -~
o -
> b2k (w]
S
by
0.0
| 1 1 1 1 ] 1 . ) . . R
0.3 0.4 0.8 0.6 0.7 0.8 0.9 10 5 30 o FL T 360 e
NONDIMENSIONAL SPANWISE COORDINATE YORTEX AGE [DESG)
Fig. 5 — The influence of the near—wake length — rotor no. 2

(a) spanwise distribution of the circulation

th) tip vortex

geometry




SECTION LIFT COEFFICIENT, C{

SECTION LIFT COEFFICIENT, Cy

L
— 1ali7 cELLS) @«
[
osl mem— ip {8 CELLS) ‘:
O  EXPERIMENT (REF. &
ENT (REF. 6} z-°-°3“ 22 (12 CELLS}
.4 |- =3 ~——— 28127 CELLS}
b O  EXPERIMENT (REF.T)
3 .
=2
0.5 0.0z -
& 0©
Q
0.2 (- -
<
4
o 0.0F
0.1 - 2
[13)
-]
0.0 ! 1 1 1 ] 1 : Q
= 0,00 ! t ! 1 |
o2 0.3 0.4 0.5 6.6 0.7 . R ! L
9.2 98 LD 2 0.2 03 04 05 06 07 0.8 08 o
NONDIMENSIONAL SPANWISE COORDINATE NONDIMENSIONAL SPANWISE COORDINATE
Fig. & — The influent_:e o_f th? Fig. 7 ~ The influence of the
chordwise distribution chordwise distribution
. of cells - rotor no. 1 of cells ~ rotor no. 2
o
(e}
2 0.015 -
|
5
: T
3 ooiof -~
=
% |
= I
o
-
<
= ooos|
=4
H 2a
- ——— 28
z
g 0.000 1 L I 1 t )
o 0.0 0.2 0.4 0.6 0.8 1.0 1.2
=z
NONDIMENSIONAL CHORDWISE COORDINATE
Fig. 8 — The build-up of circula-
tion in the last coiumn
of cells - roter no. 2
{b
(o
0.4 -
" Inie coLu,)
I < osl ——— 1E 12 COLU.}
0.2 g QO EXPERIMENT(REF. 8}
3
z
0.2 %‘ ol
——— IElI2 COLY.) 2
»
o1l Ip{8a coLy.) b ozl
O EXPERIMENTIREF. 6) g
&
0.0 1 I 1 L ) L L -
0.2 03 0.4 085 08 07 08 083 10 T eol—m¢® . . . .
) a 20 180 Y0 380 4850
NONDIMENSIONAL SPANWISE COORDINATE VORYEX AGE {DEG)
Fig.. 9 — The influence of the number of columns of ¢ells - roter no. 1
{a} spanwise distribution of the section lift coefficient
(b} tip vortex geometry
{a 1.0
- (b
o Sl —
M =]
g o o.s8f-
- 093 zaizcoLb) o
z —— - RE (8 COLU.) E 2a (12 coLu.}
= ©  EXPERIMENT [REF.T) z %8 ____ 2etscotu)
o 2 AQ EXPERIMENT (REF. 7}
3 ool o
o
[~ o 94r
(&)
>
- W
z =
3 oo o
b -
i a
3 =
)
=z 000 I 1 1 3 I ] 1 & | L
2 0.2 0.3 0.4 0.5 0.6 o [} 0.9 o ) 00 180 270
NONDIMENSIONAL SPANWISE COORDINATE VORTEX AGE (DEG)
Fig. 10 — The influence Df.the number of columns of cells - rotor no. 2
{a) spanwise distribution of the circulation
(b} tip vortex geometry



THRUST COEFFICIENT, €

NONDIMENSIONAL CIRCULATION, '/ R?

(=]
o
[

<
<
~

™~N
o
[}
.
[
_ oo} {a
2z
Q ZA[STANDARD CASE)
a —m=— 2t {LONGER ELEMENTS}
; —.— 2J {SHORTER ELEMERNTS)
Soozf o
hod o EXPERIMENT (REF. 7)) ovo
(%)
el
L4
2 o001k
o
=z
7]}
-3
o
Z 0.00
2 oz 0.3 04 03 06 07 o8 09 7o

NONDIMENSIONAL SPANWISE COORDINATE

TIP YORTEX COCROINATES, r, 2

(b

2a{STANDARD CASE)

~——- 21 |LONGER ELEMENTS}
. 2J [ SHORTER ELEMENTS}

A T EXPERIMENT {REF. T}

270
VORTEX AGE { DEG)

Fig. 11 - The influence of the length of the vortex elements in the
{a) spanwise distribution of the

near wake — roteor no. 2.

