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1.0 INTRODUCTION

Recent shortages in the supply of clean energy, coupled with increasing costs
of fuel, have forced the nation to reassess all forms of energy, including wind
power, to determine their practicality. The national wind energy program, which
originated at the National Science Foundation and is now directed by the Energy
Research and Development Administration (ERDA), includes research and develop-

ment on the many applications and concepts of wind-energy systems.

As part of this program, the NASA Lewis Research Center was assigned the project
responsibilitx of designing and constructing a wind turbine generator large
enough to assess the technological requirements and engineering problems of large
wind turbine generators. The 100-kW wind turbine wes assembled for this purpose
at the NASA-Lewis Plum Brook Station in Sandusky, Ohio. While the design and
assembly of the wind turbine was conducted by NASA-lewis, the detail design,
analyses, fabrication, and test of the 60-foot-long metal blades were performed

by the Lockheed Aircraft Corporaticn under NASA contract NAS 3-19235.

This report presents the resuits of the dynamic analyses conducted on the metal
wind turbine blades, of the weight and balance tests conducted cn each of the
three blades delivered to NASA, of the static stiffness tests, and of the struc-
tural vibration tests conducted on the first manufactured blade. The results of
this report show the metal wind turbine blades to be free from structural or
dynamic resonance at the wind turbine design speed. Also, the results indicate
the blades to be free from aerocelastic instability within the normal operating

range of the wind turbine.

STAR category Lu 1-1
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2.0 DYNAMIC ANALYSIS

Several dynamic analyses have been performed on the wind turbine blade and
coupled wind turbine-tower system. The analyses include blade frequency
determination, blade flutter and divergence, whirl mode stability and rotor
blade transient response. The analytical results presented show the system
to be free from any aeroelastic stability or dynamic response problem. Addi-
tionally, panel flutter has been precluded by the selection of the skin
thicknesses and spar rib spacings. The results of the various dynamic studies

conducted are now presented.

2.1 FLUTTER AND DIVERGENCE

Aeroelastic stability analyses have been performed and have shown the wind
turbine system to be free from flutter and divergence throughout the entire
range of operation of the system. These analyses have included examination
of effect of rotor shaft and blade feathering constraint, rotor speed,

collective blade angle, wind speed and direction, and control system flexibility.

Using the NASA furnished tower data and drawings to establish appropriate
tower {lexibility data, analyses were performed for the cantilever, anti-
symmetric or cyclic, and symmetric or collective boundary conditions. The
collective feathering stiffness was based on data supplied by NASA however,
no data was available on the cyclic or antisymmetric feathering stiffness so

its nominal value was assumed to be twice the collective value.

The cantilever boundary condition is an artificial condition in that because
of the two-bladed nature of the wind turbine, the relatively low drive system
torsional impedance characteristics and the tower flexibility, the cantilever
constraint cannot exist. Data is presented for this condition however just
to provide a frame of reference for the effect of introducing the flexible

tower and control system.

The cyclic or antisymmetric boundary condition jis one where the rotor intro-

duces shears into the tower normal to the rotor shaft axis and overturning



moments onto the shaft, or moment vectors perpendicular to the shaft axis. The
rotor hub due to combined mast and tower flexibility is also allowed to move
in these directions. The rotor hub is constrained not to move angularly in

the direction of rotation nor translationally along the shaft axis.

For the collective or symmetric boundary condition, the rotor hub is allowed

to have motion translationally along the shaft axis and angularly in the direction
of rotation. Translation and angular motion perpendicular to the shaft axis

is constrained not to occur. The collective blade feathering constraint is

such that feathering loads are transmitted to the collective actuator and

blade feathering is symmetric or in the same direction on both blades. For

the cyclic case, the feathering moments are reacted across the feathering gear

and no loads are transmitted to the collective actuator.

The basic rotor, hub and blade stiffness and inertial data used in the analyses
presented herein are given in Reference 1. The tower and control flexibilities

used are tabulated in Table 1.

Table 1. — TOWER AND CONTROL FLEXIBILITY DATA

Description Flexibility

Tower Lateral Flexibility at Hub 38.2 x 1b—6 in/1b.
Tower Vertical Flexibility at Hub 3.95 x 10’6 in/1b.
Tower Flexibility Along Shaft Axis 34.6 x 1070 in/1b.
Tower Pitch Flexibility at Hub 3.66 x 10~2 rad/in-1b.
Tower Yaw Flexibility at Hub 9.12 x 1072 rad/in-1b.
Tower Angular Flexibility About Shaft Axis 5.96 x 1072 rad/in-1b.
Collective Control Flexibility (Total) 5.13 x 10"8 rad/in—lb.
Cyclic Control Flexibility (Total) 2.56 x 10-8 rad/in-1b.

The data presented in this table represent the combined flexibility of the
tower, pylon and rotor shaft. The tower data was obtained from the tower
NASTRAN data supplied by NASA-LeRC and the pylon and shaft flexibilities were

2-2



derives {rom HASA-LeRC furnisned drawings.

In the analyses presented herein

rms values of the stiffnesses of the corresponding flexibilities in the table

for the lateral-vertical axes and for the pitch-yaw axis were used.

The following table summarizes the conditions analyzed and for which data are

presented.

The table gives a definition of each condition and alsc indicates

the figures presented in the following discussion in which the corresponding

aeroelastic stability data are given.

Table 2. SUMMARY OF AEROELASTIC STABILITY CONDITIONS PRESENTED
Wind Control Rotor Reference
rpm O3/hR V. ~mph Direction Stiffness Brake On Figure (s)
0 - 80 0° 0. Nominal No 3& 4
0-80 0° 18 (1) Nominal No 5, 6, & 7
0- 80 0° 18 (1) 40% Nominal No 8&9
0-80 | -180° 50 (1) Nominal No 10, 11, & 12
0-80 | -28° 80 (1) Nominal No 13, 14, & 15
0.0 -90¢ 0— 140 (1) Nominal No 16, 17, & 18
0.0 -90° 140 (1) Variable No 19
0.0 -90° 0-140 (2) Nominal No 20 & 21
0.0 -90° 0-1L0 (2) 40% Nominal No 22
0.0 -90° 0 - 200 (3) Nominal No 23, 24, & 25
0.0 | -90° 0 ~200 (3) Nominal Yes 26
0.0 -90° 140 (3) Variable No 27 & 28
0.0 | -90° 140 (3) Variable Yes 29
(1) Wind blowing along shaft axis
(2) Wind blowing over trailing edge of blade )
(3) Wind blowing over trailing edge of blade at skewed angle of 45 degrees -

worst case for static divergence




2.1.1 Blade Frequencies

Presented first are cantilever and cyclic blade frequency spectrums as a
function of rotor speed. Referring to Figure 1 it is seen that for the canti-
lever blade the dirst flap frequency is located just below 3P or the third
order crossing line and the first inplane mode is between 3P and 4P. The next
higher frequency mode is the second flap mode with a frequency above 7P. The

cantilever blade torsion frequency is at 34.6 cps or at approximately 52-P.

The effect of introducing the tower and control flexibilities on the blade
natural frequencies for the cyclic boundary condition is seen in Figure 2.

Note a reduction in the first flap and first inplane modes. Also note the
torsion frequency is reduced to 22.6 cps or approximately 34-P. The other
modes are similarly affected. These data have been presented to give a general
overview of the dynamics of the wind turbine system prior to presentation of
the aeroelastic stability results. Additional analytical frequency and mode
shape data are given in Reference 1 and experimental data are given in

Section 3.2 of this report.

- 24142 Rotating Flutter and Divergence Results

Figures 3 through 15 present flutter solutions for the cantilever, cyclic, and
collective boundary conditions for rotor speeds from zero to 80 rpm (40 in
normal) and for wind speeds from O to 80 mph and collective blade angles for

0 to -28 degrees respectively. Figures 3 and 4 are for zero blade and zero

wind speed, a powered condition, for the cyclic and collective boundary condition
respectively. Note that all modes with the exception of mode 5 in each case
increase in stability with increasing rotor speed. Mode 5 as indicated is

the second inplane mode for the cyclic condition and the first inplane or pin-
wheel mode for the collective condition and therefore would be expected to

be little influenced by the aerodynamic effects associated with rotor rotation.

Figures 5, 6, and 7 give results of the flutter analyses conducted at the
nominal design wind speed of 18 mph for the cantilever, cyclic and collective
boundary conditions respectively. The datashown in these and the figures to

follow are presented for a constant tip speed ratio which is associated with

-4
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the indicated wind speed and the 40 rpm normal rotational speed. Again all
modes are shown to be stable. Note however in Figure 6 that Mode 2, the first
cyclic inplane mode damping is fairly independent of rotor speed in contrast

to tne effect of rotor speed on this mode at zero wind speed in Figure 3.

Figures 8 and 9 show the results at the same 18 mph wind speed blade angle
condition for control system stiffnesses of 40% of the nominal values. Com-
paring these results with those on Figures 6 and 7 show a reduction in the
first torsion mode frequencies but no real significant changes in stability

characteristics. The damping of all the modes are still shown to be stable
and with the exception of the inplane modes, shown an increase in damping with

increasing rotational speed.

Figures 10 through 15 show the effect of increased windspeed and corresponding
change in blade angle. For the cantilever, cyclic, and collective boundary
conditions stability data are shown in Figures 10, 11, and 12 respectively for
a 50 mph wind speed and -18 degree collective blade angle and in Figures

13, 14, and 15 for an 80 mph wind speed and a -28 degree collective blade
angle. The collective blade angles were selected to maintain the angle of
attack at the 3/4 radius at a value approximating that for the 18 mph speed

condition.

In review of these figures and Figures 5, 6, and 7, it is seen that the most
significantly affected modes again are the inplane modes. The change in

blade angle has the effect of reorienting the principal axes of the blade so
as to cause the flapping modes at the low blade angles to become the inplane

modes at the higher blade angles and visa versa, for the cantilever blade case.

Referring to Figures 11 and 1k it is seen that the combined effect of the
influence of the tower and the lowering of the inplane freguency has a
significant effect on the stability of the first cyclic inplane mode as it
couples with the first cyclic flapping mode. Also note that at -18 degrees
of collective, the first cyclic inplane mode frequency is setting right on 3P,
the third order crossing line. It is noted that many more combinations of

blade angle and wind speed are possible than those analyzed and for which
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data are presented. These conditions could be more or less critical than the

stability data presented.

Therefore, even though the data presented does not show any instability within
the operating range, it will be extremely important to proceed with due caution
in expanding the rotor rpm, blade angle, wind speed envelope. Continuous
monitoring of the measured loads and vibration levels must be maintained to
assure no divergent oscillation occurs. It is also important to distinguish
between powered and non-powered operation of the rotor system as far as

inplane mode stability is concerned, since this also influences the sign of
certain aerodynamic coupling terms which are important in establishing the

stability of the inplane mode.

