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DESCRIPTION OF COMPUTER PROGRAM 

Rotor performance and loads for this project were calculated 
by Rotorcraft Flight Sinu.lation with Aeroelastic Rotor 
Representation, Program C81.  This program was delivered to 
the U. S. /rmy under Contract DAAJ02-70-C-0063.  The program 
is completely described in Reference (1).  Following is a 
brief summpry of the program. 

Program C81 is a general-purpose rotorcraft flight simulation 
program capable of analyzing an entire rotorcraft in level 
or maneuvering flight.  However, for the purposes of this 
study, only the rotor simulation capability was used.  The 
rotor simulation is divided into a trim procedure and a loads 
calculation portion.  The trim procedure iterates on the 
independent variables (collective pitch, fore and aft and 
lateral cyclic pitch, and fore and aft and lateral  Lapping 
angles) to balance the forces and moments acting on the rotor. 
For this project, the program trim procedure was modified to 
iterate to those control positions necessary to give zero fore 
and aft and lateral flapping.  After a trimmed flight condition 
is obtained, the rotor loads calculations are performed as 
described below. 

The rotor loads procedure is a fully coupled time-variant 
aeroelastic analysis based on the medal technique. Modes 
and natural frequencies must be calculated in a separate 
program and input into Program C81.  The modes and natural 
frequencies used in this study were generated by a program 
based on the Myklestad procedure. 

for a specified rotor speed, the Myklestad program generates a 
set of fully coupled modes having beam, chord, and torsional 
components as a function of control system stiffness; blade 
twist; beam, chord, and torsional stiffness; weight distribu- 
tion; beam and chord moments of inertia; neutral axis and 
center-of-gravity locations at twenty radial stations; cen- 
trifugal stiffening; centrifugal restoring torsional moment; 
and hub impedance. 

Rotor airloads are calculat 
each azimuth location as a 
tack and local Mach number 
compressibility.  The effec 
displacements and velocitie 
Also included at the user's 
and yawed flow effects.  Ai 
moment coefficients may be 
or in equation form. 

el by C81 at 20 
function of the 
to include the 
ts of both rigi 
s are included 
option are non 
rfoil lift, dra 
input as tables 

radial stations for 
local angle of at- 

effects of stall and 
d body and elastic 
in these calculations, 
steady aerodynamic 
I,   and pitching 
of discrete values 



Inertia forces due to the unsteady motion of the frame of ref- 
erence and calculated airloads are summed to form the forcing 
function portion of the modal equations.  The total time- 
variant response of the blade is then obtained by summing the 
response of each input mode shape.  Bending moments are com- 
puted by summing the products at each radial station of modal 
bending moment coefficients and modal participation factors. 
The bending moment coefficients for each mode are computed as 
a function of blade mass, rotor sp^ed, mode shape, and mode 
natural frequency by considering the moments generated by the 
inertia forces and centrifugal forces. 

Rotor performance and blade bending moment information is pre- 
sented c?t the end of each Program C81 simulation.  The perform- 
ance information is given in both dimensional and nondimension- 
al form.  Bending moments are presented as sine and cosine har- 
monic analysis components.  A complete time history of any 
rotor performance and load calculations may be obtained by 
entering the maneuver portion of the program.  This section 
numerically integrates the equations of motion to give the time 
history, which may be plotted either as printer plots or as 
CALCOMP plots. 

i 
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DESCRIPTION OF BLADE PROPERTIES 

The blade dynamic and aerodynamic data were obtained by- 
Sikorsky Aircraft Corporation under Contract DAAJ02-72-C-0026. 
The complete description of the experimental techniques is 
described in Reference (2).  These data are summarized below. 

DYNAMIC PROPERTIES 

The model rotor blades examined in this project were scaled 
from the Sikorsky H-34 helicopter rotor system.  The geometric 
scale factor applied was 6.109.  The four blades are described 
as follows: 

1. Fiberglass spar, zero twist 

2. Fiberglas? spar, -8 uniform twist 

3. Fiberglass spar, zero twist with 5° trailing-edge 
flap (over aft 20% of chord) 

4.   Aluminum spar, zero twist 

All blade sets had the same nominal weight and inertia distri- 
butions.  The aluminum blades, however, were approximately 
three times stiffer than the fiberglass blades.  Blade stiff- 
ness, inertia, and geometry information are given in Tables 1 
through 4. 

The tabulated blade stiffness and inertia properties were ap- 
portioned in twenty equal segments to match the input format 
of Program C81.  These equal segment length data are shown in 
Tables 5, 6, and 7.  Calculated frequencies and generalized 
inertias are given in Table 8.  Blade inertia and center of 

\ + *2 +  '•• + Vl + Xn 
El EQ Ein El, 

+ • n 

El n 
(1) 

where 

'EQ an equivalent area moment of inertia for a beam 
composed of n subsequents having different area 
moments 

I'     2' 

of inertia, n' and lengths 
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This procedure yields an equivalent beam segment which rotates 
an amount equal to that of a beam made up of the n subsegments 
when both beams are subjected to the same moment. 

AERODYNAMIC PROPERTIES 

Two sets of aerodynamic data are presented for this project. 
These are the model two-dimensional airfoil data and the mod- 
ified airfoil data used for loads predictions (explained and 
presented in the Model Rotor Aerodynamic Investigation section 
of this report). 

The model lift, drag, and pitching moment coefficients are 
presented in Figures 1, 2, and 3 for the symmetrical (un- 
flapped) blade section and in Figures 4  5, and 6 for the 
blade section having the 5° trailing-edge flap.  The full-scale 
0012 lift table characteristics used in the modified airfoil 
table are presented in the Model Rotor Aerodynamic Investiga- 
tion section of this report. 
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PRETEST PREDICTIONS 

PRELIMINARY CALCULATIONS 

The two baseline conditions for performance calculation were 
chosen to be (1) M = 0.30, M = 0.40, and CL/o = 0.082, and 
(2) k = ^.40, M = 0.438, and CT/O = 0.045.  These baseline 
points \vire selected because they appeared to be representa- 
tive of the conditions contained in Reference (3). 