0.008

0.0086

0004

0.002

NONDIMENSIONAL CIRGULATION, [/Q RE

circulation. (b}

MY ——— 24a {0 00BR)

— == 2C (0.0D4R)

—ee— 20 {0 DIER)

(o] EXPERIMENT (REF. 7}
L O?_Q

1 1 1 L 1 1 i ¥

2 03 0.4 05 06 07 o8 o9 e

NONDIMENSIONAL SPANWISE COORDINATE

Fig. 12 - The influence of the

vortex core sire
rotor po. 2

— O 3A{RELAX.0.5)
—=0-— 3t (RELAX. 0.8}
EXPERIMENT (REF 8}

THRUST COEFFICIENT, C1

5 10

ITERATION WNUMBER

Fig. 14 — The influence of the
relaxation factor on the
convergence — rotor no. 3
0.03 (G
3 A
—— — 3D{WITHOUT SELF INDUC.)
O EXPERIMENT (REF. 8}
&%
.02

Q.01

0.00 L L 2 1

0.8

1
c.3 0.4 0.5 0.6 0.7

NONDIMENSIONAL SPANWISE COORDINATE

0.2

Fig.

16 - The influence of self

0.009 -
0.007 WW&?@W&M
o.oos’~
0.003 [
—— Z2E(RELAX.0.%)
~—0-- 2G6(RELAX.0.8)
0.001 - EXPERIMENT {REF.13)
1 1 ] 1 |
[+] 5 10 5 20 23
ITERARATION NUMBER
Fig. 13 — The influence of the
relaxation factor on the
convergence - rotor no. 2
——0— 1A(RELAX.0.5)
. oooal — —0-— IF{RELAX.0.8)
> EXPERIMENT {REF.6)
-
W 0006 o
2 | oomor F oo y S—B\-o-o-o
v 'hY/ > <J -5
] o
©  0.004 |- Y
© b
-
w
= oozl
T
-
0 L 1 i L
0 5 10 5 20
ITERATION NUMBER
Fig. 15 - The influence of the
relaxation factor on the
convergence ~ rotor no, 1
1.0 =
(b
W e T =
-
w — 3a
N 08 e 3D {WITHOUT SELF IHDUC)
z
=)
x
8 oal
o
>
w
L oz
o
=
a
- 00| .
I 1 i 1 —1
0 90 180 270 350 450
VvORTEX AGE {DEG)
induction correction - rotor no. 3

tip vortex geometry

(a) spanwise distribution of the circulation

(b)

tip vortex geometry



o~
o
o= N
= -
' "
X (a I
= [FF]
e S
E - —— —CCUrIIEII
E oo03 2a z
& -—— —s:_—__l:D;]:%J o
@ sWI «
= —— —::z:mmt% g
@ : sW2 o
o ooz o EXPERIMENT { STRAIGHT, [ '~ x
=z Wk
= =
P x
< g
S ootr -
X e a
= - : -
° 4
1 L 1 1 1 1 " & s : I L ol
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 o o S0 80 210 360 450
NONMDIMENSIONAL SPANWISE COORDINATE VORTEX AGE {DEG!
Fig. 17 — The influence of sweep back on the aerodynamic behavior
(a) spanwise distribution of the circulation
(b) tip vortex geometry
1.04
~
@ QNMA%ulthBEODO{mL
[+
e o « 0.8l —
-
» 0.03( 5
5 — z2%® (24} a
5 ——w 3150 (2K} Y o6l — zasetza}
g ©  EXPERIMENT {REF7) z - —— 315* (2K}
2 (=)
o A O
S el 00'9 x o EXPERIMENT [REF. T)
x . -
5 / 3
-
E X el
) Loz le3
& DLolF 1
z >
g a
5 o h oo
=z 1 1 1 1 ]
S o000 ! ' ! : . ' :
2 " 5 o o5 0.6 0.7 o8 09 .o 0 20 180 270 360 450
NONDIMENSIONAL SPANWISE COORDINATE VORTEX AGE (DEG)

Fig. 1B - Results for an "optimal” configuration of rotor no. 2
ta) spanwise distribution of the circulation
(b)) tip vortex geometry




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (185.72 391.21) Right top (294.39 543.34) points
      

        
     0
     185.7244 391.2067 294.3929 543.3426 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (276.61 8.89) Right top (566.06 56.31) points
      

        
     0
     276.6108 8.8911 566.0642 56.3101 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (4.94 4.94) Right top (62.24 76.07) points
      

        
     0
     4.9395 4.9395 62.2374 76.068 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (25.79 280.77) Right top (51.59 560.54) points
      

        
     0
     25.7949 280.7671 51.5899 560.5429 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (555.36 288.57) Right top (593.04 567.24) points
      

        
     0
     555.3561 288.571 593.0411 567.2408 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (10.90 290.32) Right top (52.51 561.81) points
      

        
     0
     10.8992 290.3209 52.5144 561.8105 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (559.04 295.89) Right top (587.84 562.01) points
      

        
     0
     559.042 295.8948 587.8381 562.0107 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (-2.98 312.78) Right top (19.86 843.02) points
      