During the envelope expansion of the rotor every effort should also be made
to locate the fundamental blade frequency crossings and to identify if any

resonances occur in the normal operating rpm collective blade travel range.

It would be very desirable to supplement these analyses with additional points
within the possible rpm, blade angle wind speed envelope, the wind turbine
system might be subjected too. It would also be very desirable to actually
excite the coupled tower-cyclic inplane mode during the envelope expansion

of the wind turbine in order to obtain actual experimentally determined

frequency and damping values of this mode.

Figures 13, 1k, and 15 represent extreme conditions which in fact will never
happen since it is planned to feather the rotor at wind speeds above 60 mph.
As indicated before, for the cyclic case, the first inplane, tower-first
flapwise bending mode couple and cause a reduction in the damping of the
inplane mode at rotor overspeed. Also, in Figure 15 it is seen that the
tower bending-first collective flapping modes couple with increase in rotor
speed. There is no indication though of any potential stability problem as
a result of this coupling. There merely appears to be an exchange of energy

between the two modes.

One other thing should be noted. Since these analyses are performed at a

constant tip speed ratio as a function of rpm, then 10 rpm corresponds to a

2-21



20 mph wind speed, 20 rpm corresponds to a 40 mph wind speed, and so on.
The effect then of windspeed at zero rpm has been examined in an independent

study. the results of which are presented in the following section.

2.7.3 Non-Rotating Flutter and Divergence Results

In Figures 16 through 29, data are presented as a function of wind speed and
as a function of control flexibility at different wind conditions. Data are
shown for the condition of the wind blowing directly at the leading edge of
the blade, directly at the trailing edge of the blade and at the trailing edge
but skewed at 45 degrees to give a most critical static divergence condition.
For the wind blowing directly over the leading or trailing edge of the blade,
wind velocities from zero to 140 mph have been examined. For the most
critical static divergence case, wind velocities to 200 mph have been

examined.

Figures 16, 17, and 18 present the results of these studies in terms of
frequencies and damping of the various rotor blade/coupled rotor-tower modes
as a function of wind speed with the wind blowing directly over the blade
leading edge. Figure 16 is for the cantilever blade boundary condition and
Figures 17 and 18 are for the cyclic and collective boundary conditions
respectively. The data is shown with the rotor brake off and with the blades

feathered into the wind.

As can be seen, all modes are shown to be stable and, with the exception of
the chordwise mode, show increasing stability with wind speed. For the 140
mph wind speed condition, a variation in the collective control stiffness was
made. The effects of this are shown in Figure 19. The stiffness is varied
from its nominal value of 9.7 x 106 inch-pounds per radian to approximately
one-quarter the nominal value of 2.4 x 106 inch-pounds per radian. No
significant degradation is seen in damping of any of the modes due to the
reduction in control system stiffness at the 140 mph wind speed, zero rotor

speed condition.

Figures 20, 21, and 22 show the predicted frequency and damping as a function

of windspeed for the condition of zero rotor speed and of the wind blowing
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directly over the trailing edge. These results are again shown for the canti-
lever, cyclic and collective boundary conditions. The cyclic case is shown
with a control system stiffness of LO percent of the assumed value. The

data show some reduction in the torsion mode frequency with wind speed but

the system if definitely predicted to be free from any static instability

for this windspeed/rotor speed condition.

Figures 23 through 29 present data all for the condition of the wind blowing
over the trailing edge but in a most critical static divergence direction of
at 45 degrees towards the blade root as the wind progresses from the blade

trailing edge to the blade leading edge.

Figure 23 shows the effect of windspeed on the frequency and damping for the
cantilever blade boundary condition. Note that the first flatwise mode is

dropping in frequency with increasing wind speed. However, even at 200 mph
there is only a 25% drop in the frequency of this mode, indicating the basic

blade is completely free from any potential static divergence problem.

Figure 2l is for the cyclic boundary condition and as can be seen, the
chracteristic behavior of the first flatwise mode is the same as for the

cantilever boundary condition.

Figure 25 and 26 are for the collective boundary condition. Figure 25 is with
the rotor brake off and Figure 26 is with the rotor brake engaged. With the
rotor brake disengaged there 1s no significant effect of windspeed except to
increase the damping of all the flatwise and torsion modes and to lower the

frequency of the torsion mode.

With the rotor brake locked however, the rotor yaw mode is predicted to
statically diverge at approximately 200 mph. It is noted that the strength
of the tower is well above the capacity of the rotor brake so even if a
divergence tendency did occur the rotor brake would slip and act like a

coulomb damper.

For this wind condition, the wind blowing over the trailing edge at a 45 degree

skewed angle, the effect of control system flexibility on frequency and

2-37



damping of the coupled rotor blade-tower modes at a windspeed of 140 mph has
been examined. The results of this study are shown in Figures 27, 28, and 29
for the cyclic and collective, with and without the rotor brake engaged,

respectively.

These figures show that even for an approximate eight fold reduction in the
control system stiffnesses from the nominal value the system is free from
flutter and divergence. However, from Figure 29, it is seen that for a
collective feather stiffness of approximately 1.1 x 106 inch-pounds per
radian at 140 mph, the system would statically diverge in the rotor yaw/tower

bending mode.

Again however, it is understood the capacity of the brake is below the load

1imit of the tower, o the brake would act as a coulomb damper in this mode.

2.2 TRANSTENT AND DYNAMIC RESPONSE ANALYSIS

A limited transient response and steady state time history analysis was
performed on the windmill blades using the REXOR computer program the results
of which are reported in Figures 30 and 31. Figure 30 is a plot of time
histories of blade flapping, chordwise and torsion loads as a function of
rotor azimuth at several spanwise stations along the rotor blade. The
condition analyzed is at 40 rpm, zero blade angle at the three-quarter

radius and 18 mph windspeed.

Figures 30a and 30b give the computed blade root moments and shears, the
blade feathering moment and the blade tip twist. TFigures 30c through 30e
present the computed flapping moments at twelve stations along the span of
the blade. Figures 30f through 30h present the computed flapping moments and

the computed blade torsion moments are presented in Figures 301 through 30k.

Transient blade responses to a small step input in each mode are shown in
Figures 37a through 31c. These data are shown to give a visual indication
of the expected blade transient response due to a small disturbance while

operating close to the design point condition.
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2.3 WHIRL MODE ANALYSIS

A whirl mode stability analysis has been conducted on the windmill system
using the method of propeller-nacelle whirl flutter by Houbolt and Reed,

Reference 2. The rotor was assumed to be symmetric.

The unsteady aerodynamic rotor coefficients used in this analysis are plotted
in Figure 32. Figure 33 shows the variation of roots with varying the pitch
and yaw support spring rates symmetrically from a value of 2 x 10/ ft-1b/radian
to a value of 1 x 104 ft-lb/radian. Figure 34 presents the effect of the
variation of the yaw stiffness while holding the pitch stiffness at 1.072 x

106 ft-1b/radian.

No pivot offset was used in either of these analyses. Zero structural damping
was assumed. Also, since the rotor was treated as symmetric and no pivot
offset was used, the analysis does not treat the potential mechanical insta-

bility associated with an unsymmetric rotor mounted on a flexible support.

The results due show however that as far as classical propeller whirl flutter
is concerned the systems stiffness characteristics preclude the phenomenon

in that the tower stiffness pylon mast stiffness at the rotor head is of the
order of 1 x 167 to 2 x 107 ft-1b per radian.

2.4 STALL FLUTTER

Stall flutter 1s associated with operation of the rotor blade in the stall
regime and it has been shown to be principally involved with the change in
pitch damping characteristics in the stall region. It has been demonstrated
by harmonically oscillating airfoils in forced motion that under stalled
conditions the average damping in pitch over a cycle can become substantially
negative and is strongly dependent on airfoil mean angle of attack, the
reduced frequency of harmonic motion, the oscillation amplitude, and the air-

foil configuration.

The stall flutter phenomenon is generally an amplitude-limited oscillation

and exhibits itself primarily as a loads problem rather than a stability

2-53
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problem per se. Figure 35, data extracted from Reference 3, is a plot of
amplitude of limit cycle oscillation versus reduced frequency for a model
tested. The minimum expected torsion mode reduced frequency for the wind
turbine blade at the three-quarter radius is indicated on this figure. The
data indicates the wind turbine blade should not be critical as far as stall

flutter is concerned due to the placement of the blade torsional frequency.
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3.0 STRUCTURAL TEST RESULTS

Static deflection and shake tests were conducted on the blades to verify
their predicted stiffness and frequency characteristics. The results
of these tests are presented in the following sections.

3.1 VIBRATION SHAKE TEST RESULTS

/

To verify blade-frequency response characteristics, a test setup that
incorporated a blade mounted on & simulated rotor hub was utilized
and bench sheke tests were conducted., Tests were conducted with the

blades at zero degree and parallel to the ground.

Electromechanical shaker(s) were used to shake the blade and conduct
frequency sweeps from 1.5 to 4O Hz to identify natural frequencies.
Vibration pickups were located both fixed and roving to the blade at

gufficient locations and directions to identify desired modes, i.e.:
o lst and 2nd flatwise bending frequency
o 1st and 2nd edgewlse bending frequency
o 1lst torsional frequency.

Each of these modes were surveyed to obtain amplitude and phase versus

blade radius to define the mode shape.

Tests were conducted at two pitch settings to cover the blade angle
operating range, including feathered.