Computer Program C81 was used to make initial performance cal- 
culations.  The results obtained are shown in Figure 7, which 
illustrates that the predicted stall is much below the sched- 
uled CL/C = 0.082.  As a result of these calculations, the 
scheduled CT/0 values were reduced by 40 percent.  The base- 
line conditions were then CL/° = 0.049 and Ci/o = 0.027. 
Also shown in Figure 7 are calculations made using the full- 
scale 0012 airfoil tables contained in C81 and measured 
results for the fiberglass blade with -8  twist.  These two 
items will be discussed later in the text. 

VARIATIONS ABOUT BASELINE CONDITIONS 

One hundred sixty-two C81 trim cases were completed to match 
the scheduled wind-tunnel test points.  These cases were 
performed about the baseline trim points for the fiberglass 
blade with -8° twist to determine the sensitivity of per- 
formance and loads to variations (+2°) in mast tilt, collec- 
tive pitch, longitudinal and lateral cyclic pitch. 
These cases are analyzed in the Initial Rotor Performance 
Correlation section of this report.  The baselines for the 
fiberglass, -8° twist blade are given in Figure 8. 

Additional cases were calculated for each baseline condition 
for the three other sets of blades whxch were not included 
in the 162 cases.  These additional trim cases are presented 
in Figures 9, 10, and 11. 

19 

aacaaiaa ■^-..,-..:.:i..^..w^i„^,.,.^.^.^.^..^^ 



rnrnrnm' MiPüP^ii 

CORRELATION CRITERION 

A correlation criterion must exist to judge comparisons of ex- 
perimental data and calculated predictions.  This section de- 
scribes the criterion used to quantify the results of this 
project. 

Performance and 
point or statis 
Each method has 
comparisons yie 
of points exami 
tistical repres 
and describes t 
individual devi 
advisable. 

bending moment data may be compared point to 
tically, using curve fits to relate results. 
its benefits and drawbacks.  Point-to-point 

Id readily understandable results for each set 
ned, but they do not indicate trends.  A sta- 
entation compacts large amounts of information 
rends; but, when taken alone, it tends to hide 
ations.  Therefore, use of both procedures is 

A quality factor, abbreviated q, is used with the point-to- 
point and statistical comparisons. For point-to-point com- 
parisons, a percentage of difference is used, given by 

I measured - computed I 
measured x 100% (2) 

The statistical approach involves a different definition, 
which is given later in this section.  Ranges of q are given 
in Table 9 .  These values were picked from experience con- 
sidering the ranges of accuracy needed by the designer. 

The basis of the statistical method is to plot like quantities 
(having the same independent parameters, M-, MI QQ, ^O/A» and 
am) of measured data versus computed predictioAs and to fit 
a first-order least-squared error criterion curve fit through 
the points.  The correlation criterion may then be applied to 
the parameters describing the fitted line.  The line has three 
properties which describe its relation to the data.  These are 
its slope, intercept, and the scatter of data about the line. 
If measured data (y) is plotted against computed predictions 
(x), a line fitted through the points using the least-squared 
error criterion will have the following form: 

y' = ax + b (3) 

where 

y1   =  the predicted value  of y 
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b = ^ 

IX^ - "^ 
nx 

2 ^ x  - x T xy 
5   - ^ 

ix" —2 =7" ^v/ - nxz 

and 
n = the number of samples 

A correlation coefficient may be defined as 

2 

r2 =  I 
Se 

where 

r = the linear correlation coefficient 

o 

S  = ^ t, ¥    , the variance of the estimate e      n-i    ' 

y = "jr > the mean of the data 

= I 
^ , the variance of the data about 

its mean. 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(ID 

The quantity r may be interpreted as the percentage of the 
variance (S 2) which is contributed by the fitted linear 
relation fo¥ y'.  It is, therefore, a statistic which de- 
scribes the usefulness of the fitted line for estimating pur- 
poses. 

Perfect correlation, according to the preceding definitions, 
is represented by a = 1, b = 0, and r = 1.  The terms a and 
r are independent of the magnitude of the variables; however, 
b is magnitude dependent.  Therefore, b is normalized by the 
average value of the independent variable and subtracted from 
one so that unity will continue to represent perfect correla- 
tion.  The term b is replaced by 

b' = 1 - b/x (12) 

The quality factor may now be defined (in a percentage of error 
sense) to be 
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q = (1-a) x 100% for a < 1 

or  q = (a-i) x 100% for a > 1 

qb = (l-b
1) x 100% = b/x x 100% 

qr = (1 - r) x 100% 

The quality factory, q, may t:hen be judged by the stated 
criteria given in Table 9. 

The procedure described here followc Hoel, "Introduction to 
Mathematicax Statistics" (Reference 4). 

(13) 

(14) 

(15) 
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INITIAL ROTOR PERFORMANCE CORRELATION 

Because of the large quantity of data, and the possibility 
that the actual wind tunnel test points would not match those 
used in the previous calculations, statistical techniques 
were used to analyze the data.  The following data were 
subjected to a multiple correlation analysis: 

Independent Variables Dependent Variables 

M' M' Vast' e3/4' ai' bl     CL/a' CD/a' CY/a 

Al' Bl' aTPP V0' Cm/a' V0 

For a specified dependent variable, the multiple correlation 
analysis picks, in order of descending importance, the 
independent variables that may be used in a linear combina- 
tion to express the dependent variable.  Within the 162 
computer cases run, the rotor lift can be statistically 
represented by 

CL/a calc 
=  .00824 + 004 aTpp + .00693 B 3/4 (16) 

The multiple correlation coefficient for the above equation 
is r = 0.951, which means that (.951)2 x 100 = 90.5% of all 
variations of CT/o can be represented by variation in 

a
Tpp 

and e3/A'  The standard error is S = 0.009, which can be 

interpreted as a confidence limit that the computed C-/a 
1-4 

will be within +0.009 of the value predicted by the above 
equation in 65 percent of the cases and within +2x(0.009) = 
+0.018 in 95 percent of the cases. 