        
     0
     -2.9789 312.7753 19.8594 843.0212 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (18.77 306.24) Right top (52.36 557.17) points
      

        
     0
     18.77 306.2397 52.3585 557.1652 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (-5.95 278.43) Right top (20.81 843.21) points
      

        
     0
     -5.945 278.4309 20.8076 843.2085 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (556.85 289.33) Right top (600.45 570.73) points
      

        
     0
     556.8509 289.3301 600.4478 570.7281 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (-0.99 289.45) Right top (50.55 567.99) points
      

        
     0
     -0.9913 289.4471 50.5549 567.9947 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 10 to page 10
     Mask co-ordinates: Left bottom (557.84 286.36) Right top (585.59 557.85) points
      

        
     0
     557.8417 286.3576 585.5852 557.8472 
            
                
         10
         SubDoc
         10
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     9
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (11.86 286.60) Right top (53.37 565.31) points
      

        
     0
     11.8599 286.5994 53.3697 565.3078 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (551.39 289.56) Right top (594.03 567.24) points
      

        
     0
     551.3893 289.5627 594.0328 567.2408 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (281.55 9.88) Right top (541.37 43.47) points
      

        
     0
     281.5503 9.879 541.3668 43.4674 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (556.35 283.61) Right top (586.10 565.26) points
      

        
     0
     556.3479 283.6125 586.0991 565.2574 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     13
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (9.90 287.22) Right top (48.53 560.58) points
      

        
     0
     9.9042 287.2237 48.5305 560.5792 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (551.25 276.60) Right top (586.81 561.12) points
      

        
     0
     551.2457 276.6028 586.81 561.1168 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 17 to page 17
     Mask co-ordinates: Left bottom (4.96 281.52) Right top (50.55 564.03) points
      

        
     0
     4.9564 281.5169 50.5549 564.0296 
            
                
         17
         SubDoc
         17
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     16
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 18 to page 18
     Mask co-ordinates: Left bottom (550.50 289.56) Right top (593.00 561.35) points
      

        
     0
     550.4985 289.5644 592.9965 561.3545 
            
                
         18
         SubDoc
         18
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     17
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 19 to page 19
     Mask co-ordinates: Left bottom (15.81 291.42) Right top (47.42 559.14) points
      

        
     0
     15.8063 291.4213 47.419 559.141 
            
                
         19
         SubDoc
         19
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     18
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 20 to page 20
     Mask co-ordinates: Left bottom (552.84 290.81) Right top (592.54 557.80) points
      

        
     0
     552.8412 290.8134 592.5425 557.8049 
            
                
         20
         SubDoc
         20
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     19
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 21 to page 21
     Mask co-ordinates: Left bottom (5.93 272.02) Right top (45.50 560.85) points
      

        
     0
     5.9349 272.0207 45.5008 560.8519 
            
                
         21
         SubDoc
         21
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     20
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 22 to page 22
     Mask co-ordinates: Left bottom (549.27 290.43) Right top (587.80 563.09) points
      

        
     0
     549.27 290.4334 587.7979 563.0926 
            
                
         22
         SubDoc
         22
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     21
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 23 to page 23
     Mask co-ordinates: Left bottom (291.42 544.34) Right top (563.09 587.80) points
      

        
     0
     291.4213 544.337 563.0926 587.8044 
            
                
         23
         SubDoc
         23
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     22
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 24 to page 24
     Mask co-ordinates: Left bottom (281.55 545.32) Right top (556.19 589.77) points
      

        
     0
     281.5503 545.3184 556.1852 589.7737 
            
                
         24
         SubDoc
         24
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     23
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 25 to page 25
     Mask co-ordinates: Left bottom (281.64 19.83) Right top (551.39 51.57) points
      

        
     0
     281.6449 19.8342 551.3893 51.5688 
            
                
         25
         SubDoc
         25
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     24
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 26 to page 26
     Mask co-ordinates: Left bottom (290.43 -0.98) Right top (571.98 48.41) points
      

        
     0
     290.4334 -0.9814 571.9836 48.4134 
            
                
         26
         SubDoc
         26
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     25
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 27 to page 27
     Mask co-ordinates: Left bottom (0.00 294.16) Right top (48.53 569.49) points
      

        
     0
     0 294.1566 48.5305 569.493 
            
                
         27
         SubDoc
         27
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     26
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 28 to page 28
     Mask co-ordinates: Left bottom (296.48 10.35) Right top (566.30 36.05) points
      

        
     0
     296.4827 10.3493 566.2961 36.0458 
            
                
         28
         SubDoc
         28
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     27
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 28 to page 28
     Mask co-ordinates: Left bottom (792.62 11.34) Right top (833.14 62.73) points
      

        
     0
     792.6231 11.3376 833.1445 62.7307 
            
                
         28
         SubDoc
         28
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     28
     27
     1
      

   1
  

 HistoryList_V1
 qi2base