The results of the tests in terms of response amplitudes at different
locations as a function of excitation frequency are plotted in Figures
36 through 56. These figures show response data both flap and chordwise
at stations 301 and 750. Excitation forces were applied at stations

301 and 370 in flap, chord and torsion,

Bledes were shaken in four configurations. These four configurations
are described below with the abreviated nomenclature used on the figures

to describe the configuration tested:
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Nomenclature

STD + TW
STD

Configuration A

Configuration B

Configuration Description

Standard Blade with full tip weight
Standard blade with zero tip weight

Standard blade with zero tip weight and loading
block at Sta 301

Configuration A plus addition 75-1/4 pounds
of shot bags at mid chord at Sta 301

3-2



0.LE m.m,_”.m\.mom 98 dBTd ‘ML + P38 ‘ALousnbaagd sa ssuodssy apeld *9f MNDIL

N T _ T

L
: i
: P
Ll

-

-

R

JORE (. SN
i

1
i
I
S
(]
E
. L.
!
i
)
.
D
PUN A
[

R
r~—T——I —— ]

i i '
I I T ' "
L M- UL AL | -
L e Fd 1] T @b
A\QrAXEN _HA | T T LT L |
_ SR B Al T e
T m AEENER NSRS REE FRNE R
1 ) SEEE RN RS RS R NS
L ” AEaNiad AT T \mﬂ
T BHBIIBS e M
.Hn_ 1 v" - .L v...._l
g m ww.w\.\ L._T..
S RSN R g T T
o m_; h1._w . B P rH WJW
i RERAERSRA RS At RN
g ST T
i R _.
T T e +
L Li k=i | cH _ﬁ: ;C T
i L '
w N BB RSN DS FREEE IR R _
i R RN _“ _ m___ m,: il _:_ m
; Crb A EEEEEE DN EEEE N RN EER P
. f; EBEN SNEE SAE SEESA RN NEERE NN FREN REEE
N E N R R A AR R RAREE R R il
R e A R S e TN N T H I R RN IR
SED ZHL Stmyord VIR RS RE RAEE) A N B R R A i R ISR ERRR “ _._
ul..l:izslﬂxi:,,ia‘..\,5‘5\i I ITMT I ..K.:_meﬁ___ﬂ_._n.“f.m;" T MmumT
7577 HOLIIS0d TV | ,:_;:_;mf::_1.;“ R R R RN R RN EE N NN PR R e
B PR R G IR T I S IR I 0 N R N B R R
THE VIS NOLLVOOT *H00V e L A EEN Y EESY AR RN RS K
SRl B R _._Hxh“ [ L _ m:_ _ - - AR R AR R it
c—— — . R it bt aadl I . "ﬁ.u - - B - i -1 k-4 | . R B i ' M '
QUOHO VL #IONOL MDIVHS °-- | { P T N it i L e e
0Z S9T IMWOL WNVHS T+ T T - BEaEEEay I
. — ERE R ! ; FI et
GZEVIS a1 001 wmwHs 7|1 {4 || m A R e e
il | _ sauRunn ANARA NN !
GL-41-5 ITWQ - T T T Enun
T531 NOLIVEAIA BV TIDUNGA . | T e e e e jRkss
iSaeeeas Gt

LOVIOLZE QHYNIVL LLTIMIH

3-3



I0U) ‘ML + p3S ‘Aousnbaad sa ssuodssy epeTd LE TMNDIL

34

T T N EREEERR T T T — —
h “m_“m_mu w~ _____"~m_”4_“_ ! _4_4m_“__“n“,.._. w_m
SRR ERRE . EEREEER RN B
- | it L zoam L] ; Ei4- KL__ B U
e T T T T T e e T T B
LTy LI RERA RS Ew Sy u gl RSN R b w7 A N A T
pri 1] ﬁx,_. DOz e e S e T
=) ) ; ] __ r L I Ly L
A T 1Tt P | + Tt L A
Lo 4 |w.+;x||r- 1. -4 b4 - IR VUV S S [ R N4 I_H
A TR N
Lk INERE RN EN ek N bl i b 1 BT
R SESY AR RSt T e == ol RN s
ST e RERE L W R Bung
.‘_f " f 5 it . el \Nm. 5
gy N N PR , R IR A I . C e
Al FHIIH PR L
a8k A IEaENaN o AESEREECH ENNNS RS T
R | Ly 1 1 1 v | 1 ] 3
i S s B RERl E==SU L th
BN IR B0 A B sl i3 IO oy B it
[ B . . L Lo ' I 4 b [ '
SN B At wy_; ——— WOl
s e i SERES | . o
SERRERRE N i“ : RS
B Co R \ . ..w..
T T T | ; T
N, of k_ i Lo *__ R BN I m
S Lot RN Y b . SR
. St by _H _ ,w._.
s ol P iy SN
tgm ¥ : m"m . W.;
_ Lt S B
P2 - R Copid
Sigl A | -t
i - MHT
T Phi ETE PR
J 577 NOLLISOd ZQVIE _ﬁ: o ]
N —ye b ”m.r"r [ -
Q¥a 43 OS5 VIS NOLIYOOT *THOOV =t L SN s Bty
—_— - L g N RS BN ity
QUOHDAAVLE $TOUOL UTAVHS . r: . i .ﬁ,.f R st
- g 1l . ! i ' M m_ wmh|..
n— Ll SO ” ." _r“ .. 7. ..
—QZT VIS 00T WOVHS - 11 IIERS AR RRRRaRA
. 4] s - T
S L-/L1 W T o NN
ISAT NOLLVYEIA &avIE TIDWNIN .. ' ] et
Ry o Il
_ T Tz

£O0I OLZE QUYNIVE LLITMINH



LVUC @ puvdy/ LR @ Meid ML + PYS TAOUSTIDSJd 84 assuodssy SpPETA -mm TINOTA
!

T 1 ' i 1 T T N 1 M T T T T T v
HHINRBRIRREnnRn RN
_.* i _mM. : |». * _xw 1] . m__ _ { il i : ____ Gy | ! M. _“
L B e T ) e L A
i T ..*; T .,.,..._ T IRER ! =11 T ; I
! b gl ol 0 O O T ERESEEAN _ Pl P ) f
{ s B : T N T RS ' |
T L R T e T A : -
o e Ve R ARt .
t P R SR | N 14 e L e e g par o == -4
A RO E TN AT R T yE B T H =t
A RO SR uid RRh R R g Ao ers A AT e 1
RESSAEERREEEIICEE O R L Y P T H-
N T SRR R R A WREN SREES SN R BN ENEE i
b s e h_u g 4 H__} 1 i Pk zlj A :A*; _:4” “r
Bl SRR _ -t i- S S . N ” . S U A -b . i f-dey-e &4 H
2 St I s it e i ;_ SESTiNEl gul
A e e e e e e e
oy i L VR B N L i RN RN EEEREERRY R ' {
il T - o f e S R l-..._w\ﬂ wW. Ly
IR IR, [N I (- _n T BRARE ATy T
ST B IR SR BRI R . coypde : N . [ I -
UNS RIS SRRl ea et INR RN Y o n 1 b g
R R TR o T an N
.la . -y [ - _” t i w | sl H “ [ dl_ll.\_r..”
SR I S TRDN [ S Ao S : Db SR 1 Y
[U T B | ; 7 . : T
& ,‘H N _vJ t vt 1 . . b i *
i R Ll (ol l . *_ SRS
DO SRR IO T RO B N [ _ ! b .
T : Ci L L i : . Peifibed
! O IR A4y “T._.n “.«u. ; i R Ol ! T
v Ll wwnr "wu«lp - “W** Twlu . _w . m;”
. ET S c i + t : i i v . '
e REREE K a Sl BN N R _ i L
T : . ! ”-mhw* _.T: DR __ | R v
. _ S Rl Sl w ! o oy
BRI YV /SR SR R aREAEIY SEaEN pt
= T IBIBIRGHEE .
J57F NOILISOd avtg o il . ! AR SRR BNt ;
" T -4 i Lo N
JF77 TIE V1S NOLIVOOT *TWO0Y ——f———t-— 0 m - aw. L .
m—— .cm-..ﬂ M. T B o i
— QOO ™4V'1d *3OMOd ¥TWVHS | Ti |l : | AR
4-” = i ! P A
Gz ST A0U0L MIWVHS —— 11T m ; o
P SN R - | i
< . ,_:a., .M_L ) .m . IR
-J\Q IS™JdIl °*00T WINVHS T | i -
bbl“\l* qIva ,ww ”w .ﬁuﬂ__y.w - * .m m-. .-!wll.v T
75301 NOLIVNGIA v TIDWNIA . | || 17| Lio L [ LT L i
N N R LEEEEEFH-H - ST AT
N RN Lo T 1] ] i 1T Sl

L4001 0L26 QHVHOIVL LIIIMIH



TOE PIOUD/0SL ® PIOUD ‘ML + P3S “Kousnbaig sa ssuodssy op¥Tg °*6 FNOLA

T T
._ I —._W J_\__ _nN

: 1
v

- 2IMTH |

|
i

T
i
f
!

i
I
W‘ _..*
| T
|

' 1

|
| :
N
i i

h.xv

T
-t
—_ ]

SO

SUDURPRE W VS U D
|
~
[

[ i
P WP
' H
;
!
It
[
]
(B

- >

: r "
JRA RN |

.

—

P W1

i T

Iy T

f ]

iy

y A

— - q
il
l

[E—
e S
PRI S T
o
___L——]_ -
1]
:

ISEL NOLIVYEIA IAVTIH TIDNINIM

- M e , 927
T R ) D _,, L i - 1 i P
DR = Sl INRE I 1t o r -+ * : M ERE ....*
AU R D S R T D SEREREE BRSNS -
; N i M _ N EASEEEREEE N EEEE S :
PN S o R T | i L 1 1 K T T 1 F ¢
Sl e d BRI REE H o (IS PR SRR ER RO DR NS BE Y =
R ‘“..L - ,«_v_. ; .“ mr‘_, Sl “.”n u|“~ um 4 i AMW _“’w M...
. SRR OO I o o e N S T AR I AU
\_, I ] + it N . ! vl 1 | " ! ! \M . _1—
R R EE P ISR RN ESEE FERES R o
i ‘ Poroe b S B L [ u»_*m‘ SRS I A A
.Iln.l.lyLr . Iy«x. . A.. B S . B ' : i .. t Vo uwr_
_ ol W e BN N A AEEES FEEEE R RN
RSN EY DUV ( NUUL IRV ) N R ! AR ERERE N
T e I I IS R ) A I _;. Sl by _ . .+._ T i
ERTE A G ) R Sbr i o] o - Lo - i ' '
N EHTTR N R R N EE R R R RN ‘LL ! .
DU DR _, . ” A BN
AR I - o ; i M_;L“ - . . .;_ i
. . . et - } 1 . ' | a
i A | 1 EN A AR AL Ay e
! P v . ”“_ .._. 1 , % _>_>A i.
P i ‘ TR I ¥ DU IR AR AR B ) '
b L e R R Vs
bea . o H s P H ' [ B
L@ 1usslyvy P21 Am s - | i A sl B ” %D
- [ Pl P , . [ .
| P 77 Sl . " .
NOLIISOZ SV &...vw‘.\ﬁ.:‘. Ry ARl e
9047 057 *VIS NOILVDOT *TOOY —— ittt . : i
—_— - A U N A T N I
\amomo dVL :EO¥O0d WNVHS ;| .“-1_-__4_:“ ceady . : eI
IR T e BtV ol B I s b - - -4 l” -y
0z SHT 00 YIAVHS — Pt _*,1 __i . = T
e D s AR R RN
—_— RAEIN DN A I N 4. i il
—TOF VISTTdL *00T WWHS T |olii il i) Ey LidhL
N T, O NN N i
- aRniRsRaCE=RdRRRERR SIaAss RERRES
Z-Z1~F TW1 R _ e
-4 b A R,
s -+ i »ﬁ A—vlw JE [ SN OO I I P S S
Frt] o - k
1 e ;