All measured data for the fiberglass -8 twist blade 
were also subjected to the multiple correlation analysis. 
The results were 

CT/o    = .01854 + .00456 a   + .0066 e,,,. 
L meas J-"        J/4 

with a correlation coefficient of r = 0.911 

(17) 

The calculated and measured lift coefficients may be compared 
by examination of the above relations.  The partial deriva- 
tives giving the rate of change of lift with respect to tip 
path plane attack angle and collective setting are within 
12 percent.  The difference between the constant terms is 
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due to the low values of C,   in the 2-D wind tunnel data. 
max 

The analysis was performed on the calculated and measured 
power.  The results were as follows: 

Qjo =    0.00006 + .00069 eQ// + .00010 a^^ P' meas -V4- irr 

V^alc 
r =   0.928 

=    0.00020 +  .00061  8 

r =   0.960 
3/4 

+ .00015 a TPP 

(18) 

(19) 

It should be recalled that the correlation analysis is based 
on linear theory and, therefore, any nonlinear relationship 
among the variables is deleted.  Since the multiple correla- 
tion analysis is free to select any of nine independent 
variables, it is significant that collective pitch and tip 
path angle of attack were always selected as the best 
predictors of rotor thrust and power.  The fact that these 
selections were made for both the measured and calculated 
values tends to validate the mathematical model of the rotor. 

The statistical representation of the measured and calculated 
gross rotor performance is shown in Figures 11 and 12.  The 
computed results used in this analysis are tabulated in Table 
9.  The computer subroutines used in the multiple regression 
analysis are described in Reference (5). 
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SENSITIVITY ANALYSIS 

An. analysis was developed to relate the sensitivity of pre- 
dicted results to input parameter variations.  Twenty-six 
individual variations of significant input parameters were 
made for the two baseline correlations (CL/O = 0.049 and 
CL/O = 0.027) using the model aerodynamic data.  However, 
as explained in the Performance Comparisons Section of this 
report, the program could not accurately represent the model 
rotor tunnel behavior using the model steady aerodynamic data. 
This fact, coupled with apparent discrepancies in the model 
two-dimensional data apart from any program considerations, 
made the sensitivity analysis calculations generally suspect. 
Consequently, these calculations are not presented in this 
report.  However, the mathematical procedure for the sensi- 
tivity study is considered valid and very useful for future 
studies.  Therefore, the analysis is presented here for in- 
formation only. 

If the standard deviation for an input, x-^, 
standard deviation of an output quantity, y 

19 then the 
inay be written 

'i» 

£HK (20) 

where 

n = number of input variables, x (21) 

£ = rate of change output, 
i  to input, x-j. 

y, with respect (22) 

To employ this method, a value must be assigned to each input 
parameter standard deviation.  These values should be assigned 
from the results of a large sample test of the values of each 
quantity.  Lacking this information, a judgment must be made 
to relate the standard deviation to confidence levels (given 
in plus and minus percent error about a nominal value). 

If, after the determination of ay, the computed value and 
measured value of y are compared and are such that 

^  ^measured! 
< 2ay (23) 

then there is a 95 percent probability that the variation 
between the measured and computed values is due to input 
parameter variation. 

The method given here follows Bendat and Piersol (Reference 6). 
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FOSTTEST PERFORMANCE CORRELATION 

Performance comparisons of calculated and measured results 
were made for the following cases: 

Fiberglass blade, -8° twist, 6.-, G1 

Fiberglass blade, 0° twist, t     = 0° 

Fiberglass blade, 0° twist, ^ = 5° 

0.299 

0.400 

0.502 

0.299 

0.299 

Ml,90 
0.408 

0.435 

0.467 

0.408 

0.40S 

Comparisons of measured and calculated results are shown in 
Figures 14 through 33.  All calculated results shown in these 
figures were made using the model airfoil data.  Performance 
comparisons for the aluminum, 0° twist blade are not shown 
since the analysis used in this portion of the study is a 
quasi-static analysis (using steady and 1/rev blade response) 
which does not yield results different from those for the 
fiberglass, 0  twist blade.  Basic comparisons are presented 
as plots of lift versus control plane angle of attack, power 
versus lift, measured lift versus calculated lift, and measur- 
ed power versus calculated power.  Measured lift versus cal- 
culated lift and measured power versus calculated power are 
not shown for the fiberglass, -8° twist blade at the K = 
0.502, M 1,90 0.467 condition because insufficient measured 
data were'available for a statistical analysis. 

Examination of the plots shows that measured and calculated 
lift values are in close agreement at low collective values. 
Calculated power is generally lower than measured.  As collec- 
tive pitch increases, the calculated lift shows stall char- 
acteristics at a much lower pitch angle than the measured 
lift.  These stall characteristics are best compared in the 
power versus lift plots.  These figures show calculated stall 
to be extremely abrupt.  For instance, in Figure 15 a maxi- 
mum calculated lift coefficient of C./o  =  0.07 has been reach- 
ed while calculated power increases asymptotically.  Calcula- 
ted stall is most severe for the blade set with the 5  trail- 
ing-edge flap (Figure 31), as expected.  The measured stall 
characteristic for this case is hardly in evidence, no more so 
than for the unflapped blade at the same condition (Figure 27). 
Figures 18 and 19 illustrate the effect of the Program C81 un- 
steady aerodynamic and yawed flow representations on the cal- 
culated lift and power for the fiberglass blade with -8 
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twist (compare with Figures 14 and 15).  Though these effects 
increase the calculated lift at high collective settings, stall 
still occurs much more abruptly than in the measured results. 
Table 10 presents quantitative comparisons of measured and 
calculated lift and power and also grades the correlation 
according to the correlation criteria given in Table 9. 

Because the measured data examined in this portion of the 
study showed such delayed stall characteristics when compared 
with the calculated results using the model data, further 
investigation was indicated.  This investigation took the 
form of a brief correlation study for a full-scale rotor 
system and a consideration of the aerodynamics of model 
rotors.  The results of these studies are given in the next 
two sections. 

I 

I 
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FULL-SCALE COMPAF .SONS 

Program C81 was used to predict performance and bending moments 
for a full-scale H-34 rotor system.  The experimental data for 
this comparison are published in USAAVLABS Technical Report 
68-3 (Reference 3) and NASA TND-4632 (Reference 7).  All blade 
dynamic properties for these comparisons were estimated from 
the figures and plots given in TR68-3.  The aerodynamic prop- 
erties were those of standard 0012 tables used at Bell Heli- 
copter. 

Performance comparisons for various mast tilt angles are given 
in Figures 34 through 39.  Figures 34 through 36 compare meas- 
ured and calculated lift, drag, and horsepower with collective 
pitch as the independent parameter, while Figure 37 shows meas- 
ured and calculated power versus lift.  As may be seen, the 
calculated performance par^ -!ters show very good qualitative 
agreement with the measured data.  Lift error is a maximum of 
900 lb for the 0° mast tilt case at ö3/4 = 2°, amounting to 18 
percent of the measured, and decreases with increasing collec- 
tive pitch.  Drag error is about 500 lb or approximately 30 
percent of measured for the 10 mast tilt case.  Maximum power 
error is approximately 200 hp or about 16 percent of measured. 
Figure 37 illustrates that the full-scale rotor stall char- 
acteristics are predicted very accurately. 

Figures 38 and 39 compare experimental lift to calculated lift 
and experimental power to calculated power.  This method of 
presentation allows application of the correlation method de- 
scribed previously.  First-order least-squared error criterion 
prediction lines for each of these plots are described by J 

CT/o = 0.0118 L'   meas + 0.923 CT/o      . 
L'    calc (24) 

with r = 0.989 and CL/a = 0.061 

and 

Was = 0-0000583 + 1.014 Cp/u^ (250 

with r - 0.957 and Cp/o = 0.00239. 

The quantities a^'), Kb'), and r (slope, normalized inter- 
cept, and correlation coefficient as defined previously) for 
lift and power may be expressed as 

Lift: 

a =  0.923   (q =  7.8%) (26) 
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b' 

(q = 19.3%) 

0.0118\ 
' Ö.Ö61 j 

r = 0.989 (q = 1.1%) 

Power: 

a = 1.014 (q = 1.4%) 

b' 
■(■•.;.)■('• 

0.0000583 \ 
Ü.ÜÜ239 / 

= 0.807 (27) 

= 0.976 

r = 

(q = 2.44%) 

0.957 (q = 4.3^) 

(28) 

(29) 

(30) 

(31) 

Application of the correlation criterion stated in Table 9 
grades the lift slope correlation as good, lift intercept as 
poor, and lift correlation coefficient as excellent.  Appli- 
cation of the criterion to power grades the power slope as 
excellent, power intercept as excellent, and power correlation 
as excellent. 

Figures 40 and 41 compare measured and computed bending stresses. 
The Program C81 beamwise stress predictions are higher in the 
midspan region than the measured, but are in good agreement in- 
board of r/R = 0.35 and outboard of r/R = 0.70.  However, the 
predicted chordwise stresses are low in the inboard regions and 
quite good outboard of approximately r/R = 0.40. 

: 
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MODEL ROTOR AERODYNAMIC INVESTIGATION 

This section pres ^its a brief examination of the performance 
correlation problems described in the Posttest Performance 
Correlation section.  The model rotor aerodynamics were exam- 
ined and a modified airfoil developed which produced reason- 
able performance correlation. 

Rotor stall character.i.stics are compared in Figures 42 and 43. 
Figure 42 presents measured power, computed power (using model 
data tables), and measured oscillatory moment (at r/R = 0.20) 
plotted against lift.  The case presented is at a = 2° to 
represent a forward flight condition.  The plotted power fig- 
ures are modified by removal of induced power and parasite 
power to isolate aerodynamic effects.  These terms are approx- 
imated by simple momentum theory and are not exact.  They are 

Induced power coefiicient = Cp./o = (CT/O)2 O/2I-I 

Parasite power coefficient = Cp /0 = M(C /O) 
P       x 

(where C /o is the rotor x-force coefficient in the wind axes). 

Figure 42 clearly illustrates that measured power and measured 
torsional moment "break" together, further evidence that the 
phenomenon observed is stall.  The computed power breaks well 
before the measured power.  This observation is considered 
further evidence that computations made with the model airfoil 
tables do not represent the rotor as it behaves in the tunnel. 
Figure 43 is another power versus lift plot which presents 
comparisons of measured data and predictions computed using 
Program C81 and Program F-35 (Ref. 8), a Bell Helicopter rotor 
performance program.  Both computations were made using the 
model airfoil data tables to check the programs against each 
other.  As may be seen, both programs compute essentially the 
same stall characteristics. 