-4 1
-t
i

i

L0031 0LZ6 OBYYOVD LIITMIH



0L @ AWTI/06L ® dBTd ‘ML + cpw «hoqwsuoum sA omnonmwm w@dﬂm ‘Ot &ENOId

M ~WM m P SRR RN ﬂ _~ __“ me |
1 i | AR .
e 1l + <t 1 i m “ X AL * NHEJ .F -
- REEEE SERERRIN R - -
gug C T e
.P,nwum . M i L - E AR Rk
17 T

¢

B o
tord
r
Lo
e
+—
%ﬁ-‘

—— -
)
'
)

i s _ _ o 4 il
\ . R IR e o -
: TV
; SARSsRSSRaR IR
; ot N* ! H o
. Cpobog 4! i A " i
i SRR Ak i Lg%u g .
W SRR ERSER RUE & SESE RS :
| H NS RL A Dxa AR RNl Al _
1“ R R ERR R AR R o _
A.ﬂ ' A | ‘L., m ~1_.. .M.. 4+ - o i .
/l IEEGRIIHINE
o 4 1 .|M... ] w ]
PPt ! ri 1
o m SR EREE ;;
- ’ “#xm mw Wwﬂ i !
. T T
T
| T

i —

[ NSy R—

BRI
%mﬁt veey | s i
|_$87 2% 0AANIM 1L R g
5577 OLLISOZ ANV || : !
D57 VIS NOILYOOT *EIOOV S _
T QMOHOZAAVLL $FOOX WINVHS | -
T 0Z ST J0¥0d UINVHS — »
—J7 € VISTT4IL *00T WEWVHS - L] T
’ ST ama e s )
“ISHL NOLIVYGIA GUV'IH TIDAINIM 4_ Cnﬂfﬁ! 14 .” I 3 TE 1 : -I-L.;

L0OO1 0LZ6 QHYNIVH LLITMIAH



TOE ® PIOUS/06L ® baoyp ‘p3s ‘Aousnbaag sa ssuodssy spwTd °TH MENDII
| N '

DR

]
-+
i

“_”.w ! "_“_ [ ___ ” :_ﬂ.__";:_ Il T ﬂ_:n.”
L 1 zmem L AERENE!
__ Y D 0 0 I I i 11 1 e | N .,

gefReRREIRERRRERN RN ST VT O
ER] unn. unullBS sk Sunga Rkl AudlURRE N R dug i lns o A
YR A NN ERDERENENE NN NRE RN 4+ - A-44- 1 D=
TR R T RRRERYE=S cumningaiie LT Zajlins

LT N gangPagfinnnginaudiin TSI e
N T T T L e e
s e e A T AL T L L Junny Adnnn iy
Lt DR RN N T PR TN TR B D NS S S O VR AN I y L W S I O |
Lo R PP L TR SAIRSRARES S RIRURE Bun il i

3-8

L - A_. B T R . S R bt _ - |H —1 [ S -
R R L jil e e e P T
: N TN ) N RS IRNER LT 1T RN AR BNRE
: A L T e W G B ]
I EES R FuvimE Suuy :“n L i f IRERS RN RERES RN : L ‘..m..I _:M.H i -
UNAU I SO B SIS T T T T T T TR :
R T AL P T I L R S e
RS b e - + et 1 N L [ - - t - - -1 RS i O R N § -t RN l.w.
il intauanl saREINARELE 353 EERlHESRARERE R iR RN R R R AR EAR I RS
IS Ny il ] BRI NI B NEERRER R L] L] 41 NitlIA RN R T
e N R e i R D R 1 n e
o I N R HE RN I s e i sk
RS e EEERSIERIR REE e e e #ﬁ EE J_* T Rl
: _m.“ H H O " b “," ! | 4 y|‘. _..H ;w:._ ..m_ .mn
4 jEenl i I TR e T il s i e AR A
T oA T e T B m_ I LT TR AR
o _ A RSE L RN PSR & RRRF T At F SRR AR RS wiid
g e Ayt L il IR I Moz
- R IR nE RHINREn e AN
77 NOTLTSOd TOVI T Lo L . Al ju bt 3 L
QY47 OSZ 'VIS NOLLYOOT *TOOY — L.;//.hn mw Eansans . BEanpa: A
- nal FREEN NS | ERRSEES IS aRuNuyu i RRASE ANl byl LIS Ed g R
QUOHD™dV'1d *30W0d WINVHS _ | h",m TR # bﬂﬁﬁ,:ﬁ :,H,;ﬂ_.li P
SASEaaRiRaRiRERR 1 RECRA KR P e R e R
oz SET A0 WDIVHS ~ o T T T NI NI :.:;_Lj-_:. o
~ T ViSTTdIL *00T WEwvHS || ! ; RERRRRRREAE LU JESERR usnERRREY
- et Aas BN Ra RN RN N b 1 T 4 e e
SL-4/-p W T T LT T T E TR T S pRE
ISEL NOLIV¥EIA 3IVIE TIDUNIA . | «”fi uﬂ;*f, ;e A e § Sy
nadAns ] - - _ FrT T

L0001 0L2E QUVYNIVA LLIIMIH



S— TOE ® PpIoup, (T0€ @ MWE ‘P35 ‘dousnbez sa ssuodsay %Jam “gy BENOId
HE N SRER RRERR R ‘ NER DA DR R
"MFM ~“ .“ ! ! ! " ' ‘_.”. _VR m__. 1 _w m _ H" t ._ M_
s *_ 41 SRR N By ” PLLHL R REREE IR
nnul S i i o T i A el LAERE IR
+ : + Lﬁ 4 ! | il " .
Gl 4 RRENRED! RN , i J‘rﬁ_,_ NRNEE BN
Vi At Lioght T ¥ ¥ 0 ; Cron RSEARTE
P Py 11.‘1_._1 : 2 Tr.i [ 1L T
{ \ ‘ | : i L : i o 4 ! {4 . L.\(LDW
_ m Dot R AL SRl NG
T 1 P T R
RERRuSual ik sl RARE TLI REE )
HIEN NS ] oL
IRasuEanaa i e PEELE i
—b t ! s ' Y : . Pl
IR ' Cog b Pt H L t
R R a b b HEE R Loy
4l L NEREE m_-T i
N RN S Pl i 1
SO I . R ol t
: N RR A
Tl SIS T S
o ' t i [ ' ‘
booo _ N fa- b
Hpb ] il A r
NI S T I : "
IR i | N
P N v i R B I
aRl RREE RS 5 |
i brer e R j B
3 ARERE I M M ER i
S ~_m _* : _m ,M-m;
. _, ‘W. m“{h hLL_ ! Lt s s _m_
bk s Rt iie NN R SERENSEE RRRE ; o T L
-1 mw_.. da = " M T“rm DN B PR I . v
AR A U B RS o L P
! 1 | . HL_. Py ; " HE
. _ N S e
o Y77 NOLLISOd Zave | F
- R . L -,
[ ] [ N .
\Qm ¢Hm ZOH-H-<OQH \EOO< . . w.\.b_l R . m ﬂ -3 ' i H de
T QUOHO AV tHO¥Od HANVHS . ‘..-J_,H P ﬁ: Sl
P S R Rl e
T T YT 9004 WIIVHS ——f—+ —H R
—— SR S | i
—JZEVISTTALL *00T MIWVHS L[ u B ER]
I e - r——t ._r._l.
Sl -L/-4 TV ] P
TSTL NOIIVHMIA GOVIE TIDWNIN 5 p
) 1 _ pJ.Fvﬂ..

LOCIO/Z6 QHVYXDIVL L4 1MTH



Hom ) vhoﬁHO\ .nom @ ﬁdﬁm

,hogoﬁvwn_m SA omno%mm apeTd

TENPTL
T ' . N ! fy '
*h__ Nh,, [ ,_ hw~_ , _”_ N_NM H .
. i [ \ | , H [
RS IR N B | Z2IMEH (] : L . T ...L [fidid
X H ) N I ‘-
.- Y NI P | i T = C ] mt“
R Ll | .« SRR R RERERNSE RRRN
DR I B . o _ cP LT e
R OR L i _a, kb e e
N R IS 0t i e A ! T ] S N ,. AT
=~ “ih TLE i ] L1 % DT *\ﬂf it
i SR I I I BN LT S SaRuR R
SRS S R | w 28 ::M I DERRE DERE
H N l [ :
. ' D | SRR IS LAY IR e
) | i RN _L:,» [l RN R
||||| o { wm.. V.._TY_ ﬁ*_ln.wxl“ ¢ ! .
- . HETI I T ,_.,.:-“., i
. . cod v . ; . RN ! B EEELY B RN L
e _ H P “ T v, _”; mJﬁ__ “ ._Hﬁ* Py *M‘M_ A
- . : R . . . . : I O S
- : e o NS P S Tl r..”._ Pl
. y ol It H __ — : . [ BN : — N I I
I e B - et T T T : Q.T RN Y
[ TR IDURE R A R A R S PR SR RS SEREES IR ERRS
e B cl o i D : Pttt
T [ ) ' ‘,>. " _r;v. *M . .l.'|r
- | . ' A [, ! [ ' fy I .
T N EE TR T T _
. . f v hm“ P A_va f .
. .- - . - ! f [ I S
— L T . : i vt 4
NN U - - IR R . . I R
ML S e a‘u ‘L . e f M_ . .u 1 _;-"_v__ "_ﬁ_ m ..._m : '
< . i _ i S AR S R ”__: ! |
L o . Co v [ ! i i .”“ | . mm :
, ' ' ' _\._ " [ _.__*. _%"m m _
f ) N i + i ' N
- & f ,. W__, f
_ : : R ; RN IR
. ! . S L T it .
. - . s [ v [ 1
! 4_ Lo o N N R BEEHET SR I |
L PIPUBN Yk ON AN EEREY PR RN _w
. . ! U N N I I !
. . , A Ce bt I .
v 7 NOILISOd AqvTe AN IO I R ,_“;r“i__. |
. S _ R R EERER B i
J3 15¢ VIS NOLLYO0T *TIOOY —- t——rrt——t-— — 4t %J -
v I ! y o ' . [ \
— . oot . . o . v oo [ {5 !
A QOHO™ dV'1d 330¥Od UTMVHS . i | !:|.. N N mmf ::m |
SRR R JEREEES ENEERL N RO :“._ W.” Pe by}t !
D% S47T A0HOd WEWVHS —t 1t T _
et N t . . . o . -_ i . i .
7O VISTJIL *00T WEWHS . i SRS ERE R FEREE RO RARER RRRAE & |
- S S ESEREREEEE ENERE SRS RENR R RN AT B -
SL-~(/--F W — S Py T f~.1.u”-, 7
— ' R, ! _..MA.u \..__,4,. - AN N 4 - i
158 NOIIVYEIA 3aVIE TIDWNIN PR T R |
N R RE S e SREN i