The results described above, the stall characteristics observed 
in the Posttest Performance Correlation, and the full-scale 
comparisons all suggest that the performance correlation prob- 
lems were caused by the stall characteristics of the model air- 
foil data.  It is well known that the Reynolds number and the 
Mach number can have significant effects on blade aerodynamic 
coefficients.  The 2-D airfoil tests performed by Sikorsky were 
designed specifically to obtain the necessary steady-state data 
to be used in the flight simulation program.  These data are 
presented in Figures 1, 2, and 3.  Of particular interest is 
the maximum lift coefficient CLmaX as a function of Mach number 
shown in Figure 44.  Also shown for comparison are values of 

30 

^■^v^^afa^^ B^^iim?^^ ^ 



^y^^-^-^rn^^^T^^^^r^^^^^?^*^ T^y^r*?^ 
^^^^^^^^^^^n^sw^reTWW^-v^-^---'-'---- ^'-'- awvWTwm 

CT^ from synthesized airfoil tables developed from a Bell 
in-^House hovering rotor test and a Sikorsky hovering rotor 
test (Reference 9).  The Bell test was conducted with a two- 
bladed 2,25 in. chord, 14 in. radius blade.  Three twist com- 
binations and three tip Mach numbers were examined and two- 
dimensional data were developed that correlated the measured 
performance for all three rotors at all three Mach numbers. 
This approach has been used by NACA (Reference 10) to synthe- 
size airfoil data from test results.  Both sets of synthesized 
data contain significantly higher maximum lift coefficient 
values when compared to the model two-dimensional data.  The 
conclusion must be that the model data is unreasonably low or 
that unusual effects caused the synthesized data to be unex- 
pectedly high. 

model two-dimensional airfoil data was used to predict 
at fa = 0.299, Mi go := 0.408 and am = 0° as shown 

the model'data are used, stall occurs at 

The 
performance [i 90 ■■=  0.408 and am = ( 
in Figure 7.  When the model data are used, stall uut,urb au 
approximately CL/0 = 0.075.  These values are considerably be- 
low the measured lift values shown for this condition.  If 
full-scale 0012 airfoil data are used, the stall point is 
increased to 0.106.  Comparison between the measured and full- 
scale lift values indicates that the full-scale data more 
nearly approximates the behavior of the rotor in the tunnel. 

The exact reason for the discrepancy between measured and cal- 
culated results is not well understood; however, it may be 
related to "centrifugal pumping".  Centrifugal pumping refers 
to the tendency for the centrifugal force to push the turbulent 
boundary layer, which occurs with blade stall, out of the 
blade.  As the turbulent volume is removed, the flow reattaches 
to the airfoil and thus the stall conditions are removed.  The 
effect may be more significant for model rotors than for full- 
scale rotors because of the increased centrifugal force field. 

Since the model behavior in the tunnel seemed to be best de- 
scribed by full-scale rotor aerodynamic characteristics, a 
modified airfoil table was assembled to permit bending moment 
calculations to be made.  The table used for the three blades 
without the trailing edge flap contained a full-scale 
(RN = 12 x 10^) lift table, the model drag table with an incre- 
ment added uniformly to all values (^CQ = 0.003), and a null 
pitching moment table.  Figure 45 presents the lift character- 
istics of the full-scale 0012 tables used in the modified 
tables.  Drag characteristics may be obtained from the model 
drag properties shown in Figure 2 by adding the increment. 
Figures 46 through 50 present representative effects of the 
modified airfoil on performance calculations.  Different 
increments were used for the flapped airfoil.  These were 
^CL = 0.15 added to the full-scale lift table and ACD = 0.005 
added to the model drag table. 
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The fitted lines relating the measured and calculated lift and 
power in Figures 49 and 50 have the following values for a, b*, 
and r: 

Lift: 

a = 0.944 (q = 5.6%) 

b  „ ,   0.00179 b' = 1 - 

V0 = 1 - Ü.Ü6Ü8 = 0.971 (q = 2.94%) 

r 

Power: 

a 

= 0.952 (q = 4.8%) 

= 0U884 (q = 11.6%) 

b' = 1 - _L_ = 1 - 0-00Qp = 0.912 (q = 8.81%) 

V7 TÜÜTT 

r = 0.992 (q = 0.8%) 

Applying the standards presented in Table 9, the lift corre- 
lation i? graded as good, excellent, and excellent for its 
slope, intercept, and correlation coefficient.  Similarly, 
power correlation is graded as fair, good, and excellent on 
its slope, intercept, and correlation coefficient. 

The modified airfoil was used because it allowed the calcula- 
tion of reasonable performance parameters.  A general technique 
for adjusting two-dimensional model airfoil data to represent 
actual operating airfoil characteristics has yet to be developed. 

i 
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POSTTEST ROTOR BENDING MOMENT CORRELATION 

Load comparisons were made by computing blade response at cer- 
tain specified conditions for all four blade sets. The condi- 
tions were selected to present a range of lift and n, M-, QQ 

combinations.  The cases examined were designated in the Sikor- 
sky wind-tunnel test as Conditions 25, 44, and 68.  Because 
each condition number represents slightly different operating 
conditions for each blade, the values of lift and power coeffi- 
cients corresponding to each blade set are listed in Table 11. 
This table also shows the computed lift and power for each con- 
dition and blade. 