LOOIOLT6 QHVYNIVL LLITMINH

3-10



0L ® AWTL/0S) ® deTd “p3s ‘ALousubead sa asuodssy SpwLd

*fh DINOIL

, H T HINN IR T R
! L _m | ! "h._ ".,_ i b N-ﬁﬁm. _m _.ﬁ.“” ““.q_ . M
SR VOSSR ISULITIE SO j NN ; RO NI IVIIN AN I O
; C P R Il Fht T e
R R I.Z. P ; T __ RN P
S e - - It e - - i R - — 1] ¢ : r--L+ g - - -
R st anhs Fi- b4 Er -ONP-.: i i L'ﬁ, b -l h..l -1
: R o R N c Ll . IR R
DU o - 0 oA T il
A Bl 2 - Pl AT Podbpatbr i 1 R
STy :\.\,f - &\\“-:_ St b R e AT
; 7 V.4 ' Ty T [ [
; ] : St Sl L
[ A Y ST . I N IR Pl 1
- . \ll/_| - - 4 _v,. [ __ - —
- )~ B SR .. ' . ' ' i N 2 [ ¥ R N '
¥ S - . - } P S ) [ R L [ T - .
. - - v L - ..LHMF : I e »“ | i ” .
. e - ' PN ENORE SRR T L Ly R o Th i
VIR I NGV I Y R I A I s L i i
. r\ A ' \ S A I vl i f
' B e - - - H ! [ [ . H Cy , L i .
. I . L Lot L R A A [N I o [
: Lo I el :
R e B SRR ERRERE N SRR RN SRR RS R RN
SRS DERE G 51k RASSE RSl | B MRS S Bi= N AR RCR S KRS U RREE L
Caeen L A - ”"_A“ - N LR N e . [ ' !
siie I b L “i] ] R ; M ; s
DA S N S N A R PR P
i . | - - L, N R N ML_ .
- o A A R I T e ;.
. . ) . - [ _w _—_, i o [
- . - .‘ , . ;w‘m s _ ' , u__ M
N b ...”_.lt‘;.::__. : U o |
s 'y g WM . ..”. w . “ v
~E519€ 7 S N EESSN ERNEE EEE L | “
(= T TmTmme o T T T ' : [ . ! ~ . - H [ __ | ' P
. . T BRI I [ : : :
¥ 75 NOILISOd TUVId . R : . b ppn
5 _ R R ' R L cik
T 037 °VIS NOLLVOOT *TIO0Y RSN _ _ _ — - et
1 R E B ) cd il
a— BT B e d Ve i . [ . . L
QIOHO A AV'IL 230¥OI YTIVHS Aﬁlw S R LR _ Pai t, .
1o S IR i s Dk
07 SYT J0¥OI WINVHS T T 17 — = o
B f . b Vo . Ch | T !
5 {E VISTTALL *00T wmvKs {7f| ;T i AECAERRE M
R t Corg C ey LT ! i X
Sl L/~ TWA ¢ N = T T
eta— bt BEE ”" ! -4 _L
ISEL NOLLVHEIA 3QVTH TITWINIM | ;- AR R R . RN
- o b ‘
. i S ! ! Lid

NNGN.\

LOOIOLZE6 QHVADIVC LLTIMIH




T0t @ dWTd/T0E @ duTd ‘v 87Juo) ‘Louenbesi sA osuodssy opWTH  *Gh FENDL
. ! ! ! ¢ 1 ) T i

R o . _..;.T.‘;...“ _ _~ . BN
; _.“.“n_“.,mw - nﬂ_“ wwA
] i IR L RN P
et lael1id P bt i e
LRV ' X ! ! I T
Tt J ; '
A3 L i IRRBAR ‘ Ci
R B ) P -
e, ; -1 1 hH-r
T I
| I /.-
M J _Tﬁ AN ﬁkw
[ CE LT
. Lper i
NSl RN Rl
[ N [ N !
R IR R R AR
i ikl ; i
; I U byoe PR RN .
. Pl NN N _
RN IS RSN LAY EUEEN RN I
L . ;__ﬂ‘_ SRIDURN I I IR IR T
- o e —t . ;
- pd B - HE C o -
T [ . v e e R S ‘o
4..Iv.lu.. 4‘\_ll~|Jv. —_— e . _ b, ” M ..w - - o
. — - N ' : »“.ﬂ_ [N -
. NN RV N N TR MOt
REVEER DU Pl I _, NEEEEE AR TT v Pt
I A i S : : N _ -
= 1 SESANS RIS ESENY SIS SN AE
—— g oo o Sl . oy Loy ' .._H‘ b Lo .
s R s ) e M oo R N SR NS B DA
s - S P i | . L . Lol . f
doa . - - n_xTuﬁ i H H_w_ b “_. i, t ; i
: S N L . [ i 1 ! s
.»H “.§“ L Tm._w 1 - ! . W _ "rﬂqm WA Lo
B RN I : P P IS B
. . I . Il : . ' L
< . . G e ¢ oy ! [P
T NSRRI T
.'.|.1‘ .- ! h i . ._._“ { ' v -4 qu,
_ SRS RS : b
"'lll'llll’.)l'.llll, ‘Ilifl.,lll'll\ - - - ' . ~ * ‘ 0 — 3 i B v N m M . ” ” ” 1 gm c N T
AU A S S R A R R ol Co .
* o7 MoutIsod avE il L] i . AR RRRN AR B
- N R R L - : : , P _ B I
~70F VIS NOLLVOOT *TIOOV T — . e A A e
—— o f e, “pee- [ . . « f . - 3 '
— N RSN PRI IFER I ; : _ " T
nmomovv%é,momomgm.f_;f?_ N S - 4]
ey Sy i g.,_.. 1 I . ¢ “ N m < '
V7 197 0/ 47 T0U0d MIAVHS —~1- e — * —
a— . RO R R S . D ool frd
o7 JOE YIS dIL *00T WEMVHS 0| Tiiif .o, il a1
[ i 1 _ H f
. ||HQ v e s . t i : -t “ N
S¢-Y/-A TWa o ! T ——
L - .. ! ' - o ]
ISIL NOIIVHEIA TIVIE TIDYINIM Lhod 1 ..TT..H
il iy

LOOI OLZE QUVNIVL J41TMIN

3-12




]
!
B4

06, ® deTd /06L ® paoy) ‘y IpJuo) ‘KLousnbaxg sA ssuodssy opwT

T v T T, ¢ SRR T H K H Voo ¢ v . [
mﬂ«_w ' ,_ﬁﬂ __._“mm, i ____ ._m_mﬁ, "m.“ « __., _. _".*m__ _qm
B e el e e e a _.;”_,.".:”__,i_f_.

i | * i N M H N | —t - St

=t : : Sl R R R i | SaERAR 41 I.L_ - f-T. L P

: IR T I P [, ) Pbos R ERSRE BN -
TS E | T
A e S Al I R
_ i Bl S - Tl It
: ¥ P < SHIE RN 2 A NN
[ 4 O P __M
|_ _.. Iw —n.-nn»q.._
* i ‘_J: ﬂ_ig_-
Sl e ¢ A e
SN [ B e
! - N
; I 3 I Il il
. - i .-
te .= .vln_v - - - lqw -

USRI, (0 S . - R B iy t

I PR . Ciaw | by .

- N RN R IR S L L D R e y
e e DY DR BN =EE i
Al Bty St ISR ons el A h

1 t :

} PSR DI IR D .

S i IR R i
R O I S R
o A :
U ISR R S Y TR I
NEFIEN IORRIE RIS AU R [ I
PO . 4 e lﬂl. vy : w
.. . : .l i L
I 1
) -
. 4
1
/Y74 NOILISOd IaVTa ;
1 *~_

@&»\C Sy ‘YIS NOLIVOOT *THOOV

~ QUOHO 7V :AONOJ WTAVHS u_.w,r

™7 ), S97 I0YOJ YINVHS - M

Jv T 7TE VIS TAIL *00T MIWVHS . y

S L-~F- IWT

ISITL NOLIIVYEIA TAVIH TIDNINIM . |

|
T
3
T
.

e
T
]

L0V OL26 QHMVEIVA LATTMIH



TOE & uoTsI07/T0E ® _mﬂu.m ‘Y 91Juop ‘Lousnbazg sa esuods f BENOTA
m_“_::.m;_mu_:“ i _ﬂ_ﬁ_:_ i Pl : R !
e __-ﬁ_ g% REREERRNEN m” NERENRARE i o
ey e N I R .:,_._ Eesi IRIRE RAAE TS
A._N_, = .ulvl.w — - .T_ - _ i t _ “r_~. 1l - i ]
RARRE BN RER 114 “_ L fﬁ :_ I IR I
T T e, T ﬁ.ké HE R T s
“jx..f.j-:.&m4 * CEHE T R9T L .Fr._ L..T-H fF pal
- “r - .. =T ~ -1 1 T J-b 1] bt M | IR I [T B R R SO S
VAR R ] R R R
N e e R ] R R e
L Pl m_;i»l. : Pl - B IERER AN R
fLov e . SO A EVES DESRE RERI R
. i : : Pl A R S B L
m ! } IT, TR R
; a A RS R
. m.w M‘WIM" l Lt N
m u_» m_” -t N
m .',w ML_ “w ._ “ t
— —- LA
| N !
L : 7
ﬁ— ' » 1 -
. [
: i
P - %
sl ,\%@.\hwc VAR Al i
. o e ! L
777 NOLLISOd TV | :w M b
. o fedey ! L.
ﬁ JOE VIS NOLIVOOT *TOOY ~— T+ ERRwEE R SEE
—_ - AN ERERE BEGR e [
QUOHD ™A&V'Le *EOYO WEMVHS 11| 71 Y] EE n,ﬁ..ﬂ bib
s AR R EE P 4o
¥7 58 7 7/ 58T A0 WOWHS 71 “ L_l_ L4 : , %
—_— Nl SRUREERRE B ESSUR BRI RN
g7 7JE VISTTALL 00T WDWHS “i1oiod | p i 1 H CEL STk LT
) e S L LT - e
- Sl -7/ -+ TVA - T .” N AR T 1
ISEl NOLIVWGIA GAVIE TIDUNIA : {TH m,, iy 41T
. i |- i N
: L N