Load computations were made using the modified airfoil table 
discussed in the Model Rotor Aerodynamic Investigation section 
of this report.  For each blade set and condition, the computed 
lift and first harmonic flapping components were brought as 
close as practicable to the measured lift and flapping,  A col- 
lective sweep using a qua si-static analysis (steady and first 
harmonic blade response only) was made to obtain the value of 
lift required by the target condition.  The Program C81 quasi- 
static procedure will automatically iterate to zero first har- 
monic flapping component values.  However, when a fully elastic 
computation is made, the values of lift and flapping angles com- 
puted in the quasi-static analysis are changed slightly'due to 
aeroelastic effects (principally changes in blade angle of 
attack due to local blade velocity).  These changes required a 
succession of simulations to obtain the desired lift and flap- 
ping angles.  Consequently, the computed values do not exactly 
match the measured.  Also, because the modified airfoil char- 
acteristics do not represent the model behavior adequately in 
all regimes, there is frequently a mismatch between computed 
and measured power, 

A choice of rotor blade elastic modes was necessitated by a 
Program C81 input limit of six modes.  Properties of the modes 
used are shown in Table 8.  Computations for the fiberglass 
blades were made using one rigid-body beamwise mode, one rigid- 
body chordwise mode, two elastic beamwise modes, and two elas- 
tic chordwise modes.  For these blades, the selection of the 
second elastic chordwise mode at approximately 7.5/rev pre- 
cluded the use of an elastic beamwise mode existing at approx- 
imately 6.7/rev.  This choice was made to provide a possibility 
of higher frequency chordwise response.  Computations for the 
aluminum blades were made using the first existing six modes. 
Torsion modes were omitted for all calculations because the 
modified airfoil had no pitching moment table.  Modes were 
calculated for a rotor speed of 730 rpm and a root collective 
pitch of 12°.  The boundary conditions applied for mode shape 
calculations were those of a pinned out-of-plane hinge and a 
pinned in-plane hinge located at r - 3 inches.  The effect of 

s 
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the C81 by inplane lead-lag damper V7as represented in Program C81 
a damping force, proportional to inplane velocity, applied at 
r/R = 0.10.  Based on the damper rate of 17 in.-lb-sec/rad, 
the Program C81 damper input was 37.5 lb-sec/ft. 

Measured and calculated beam and chord bending moments are com- 
pared by time histories and by harmonics at five radial sta- 
tions (r/R =0.20, r/R = 0.35, r/R = 0.45, r/R = 0.65, and 
r/R = 0.80).  Figures 51 through 74 present the time histories 
for the twelve cases examined.  These are followed by Figures 
75 through 98 which present the harmonic analyses of the same 
cases.  The harmonics are given in magnitude and phase form as 
explained below.  Tables 12 through 35 present the measured 
and calculated bending moments as sine and cosine harmonic 
components. 

Measured and calculated load harmonics are presented in Figures 
75 through 98 as magnitudes and phases plotted against radial 
station.  A load, M, may be represented as Fourier series sine 
and cosine components in the form 

M(nüt,r) =X) ( An sin 
n=0 

n(it + B cos niit) n (32) 

where    M = load magnitude 
n = harmonic number 
Ti = rotor speed 
t = time 
r = blade radial station 
A = A^(r), the sine component of the load at 

radial station r 
B_ = B (r), the cosine component of the load 

ac radial station r. n 

The above relation may also be written as a magnitude and 
phase in the form 

j 

M(nfit,r) =£; Cn cos (nfit - 0n) 

n=0 

(33) 

where ,2 
Jn C- = ^ + B- n 

^n = ta*1   < W 
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Of the twelve cases examined, calculations using the -8° twist 
blade produced the best results.  Examination of Figures 57 
and 58 shows oscillatory magnitudes to be quite good for 
Condition 25.  The beam traces for this condition show good 
magnitude and phase relationships for the entire span.  Chord- 
wise loads are good from r/R = 0.35 to r/R = 0.80.  However, 
there is a decided difference in magnitude at the 20-percent 
radius.  This effect is very evident in the plots of the chord 
load harmonics (Figure 82), where good correlation is seen 
for 1/rev loads from r/R = 0.35 to r/R = 0.80, and for the 2/rev 
and 3/rev chord load components for the entire span.  The most 
noticeable difference is seen in the 1/rev chord loads at 
r/R = 0.20, where the calculated load is approximately 50 
percent of the measured.  Calculated beam and chord load magni- 
tudes for Condition 44 are low.  Paase relationships are good 
for the 1/rev beam bending moments over the entire span and 
improve for the 2/rev loads toward the tip.  Once again, a 
large jump in chord 1/rev load is observed at the 20-percent 
radius.  Condition 44 measured chordwise moments show a very 
high 4/rev harmonic content which is not calculated and also 
not seen in either Condition 25 or Condition 68 for this 
blade.  Oscillatory magnitudes for Condition 68 are low over 
the entire span for both beam and chord loads.  Calculated 
beam harmonics are low at all frequencies.  Calculated chord 
1/rev magnitude again shows a very large discrepancy at the 
20 percent radius but shows continuing improvement in magni- 
tude and phase with blade radial station.  Calculated chord 
2/rev load is low at the 20% radius, but shows almost perfect 
ro^nitude correlation from r/R = 0.45 to the blade tip. 
Calculated chord 3/rev and 4/rev magnitudes are low over the 
entire span. 

Calculated IO&JS for the fiberglass blade with 0 twist are 
lower than measured for all three conditions.  The measured 
loads also exhibit high harmonic consent not seen in the 
calculated loads.  The measured chordwise loads for Conditions 
25 and 68 show large excursions in the fourth quadrant of the 
rotor azimuth which are indicative of stall.  These are not 
accompanied by a calculated stall prediction. 

Calculated loads for the remaining two-blade sets, the fiber- 
glass blade with the trailing-edge flap and the untwisted 
aluminum blade, are considerably lower than the measured loads. 
Generally calculated loads do not show the higher harmonic 
content of the measured loads, and calculated stall indica- 
tions are absent. 
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Calculated loads are characterized by the absence of higher har- 
monic content and, excepting the fiberglass, -8° twist blade at 
Condition 25, generally low magnitudes.  Measured 1/rev chord- 
wise loads seem to be always increasing in the inboard direc- 
tion, toward the hinge.  This tendency would seem to indicate 
some moment carryover at the lead-lag hinge.  The high harmonic 
content of the measured loads may indicate the presence of 
blade interaction effects which are not presently modeled in 
Program C81. 

EFFECT OF CYCLIC RESOLUTION 

Another factor which may influence the bending moment correla- 
tion is the effects of the cyclic pitch in the resolution angle 
between the shaft reference system and the blade reference sys- 
tem.  Referring to the description of the mathematical model, 
it can be seen that the blade bending moments are formed by sum- 
ming the bending moments produced by each mode.  At the begin- 
ning of each computer run, the input mode shapes are used to 
calculate the in-plane and out-of-plane bending moment coeffi- 
cients for each mode.  During the time variant aeroelastic 
rotor analysis, the response of each mode or the participation 
factor is obtained from the numerical integration of the equa- 
tions of motion. 

These participation factors are multiplied by the previously 
mentioned in-plane and out-of-plane bending moments.  The bend- 
ing moments are then resolved through the steady geometric 
pitch angle (collective pitch plus structural twist) to obtain 
the beam and chord bending moments which have been presented in 
this report.  Thus the cyclic pitch is not included in the res- 
olution angle.  Later versions of C81 have been modified to in- 
clude the cyclic pitch angle in the resolution angle. 

Figures  99 and 100 illustrate the effect of the cyclic resolu- 
tion angle on loads.  The calculations shown in these figures 
were made using a version of Program C81 which incorporates the 
cyclic pitch angle in the angle of resolution.  The results 
shown are typical for beam and chord bending moments.  The most 
noticeable effect is a general increase of beamwise moments in 
the midspan and outer regions of the blade. 

EFFECT OF UNSTEADY AERODYNAMICS AND YAWED FLOW 

The Program C81 unsteady aerodynamics were employed to compute 
the bending moments presented in Figures 101 and 102 for the 
fiberglass blade with 0° twist at Condition 25.  These figures 
should be compared with Figures 51 and 52, which present com- 
puted results without the unsteady aerodynamics.  Load magni- 
tudes are not affected significantly in either the beam o~: 
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chord moments.  The effect does produce a damping effect which 
is seen as a lagging phase shift (moving the calculated loads 
toward the measured;. 

Unsteady aerodynamics and the yawed flow simulation were used 
to produce the representative time history trace shown in 
Figure 103.  The effects do not modify the load amplitudes ap- 
preciably.  However, the introduction of the yawed flow repre- 
sentation does tend to shift the calculated phase in the lead- 
ing direction, cancelling thp phase shift of the unsteady 
aerodynamics effect. 

EFFECT OF TORSZONAL MOMENT CALCULATIONS 

The effect of incorporating a torsicnal mode shape and a pitch- 
ing moment table is presented in Figure 104 for the fiberglass 
blade with -8° of twist at Condition 44.  The inclusion of the 
7.36/rev torsional mode required the removal of a chordwise 
mode at 7.56/rev due to the Program C81 input limit of six 
modes.  The pitching moment table used was the model 0012 table. 
Figure 104 shows that tais effect does not appreciably affect 
results.  This figure is representative of the order-of- 
magnitude difference seen at all radial stations. 

EFFECT OF IN-PLANE SPRING 

Since the calculated 1/rev chordwise moments at r/R = 0.20 were 
consistently lower than the measured values, the possibility of 
excessive moment carryover at the lead-lag hinge was considered. 
The Sikorsky data package for this program states that possibly 
15 percent of the in-plane lead-lag damper value could be con- 
sidered as a spring component.  Assuming 1/rev as the basis for 
calculating this spring component gives a value of approximately 
0.3 ft-lb/deg.  Modes and natural frequencies incorporating 
this in-plane spring value were used to compute the representa- 
tive time history trace shown in Figure 105.  The effect of the 
spring is to shift the mean value of the moments to a slightly 
higher level.  The higher 1/rev chordwise moments may also be 
due to moment carryover by the lead-lag hinge bearings. 

AERODYNAMIC REPRESENTATION 

Correlation problems encountered are believed to be due mainly 
to an inadequate aerodynamic representation.  Tue modified air- 
foil used for load predictions apparently did not represent the 
airfoil well in lift and drag and contained no pitching moment 
table since there was no method for determining moment coef- 
ficient values. 
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MEASURED DATA 

K 

Some problems were observed in the data used for comparison in 
this project.  Figures 106 and 107 show representative time 
histories of measured model beamwise and chordwise moments. 
The chordwise moments contain strong noninteger per/rev 
components which may affect comparisons.  The beamwise moment 
time history is more consistent but still contains components 
which may be significant at high frequencies.  Though non- 
harmonic response may occur naturally due to various causes, 
this behavior is believed to be primarily related to inplane 
moments generated by the rotor drive system.  Though the 
time histories presented herein are averages of measurements 
made for 40 revolutions, the illustrated behavior may still 
significantly affect results.  The nature of the data indicates 
that measured results should be analyzed to detect and 
identify noninteger per/rev responses. 
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CONCLUSIONS 

1.   The Rotorcraft Flight Simulation Program (C81) can 
predict performance and bending moments for full-scale 
rotors. 

I 

i. 

i 

I 

2. Since the Rotorcraft Flight Simulation has been shown to 
correlate well for a similar, but full-scale, rotor 
system, the problems experienced are likely due to 
unsteady and/or Reynolds number and/or other scale 
effects which are not accounted for in the program. 

3. The measured model rotor performance is not compatible 
with the model two-dimensional aerodynamic coefficients. 

4. Mathematical modeling techniques, derived for full-scale 
rotor aerodynamics, may not be valid for model rotors. 

5. The sensitivity analysis which was performed is not 
valid due to limitations in the input data and/or the 
computer program. 