LO01 OLZ6 QHYNIVCL LL1TMIN

3-1k



3tgu

00 ‘Aousnbaag sa wmnonmmm apweTd

ey

R _; _ | P _“_ N _ T
R RRE - i RERRREERE RN | ;
YL e b ]
I T T T T T
| f L1 Mf | | |- w_. j T Iy
! H- L s e M I
e L NI R
" NN ERE N T ™ — =
_ , 1 ST T
IR AT
* . _u“ »\» T H _m_ n*
RERAREV<E5E R m SuSALRRREREES
: [ e “ﬂ_ W_A_ ol 1T
,_ ! e RRAREN RINEE B
! R ’ : -
_, i 4 __“f Hl wn_
| “ : SERN RRREY NS
i Pho ; NS DU I
; HE : S ”
i ~ : W bt 1 N I Pl
! ' ]t HEN { * | . L |
_ I RRIgE i i
1 [ “. _\_. ~|_ _ _Iw ’ -
L 0 N Vo 1 A Huot 7
b ! Lt _._. . Ch R .
DL T ] %
B RN T BN AN SR EEE RSN FRE N d
T R N R BN RN RN .
R R RNl NRRRN _"_ NN RN 1
;r_m_;_w;;, IR
Ll “H_ L N_..J_ N RN i
. [ . Py [ Pyl
R | _M_ 1.” __m_ * _“ _: ” '
_,MMM L R Pyt _“. ._rl_r~m |
LN U IR A I T I A T BT
i ; N REEE R
._— .7. o i mw— _.4_ .» “n !
=R Y% 0 NI B BRI ER .wwm..mﬁ SERRE :
7277y L 1 MMMV Ha N
i L N .rV m _"__», IR __:..Iwu.u4
SRR RERRR :.:::_:_MM
SR IR I | R I I e NS AR K
ﬂju_d_:pm AR RSN SRS AR R
R ; ! php b b
A Sl . 4o P N
NN EREEE »r.w@;“%-wmw RS
U RRAEN EEEE RN ANAREN RN S ARERE N i
SRR R UGN :
—dII *00T YENVHS _i cole ] AR R ;.ﬁ':-w “ R R -
=i R RN RRERE SEEE RSN R A iR s
N 5L 77-4 IWQ = T T T T TR e
i AN R T SRR RN NN R SN i
7535 NOLIVHEIA @0V TIDWNIA .. + .r-T, ) ;_ Epeaahunic RN FRENN Ruiiy BN P
' il Miad SRREE D SR RN S dnus ksl S g as iﬁgﬂ-,w-__t- -

L0011 0/26 QUVYADIVA L1LVTITMM



10€ @ qoﬁmnoa\omu_ ® d8Td ‘v S1Juo) ‘Lousnbsed SA asuodssy
ca! ‘ g '

U

[ ' 1 ' s _“ __. .
> SUE R DTN R B e
Lt b H vy Vot v
- - Co Pup it L ”,m[w - 2LEIH S
L et : . : ¢ .
: R R REEEE SRR
. . M R [ . P ey L kw; AR PR I
- . R . .‘.Qm-_.r_ T | R TR [
- EESUREN BT O A T il _ i VR I
] e Beki R LNRR AR BN
3 T T 1 H
- . PR ey e - { : .
_ ‘ R ERNDY Rath i RN I el |
. - . -, . . ol ﬁ, 7 . [ ¥ H
, ) i t ) | .
..P - Y N W I - t L . . bk - - i ;
/\k( ) : - . R N T R A RN
. S . ' ! I . st Yo L
; - t ' -

B

——t

P
s
-t
-

. . T . . . o . . . ) HC . .m - [ . f ,ma. . .
. ) . ‘. .... . . o PO TN N o ) ._ 4_ ” . ) - . s [N
R A4 BEENE L SRR R B

|
ISR I B & () 4 .Y A ; - : IR L

7777 NOIQIB0d EIVIE R U , ; A

T *YIS NOLIAOT *TEOOY e} : - e et
TT@uoRdFar EMod wmwes . [ U | ol
Py 37 1y 9T T0HOd HIHVHS N.f I aAD = T R
Sy ETDPEVIST AU 00T wawvHS T || ” AN RESEN N
. 57 77 7 awg ———f—p—————— e
ISTL NOLIVEGIA WaVIH TIDAINIA SR R REETE s T B FR A ool W

001026 QUVYOIVY 1131 1MTH




) @ deTd ‘v Bpguop ‘Lomenbasi sA osuods
. T _

o4_opwTg

) “ ' __m [ | o g :
" T EE ” :
] T H i ay
[ 1 : _ w Ll
S 1 _ L
S A R -_m Ry S
- 1 — oy L. - *”.
o A g R RN :
ey w il r
' . t
| M E
ST ‘\ _ S _ | Lo
. \D—\ - \s< et A. I 4
. ; ol o " .m«h . '
SO R A I S EEREE R R RO R
I B R R DRl BN ISR NS
1 Coad R R C
P O B T ~ ”rmn:w ' A
4-_ S R REERE TR R O R i
SARR | Ul I R o N R I _
, . _. : L
-y P [
T T U ST N R R : _
CLALE A Lk dHAY T T , o
P & T R : - ) .
V77777 NOLLISOd FqVTH | SRR A Lt
%7 *ViS NOLVOOT *TO0Y ———t———1— Ll
T QMOHYTAVIA EOMOL WTWVHS | . [0t Lo i
77 ST B0HOL WINVHS —— -
GeT JOE VIS dIL 00T WIWvHS ., [0 il T_
R R w".‘. ﬁ,w n
S£-F/-77 QWA — T .t
ISEL NOLIVEHIA EQVIE TIDWNIM . |.. 0 | 51l |.ilid o
Sl it i SRR s

LOUI OLTG QUVIIVAE LLTIMIN

3-17



_ Ipf o deLi/T0f & dw __Tm 81Juop ‘Aousnbesy SA suodssy spwRIE TG FHAOIL
! Lo - 0 I . _ R ” :
o . AR ER R AR AR EREE PR I :
A RATCH IR ou raanl M TR AR EA AR TIRE s |
NI SRR N Pio]e pat i * RN “_m____ EEE N T
A : : "_hf. N A_;Z._- NERE RN ”
. f ] i »1.& .Jln__uw,. TT_. < i . ! _m_x v” ,.Mu_ vh_t.‘
T N HEIRR
LR ““ ft.:_ b ' -
SRR RSERBAREE BRER A REREREE L B
ﬂ VN IR i _ . m ,
; . o 4 *“M L .“.“w_w A I [ i
. - - L o L : T )
R . “ T 3 L 4 B
NN B K A B K N PEREE RPN SRR H )
D | X . : . b . EH N IS i :
I , — o N +, _ : :
‘ _ . j P N A ERE A AR . .
- . f ' ! oy ' - 1.
* i . ' 0 EUF -
- R K [ L L A v 1 . .
q,, . w . FE
. N - o
1 — \F <“v
._ |“._*.x,.l : , ) + ) “ . ..H.
- - . u IR . LR
; i . _ SRRERS ; o 1o
‘_l_ ~ ” , f A » n i ‘_,1
Y ETE FEER R L ” " N IR B
i : I P : !
//»\.~ xmr.‘u\\.\\:. : | . " ' T
. I f .
] 1 . 1 "
A0 A1~ 2y - ! i e
SANLE A PR R Y ! : i L
e e e e el - o — ~ iHoHe ~l
%57 NOILISOd TTVH SRRk L « w
_ “ . T
N H B i 1 s ——
/ @& *VIS NOLLVDOT *TIo0Y H “ : . —
T QUOHOAIVLA :TONOJ UANVHS o _ I ' _ _ N
- P (I : .
0/ SET IDH0J YINVHS , _
— . . SR P O : b ]
Y7F7PE VISTdIL *00T WENVHS . N RN O s
37-5/- % awa = T .
——— ' -, N o . . ' - e
1541 NOIIVYGIA GOVIH TIDWINIM R TN R BRI S REUE DR ERNEE RSN R R _ﬁ
) [N S [ Vol AU T TR B I N N | e
, . ; L LR RS EERE 1 | P

3-18

LOGIOITE QUVYNDIVE JLTIMTHE



T0E ® deTd/0S5) ® detd

‘y S1Fuopy ‘Lousnbauag sa ssuodsey opeTd °

TINOLA

T PR 1

- i NN . w P i

, ‘ ARIN ORI B i N R R : ;
IR R e 11

1 o DN | : I . HE o] s I ' Pyt _! S ,
ST |y R e
N R I P - . + - L f T ! ! _“ ;
S SN R ESRiEsE 1_ HeH nEnEine _ IRRRAE RS R
— RN S | w_:-ﬁk s ,_..;_ e __m_ m. [ W_ ; s;m .
IR ..HL. ! m.“ f 17 Ty .14 Tt . _.h.« Cy 1 - [ e b iy ..

M i ! - - Tt 1° - : - - f _ - o [
b } .«.¢. H_h 1._ M___ d _~_”_ ' 1 | 1 | b
v xr.m._i. R i S i B T WA . S EREEE NN

' ) - — R 1. H - | ¢ ! i i
. Rl s I IR AV I U A S o _#,._ 1 LA i S L

: o R _%xp et S LT SENEN AT T_s T 38 DR
. . - "qw it | P _u_v ..L_._ B 1 | I _ |1 S - _r_ Iy N S _\—
Pl SRR N InunInEnn BEEEEEP = 3 ST
S ol R L Wl o b T N ERRP ' e .& B IR T
o RN EREL PR RS PR EE FRRRRERRY [ R RRIEDZ 0 RERRERARRY! o RS B

. i N . o vl B [ P ! . -
RIS () A _ IO I N B N R SRR SRR | ERRRN RV ENN KN AN SESEd BREE . . +

[ A ! - Tt m‘ t - . S L ! . T ' -
s _ 1 IR A A EREEE B

s R I R e SERERES | INAR/ AN R FRSRRERREH RRE N RREY Hpeo b T
- I : L Pefe - i L P ._"_ fy . - Vi, !

o R - ] v bl 1 EER SN B R IR R m H o Bl R L [ —t— :

RS S REE R RS SN e T RN Ol !

_ A B R _ M_T TN I RN :: R RN m i

. - i L Coe _ | SERN RN Jil P o ; t
3 i SBL1 LREES CRRRY UONS | INY AR ERASY RARRANALE T MO

L : h el e il -

— S : - X EERR v L . i -y

R e e NN RS PSS RO R ERER IR :T:i bt __*q ]! Pl
”,r!!H e .T...“ BERE IR w.. ”.H_ [ B ...m L_"“h , L " : .”~M i I
S A T s ] N R NS S S A B B R CEP R RN REEE ! .

T T RISENE B R . pigd Pl EERN EENE IR P T o

‘!LL._lm - A,A.w. N o [ ! X U R A P C B L [ K 'y

. bt f - _ . ; T T . - _w_ L SR . — — T
NI . ! Co . Ll : T S e

: ; i m_ | .”m. r . ; :_ _m_ __“ "n.” ““ R

o L R HEERENERERN . S RS R I ro “
. ' o f p : , | . o : i ! i
S ! . 11 H t ,m
i : - i : : : . ' ‘
| SR i v . 1 : i f 1

: 4 SRR 1 . | o |
B e B! 1 ' p i h ' [ ) L
Pyt Ls SYTS JT Y el . SN % =TT Mo9° H
. SN FRER K , : o b o RN N P

..-k.uk&b.bkk.tx,gui NN SERNERERYEREEY RO Y FERRE PRRRE ERRRY KN NS
=T B EERN RN H R R R AR R A R NN SR DR RN
NOLLISOd ZavId . |. .i:f .. ! _ S s I (U T AR (0 SN NN U SO SO T
On3g 4¥74 . 0 I I N N 11 el Dutun Suvas Sub ey SRl IR Y
T J7Z VIS NOLLVOOT *TIOOV . : : - _ - _“_ Pt ot _ _
N [ R i 1] 1 1 R ‘
v ' : I B b P
—— gomow& ‘Hm “momom %m _ . | A : * i _ | : " ; “ _
i ; : _ P . : ry
CZ SYT I0H0d HIAVHS — BRI R , RN b b -
- o . T i P et D :

777 70T . HINVHS - RN Ve _ i e 5 ;
W\\ YIS dil °001 . ' | m< . ! —t [ N - o
- - a — : I R S AT SRR !

S4-2/ * v RN VI N “: P I I Pt i N IR -

- o 4_. [ . Lob b : ‘ L i N , T i

LSTL NOIIVHIIA JTVIH TIDNINIM .Wi. ,T"m m_; TL.“ L R NS AR , _

40000726 QUYRNIVA 121 IMTG

3-19



Hom ® naﬁ\ﬁom det;

i

m B1Fuop Qogwﬁvoﬁm SA mmaommmm wvdam

*£6 THNOLA

[ .M. T T T
i : ! _ Lot ! ; Pt P | ' T
oy . ! , , I . , .
i L R AR FR DR R R R i
P R b v | '
ket zugm L L o]
RN AN RN EREE N NN R _ !
T . [ i AR N ! bt :: X
I :ﬁ i _ .:m-:: REE &8
: 1 - ) ] . I [
{1 L __+__\m “ j“_‘mjtlw M.M_r
: A0 . ; N > R I A
i \TI_,JI ~N ! ‘\: ] ﬁq SRENEE SEERN
BT NG R R 1. T I
L *“ 1! Y Rl * i it _
- A : Hw ..«y._. _.“, .mm_ ¢! | R ..H . I N R
e - [ .-_rﬂ._ . oy A __Wh -“m J_. w _"»~ ' .
REEE ! . 1 . e - . S I T P PY IR Ve o ;_ ' [
o f ; ! - } s T%A" I 1 I _ ‘- o i
e 1ot I S A R AT I NN : -
! N USSR RN DS T R SEEE R RN EERRNERN G Ll iy i N m v
Nim. i _,_ ” | [ u __“, T u,”_ _<." ”,“m _mww _m_ __M_ : v ﬁu*
! - : .IFW P m,__ L s ' N Tm“r
- RIS I T N T : N i T i R A T
NORE Il ADIDN . L A N A B A R R ERERE B NS R S
. fa it - L . "vA_, - PR S B b bty I __u__ R B M..w
- - . : ..MI_ : ! | 4 _.»_ _Tm»_ ! ._ﬁ; ; g ) L=
e o - —— . deerg by , by P 1 I i : T v p:/- V) .
L . ot ¢ R PR I RO O ISR SRR U O i L : R L N !
e - I [ AU B IS A A [ . i ! . "
N O L _ S I i R B _ o
A - d. - - | . . - [ F; ' N ' “ . .m .
RN [P o A N ! RN SN R FR RN R FEAEE L ER P
- o I ; ! : L - R - . ' L
N L R A EOE A AR R A IS il
- v L ) = ‘
e _ . : L i “ m -
= - “ » —1 . —
: _. C - SR ol “
— ||||v 1 —_—— ] t M ” + “. P ! Aum n____ M&GNM“.
RN m B EEREN RO PR Pl : cony
d577 NOLLISOd TV S i L BRI RSN R
~ ~ R _ L ; : ;
T JOg °*VIS NOIIVOOT °*TIOOY -~ ; e R o e R B o IS PR ISt Sl IECEE BN
_ o o A R .
QUOHO 3 dVLd $30U0d UANVHS ARy RN AR BN RS B - o
w3 587 O/ ST ID0UO WINVHS — ) . ) “ — T
JTU 70 VISTTAIL 00T WINVHS Ll 2 S R R EE N S P
- ‘ L . i | ) ~_ : !
S(=9/-4 IWC T - ) T _ ;
“ﬂ.._ ! b B m ' H __,. . ! . H i
ISZT NOLIVUEIA GaVIH TIDNINIM RER SN I A N P RS R I L
. TR _ N N R R SRR IO s
: I . (X AR I | [P SRR T O T , ! Ny N

L00I0IT6 QuYwIVA LM

3-20



TOE ® uoTsIoL/T0E ® deli ‘g STguop Qoamswwn_% 8A 9suodssy op®Td S yaLLd

NOIIISOd ZqVTH R : , . N AU I B
—_7OZ VIS NOLIVOOT VTV~ ” T T
T QOHOTAV'LI :FOYOJ YANVHS e R RN S N I L At Pa -

1 T T . _ N )
: i P . o Py _ _ (I S I ; .
O T e N I L I AP T IR I O ZIYTH N _ i
: i : ! , Pl bt i ot
IR R ! I N
L) o I 1y, ' |k i : - . Paby jo
, ) - b C ! ) I i [ [ [ f i
v ! e e Om T ! N R RN R
C B N RS e ! N RN BNEE S EENE R TN el BERE [
S BAREE Rnwt NSt BN ' _\\\\.,ﬂl AT T T
: . _ ~m ! _! - A o - R I e Pl [ by sy
L.__ NN REE )\/\ ; ' _M_ PHh _._L. mf g -
Rt I : /.\/ 1 A ' SRR I ; Pl by | Lo
N . vl \— _ _ o N
o Az ! i '
| R
1“ i - ) 1 .
. . : . .l
. . v o ' !
- [ 1 - ”. w._r
. [ , L
. - N . ! : i
- - : [ f .
: ._rn ;
Hot
—_ i
4 . . o) “ 3
ol ,. .<
: g - ; }
. — .
e Sk L
i "_ \
N
. N : : ! ,
. e - ! \
) - H
. : .
t . 1.
. L
o280 1o ] oyane |
N I AP, e : H
=

yI T 7 O/ 9T I0H0X WNVES — , _ — e
YiJ JOE VIST dIL 00T WDWVHS .| Tl ... ) . , A Y R R I BN T
- ST — L SRS THRCS 023 S0t AN R
i I Feel PR FRE) IEUE] HEER e ISt ) R T e e A

i i i . idet R R A A S 1 i

LOULO/26 QUVYNDIVA L1 ITMIN

3-21



TOE ® uoysI0L/06). @ dBTd ‘4 StIuod

¢ fousnbaad sA ssuodssy spwIL

*0S THNWIx

3-22

_m ' . u 1 w ' . “.” u ' ”.
et - . _ ! __ T. cla| ot m '
.o T e R ' i Wr _ “ - , _ _ _ i M : ¢.li
e S DO RN ek Ll E SR
¥ B S I P ; SRRy . N e
o . ‘: A, - \J_\« e : _..._ ' h 1 “d_ . R
: L RSN SN SN
N L).\J 1- N | [ - H_,L [ 4 o o
= ) = =TT ! _ , ,
SEpap I S R D B
q\\w}/, oty : IR D
L ) .fﬁ ! T “ I T T 4 . Eowi
P B e A _ A : Co . m
TR R mﬂmw SRS B 'x.< i ST D - o
“HETa2 ! . :
M . - - - = .v = ) ]lnl (]

, | | 0/4% 0 | .
L NMO/NIRL w : . uoe
. &7 NOTLISOZ ATV Y ” EuE

' | - ! !
57 *ViS NOIIVOOT OOV —— _ -
~ QUOHOYQV'LI $FOUOJ MANVHS o _ _
. - i) .
¥3 95 07 SET A0U0L WIRVHS - — = .
YP7 7E VISTTIL *00T WIIVHS g i i O B
: == 0] -4 awa _ — e T — e —
1541 NOLLVUGIA G0vId TIDWNIN A : SR B S R s il AN By
N S ea . Gl [ [ TR —— [P (RO Y I

LCUL OLZ6 QEVNDIVY LI TMIAN



TOt ® d8TI/0SL @

detd ‘g F3guod

E ¥
' \_Pw
o L
| ‘ w
. | ci by VA
; i . C - N R | 18 R B L
[ _ L R ; ro ! I T O | = - .
[ _ ol A | ! P e ¢
RS S RS B ; ot RERE DR | I FRANE BE § o Bt )
. . R ' ) , B T | o
e o e - : | Mo L
iy I s R AN RS SN B ::M:l:,.;ﬁ_ |
v - . ! ' A N ".T.. t . - ! o
- - , ” A AP A N P
oy - . |'|“ ! .” - ! - - M 1 + P H . I 1 b L”» _ — H — , ! }
o ) _ _ 204 RN R N R N
d - -+ ' “”__ .w._ R b nqu_, _..,w h__,, _._"_ ,.v w. ”L_
; N ERSEE DR FTEN N SR R RN 1] N T P! | KN R E
i . e ol Lo Cy
L PRI N : ~._ i ; [ I 1 . L
_ m .. ”.. _”.. . ey _. PR ' u.. wm _M Mn_ -
P , A SR R . b -
| _ . R . A . : . . X M. o
it B itk all S - . 4 i — : ; ']
T R T T T MO2
J¥777 NOIIIS0d FavTd Pyt e N N AR IRV A I PR
. S T : I N I L X BRI
| —JS7 'VIS NOLLVOOT *TO0Y —A—— b d e/ M AELE | e L
T @OBOTAVII FOMOL WINVHS . ||l 7.l RN R ER TR EE RN N PO RN S
V3 3892 0/ SET IO MINVHS —- = : : ;
g7 JOS VIS dIL *00TwmyvHS ~ [l . Ll iiLii
) Si-27-Ff IWQ —f— e
e Vo T
ISHL NOLILVYEIA FAVTE TIDAINIM e S i
-. it [T S B
i B ERE T

LOULOLZG QUVNIVCE LLATTMIN

3-23



3,2 COMPARISON OF MEASURED AND STATIC INFLUENCE COBFFICIENTS

The test to measure the static deflection of the blade under load was com-
bined with the blade loading to calibrate the bending moment strain gage
bridges. The same setup as assembled for the blade frequency test was used
except that a restraint will be added opposite the one being loaded to react
the load.

Airfoil contour fitting blocks were fabricated from wood and clamped around
each of the three spanwise stations that were loaded. The blocks were felt
padded and wide enough to present a distributed load and not damage the
blade skin. Loads were applied through load cells to the wooden blocks on
the blade. The loads were monitored by visual load cell readout available
to the operator. Gages were attached along the blade at several spanwise

stations to measure the blade deflection under load.

For these tests, the three stations were loaded individually. The loading
was progressively increased in approximately five increments or until suf-
ficient data was collected to define deflection versus force and deflection

versus span.

Loads were applied at stations 301, 521 and 697. Likewise deflection measure-
ments were recorded at these same stations as well as in the blade root area.

These data were reduced in terms of static influence coefficient data for the

blade and a comparison of these measured data and of the predicted blade

influence coefficients is given in Table 3.

3-24



FLAPPING DEFL,

INPLANE DEFL.,

STATION
301 CAIC

301 MEAS

521 CAIC

521 MEAS

697 CALC

697 MEAS

301 CAILC

301 MEAS

521 CAIC

521 MEAS

697 CAIC

697 MEAS

TABLE 3
COMPARTISON OF MEASURED AND CALCULATED

BLADE STATIC INFLUENCE COEFFICIENTS

301

.000545
.000559

001257

.001156

.001727

.001689

-,000032

.000094

-.00009

.000308

-.000134

~-.000022

INFLUENCE COEFFICIENTS - IN/LB.

521

.001276

.00189

.00L6L6
.00k59

.00801k4

.00833

~.000089

.153E-5

-.000344

-.000276

-.000551

- .000096

FLAP LOAD @ STA

697

001793

.00223

.008056
.008338

.021592

.019458

-.000136

e 00065

b 00055].

-.000622

e 0009

.000501
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INPLANE LOAD @

301

~-+000032

.000148

- ,00009

«000271

- 0000131"

. 000k

.000442

.000L409

.000954
.000964

.001379

.001242

521

- 000089

.000k1

-.000344

.000531

e 000551

.000615

. 000954
.000974

.002685

.002057

.00k259
.003118

STA

697

-.000136

.0003kL

-.000551

.0009L1

-.0009

.001165

.0013262

.001231

.ook2L7

.003272

.008003

.005516



4.0 WEIGHT AND BAIANCE

Each of the three windmill blades has been weighed and balance data has been
determined. The measured weights and center of gravity data are summarized
in Table 4 for the three blades as delivered.

TABLE 4

MEASURED WEIGHT AND CENTER OF GRAVITY DATA
OF BLADES AS DELIVERED

Blade Weight Spanwise Chordwise c.g.

Number lbs c.g.-in. in. aft of 1/Lc
1981.3 270.18 1.26
1999.6 269.27 1.40
2012.5 266.67 1.56

Reasons for the manufacturing variation between blades have been studied and
attributed to one or more of the following:

o Material tolerance is *,013 for .250 stock and t.,004 for .0OLO
stock. This could amount to 47 pounds for the entire blade.

o0 Paint thickness is shown by previous experience to typically
vary by 2 't' (where 't' is spec paint system thickness).

0 Fit and function variation between blades is due to dimen-
sional tolerance of individual parts and trimming on assembly.

o Scale accuracy is 0.1%.

Balance provisions at the root rib (Sta 48) and the tip rib (Sta 750) have
been provided in each blade for the required operational blade/rotor
balance. Two balance pockets have been permanently installed at each of
the two locations, each capable of 3.6 pounds when utilizing the steel
ballast which has been provided. Since latitude exists in the way in which
the blade/rotor assemblies can be ballasted, although in general it is

desirable to minimize the use of ballast in the outboard pockets, the
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summary given on Table 5 is but one possible method. This ballast provision
is, however, entirely satisfactory and is recommended based on current

static and dynamic test information.

A synoptic overview of this evaluation is briefly given in the following

paragraphs.

The natural frequencies of the first two (fundamental) bending modes of the
nonrotating blade have been obtained from oscillograph time histories of a
freely decaying motion of the blade following hand excitation using an
instrumentation accelerometer were as follows.

Natural Frequencies (No Tip Weight)
Experimentally Obtained from Oscillograph Records

Blade Fregquencies (cpm)

Mode Shape #1001 #1002 1.00
1st Inplane 159.6 160.0 160.0
1st Flapping 103.8 103.5 103.2

These results show excellent agreement which indicates that the dynamic
properties are for practical purposes identical. Relative to the use of
tip ballast for rotor assembly balance the following test results are of
interest.

Experimental Measurement of Tip Weight Effect
on Blade Frequency

Full Tip Weight
No Tip Weight (7.2 1bs/blade)

103.8 cpm (2.59P) 97.8 cpm (2.45P)
159.6 cpm (3.99P)  141.0 cpm (3.53p)

Since the primary excitation of the system is at 40 cpm (1P), the modest

variation of the nonrotating blade natural frequencies due to the ballast

arrangement given on Table 5 is judged entirely satisfactory.
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TABIE 5
WINDMILL BLADE BALANCE

SPANWISE CHORDWISE
ITEM WEIGHT ARM MOMENT ARM MOMENT
BLADES 1 AND 2
BLADE 1 (NO TRIM WEIGHT) 1,981.3 270.18 535,316 1.26 2,496
INBD FWD POCKET (FULL) 3.6 57.00 205 -12.00 - 43
INBD AFT POCKET (FULL) 3.6 57.00 205 +17.00 + 61
OUTED FWD POCKET 1.2 T41.00 889 - 2.70 - 3
OUTBD AFT POCKET 1.2 7h1.00 889 + 2,70 + 3
WEIGHT ON STA 48 RIB 5.0 48.00 2Lo +25.00 + 125
BLADE 1 (BALANCED) 1,995.9 269.42 537,74k 1.32 2,639
BLADE 2 (NO TRIM WEIGHT) 1,999.6 269.27 538,440 1.%0 2,799
DIFFERENCE 3.7 0.15 696 0.08 160
BLADES 1 AND 3
BLADE 1 (NO TRIM WEIGHT) 1,981.3 270.18 535,316 1.26 2,496
INBD FWD POCKET (FULL) 3.6 57.00 205 -12.00 - 43
INBD AFT POCKET (FULL) 3.6 57.00 205 +17.00 + 61
WEIGHT ON STA 48 RIB 23.2 48.00 1,114 +25.00 + 580
BLADE 1 (BALANCED) 2,011.7 266 .86 536,840 1.54 3,094
BLADE 3 (NO TRIM WEIGHT) 2,012.5 266 .67 536,669 1.56 3,140
DIFFERENCE 0.8 0.19 in 0.02 46
BLADES 2 AND 3
BLADE 2 (NO TRIM WEIGHT) 1,999.6 269.27 538,440 1.40 2,799
INBD FWD POCKET (FULL) 3.6 57.00 205 -12.00 - 443
INED AFT POCKET (FULL) 3.6 57.00 205 +17.00 + 61
WEIGHT ON STA 48 RIB 8.7 48.00 418 +25.00 + 218
BLADE 2 (BALANCED) 2,015.5 267.56 539,268 1.51 3,035
BLADE 3 (NO TRIM WEIGHT) 2,012.5 266 .67 536,669 1.56 3,140
OUTBD FWD POCKET 1.5 741.00 1,112 - 2.70 - bk
OUTBD AFT POCKET 1.5 741.00 1,112 + 2.70 + b
BLADE 3 (BALANCED) 2,015.0 267.37 538,893 1.56 3,140
DIFFERENC & 0.0 0.19 375 0.05 105

SPECIFICATION REQUIREMENT IS THAT THE BLADES BE MATCHED IN WEIGHT WITHIN 5 POUNDS
AND THE CENTER OF GRAVITY LOCATIONS SHALL BE WITHIN.O.2 INCH.
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5.0  STRUCTURAL TEST RESULTS SUMMARY

Nonrotating structural tests have been conducted on the first metal wind
turbine blade mounted on a test fixture. This support fixture simlated
the hub/spindle stiffness of the 100-kW experimental wind turbine generator.
The test/analysis frequency summary comparison presented in Table 6 shows
that excellent correlation was obtained. The frequencies of the flapping
modes and the inplane modes are both slightly higher than calculated which
is largely attributed to higher blade bending stiffness levels being
obtained. The first torsion mode was slightly lower than predicted, but
for a 2000 cpm mode this is good correlation. It is concluded that the
mass and stiffness distribution properties calculated by computer graphies,
see figure 57, are accurate descriptions of the basic properties of the

blade.

During the calibration test loading of the strain gage instrumentation,
deflection measurements were taken concurrent with loading applications.
Structural influence coefficients determined from these measurements are
compared with theoretical predication on Table 7. These results show
excellent correlation with the flapping and inplane measurements. The
flapping is 1.06 times stiffer than theory and the inplane is 1.10 times
stiffer than theory at blade station 301. These values when compared with
the nonrotating first blade mode frequencies would explain the higher
fregquency results obtained between test and theory on Table 6.
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METAL WIND-TURBINE BLADE
LUMPED PARAMETER WEIGHT DISTRIBUTION

WEIGHT X ARM Y ARM

138.77
188.99
2517.64
130.17
135.68
117.69
114.95
55.04
68.96
13145
108.01
109.09
98.48
84.39
19.11
56.06
20.08
15.43
28.58
17.28

1955.54

0.00
n
123
1.54
1.58
240
177
1.62
0.18
-0.36
0.10
-0.28
0.27
0.22
0.16
0.21
-0.26
013
-0.04
-0.29

113

NN

54.96

19.01
124.89
t1.2:
213.81
257.66
290.65
312.58
345.96
389.04
43314
47718
521.19
564.96
608.22
642.34
663.66
698.11
736.45

269.97

Z ARM

2.00
0.69
074
0.40
0.23
0.36
0.1
0.51
-0.46
012
0.16
an
-0.08
0.08
.01
0.0t
0.00
0.07
-0.04
0.04

0.63

ROTATION TO PRINCIPAL AXES

11.66 DEGREES

195554 113 69.97
ABOUT CENTROID
195654 1,13 269.97

0.63

1.63

UNITS: LBS, INCHES, LB-IN?

Figure 57.
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