5.   Simple harmonic analysis of measured data may lead to 
erroneous conclusions because of its inability to 
detect the noninteger, or transient, components. 

7. The correlation criterion developed for rotor perform- 
ance behavior is not applicable to model rotor bending 
moment correlation. 

I 
I 

8.  The difficulties associated with model rotors should not 
preclude the careful use and orderly development of the 
analysis. 
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RECOMMENDATIONS 

1. A similar program should be repeated using a full-scale 
rotor system. 

2. Measured and computed results should be analyzed using 
auto- and cross-correlation techniques. 

3. The wind-tunnel test conditions should be statistically 
designed to ensure the maximum usable data. 

4. Further basic research should be conducted to understand 
the aerodynamics of model rotors. 
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Figure 27.  Power Coefficient vs. Lift Coefficient, Fiberglass 
Blade, 0 Twist, ^ = 0.299, M1 9Ü = 0.408. 
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i^cuupj-t; UJ. Lj.j.ecL oi cyclic riccn Kesoil 
Angle Change in Beam Bending Moment of ] 
glass Blade, 0 Twist, [i  = 0.399, M1 90 
o.m  = 0.5° (Cond. 25). 
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Figure   103. Example oi   Effect of Unsteady Aerodynamics  and 
Yawed  Flow Effects  on Chord  Bending Moment 
Fiberglass  Blade,   0    Twist,  n  = 0.399, 
■-lj90 = 0.434,  am = 0.5°   (Cond.   25). M 
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TABLE 1.  H-34 FIBERGLASS MODEL 
STIFFNESS PROPERTIES 

ROTOR BLAD] i 

Ar 

(in.) 

rin 
(in.) (in.4) 

ly 
(in>) 

J 

(in.4) 

.23 3.00 .466 2.68 2.37 

.52 3.23 .578 3.54 

.28 3.75 1.870 5.32 

.30 4.03 .268 .268 

.45 4.33 1.600 1.600 2.37 

.62 4.78 1.030 1.030 1.36 

.63 5.40 .814 .814 1.36 

.22 6.03 1.120 1,129 1.99 

„28 6.25 .330 .359 .52 

.54 6.53 .336 .332 .50 

.56 7.07 .1907 .1497 .36 

.65 7.63 .0711 .0712 .0440 

.125 8.28 .003148 .02190 .0070 

.495 8.405 .00916 .01730 .00427 

3.630 8.900 .001236 .01240 .00370 

.270 12.53 .001236 .01240 .00343 

41.035 12.80 .001060 .01152 .00319 

.320 53.835 .00057 .00625 .00174 

.845 54.155 .00057 .00625 .00174 

NOTE:   The following values of E and G should be used to 

obtain bending and twisting stiffnesses for the 

fiberglass blades: 

E = 2.50 x 106 lb/in.2 

G = 1.01 x 106 lb/in.2 
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TABLE 2. H-34 ALUMINUM MODEL 
STIFFNESS PROPERTIES 

ROTOR BLADE 

Ar 

(in.) 

rin 
(in.) (in.*) (in.4) 

J 

(in.4) 

.23 3.00 .117 .670 .600 

.52 3.23 .145 .885 

o28 3.75 .468 1.330 

.30 4.03 .0670 .0670 

.45 4.33 .400 .400 .600 

.62 4.78 .258 .258 .344 

.63 5.40 .204 .204 .344 

.22 6.0^ .280 .280 .503 

.28 6.25 .0825 .0898 .132 

.54 6.53 .0840 .0830 .127 

.56 7.07 .0477 .0374 .0911 

.65 7.63 .05456 .0574 .0367 

.125 8.28 .002415 .0177 .00583 

.495 8.405 .001504 „0140 .00356 

3.630 8.90 .000948 .0100 .00308 

.270 12.53 .000948 .0100 .00286 

41.035 12.80 .000813 .00929 .00266 

.320 53.835 .000437 .005041 .00145 

.845 54.155 .000437 .005041 .00145 

NOTE: The following values of E and G should be used to obtain 
bending and twisting stiffnesses for the aluminum blade: 

E = 10.0 x 106 lb/in.2 

G = 4.00 x 106 lb/in.2 

The values of I , I , and J between r = 8.28 in. and r = x  y 
53.835 in. have been corrected to reflect the stiffness 
test results for the aluminum blade. 
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TABLE 3.  H-34 MODEL kOTOK HLADE L «'ERTIA 
AND CENTER OF GRAVITY DATA 

Ar r. w Plx Pi Y 

(in.) 
m 

(in.) (lb/in.) (I0"3lb-sec2) (10 Jib-sec^) (in.) 

.23 3.00 .147 .0036 .177 .33 

.52 3.23 .147 .33 

.28 3.75 .475 .10 

.20 4.03 .149 .33 

.10 4.23 .162 .003b .177 .30 

.17 4.33 .180 .0801 .254 .27 

.14 4.50 .273 .0801 .254 .18 

.14 4.64 .343 .0801 .254 .14 

.62 4.78 .343 .0928 .266 .14 

.17 5.40 .343 .0892 .0892 0.0 

.07 5.57 .295 

.27 J. D4 .112 

.12 5.81 .169 .0892 .0892 

.22 6.03 .169 .0645 .0645 
6.25 .048 .0177 .0177 

.54 6.53 .0822 .0193 .0199 

.56 7.07 .0588 .0111 .00955 

.65 7.63 .0414 .0042 .00504 

.125 8.28 .0176 .00037 .00314 

.495 8.405 .0081 .00025 .00268 
3.630 8.90 .0094 .00013 .0086 
.270 12.53 .0106 .00014 .0089 

40.135 12.80 .0121 .00018 .0114 
.72 52.935 .0202 .00034 .0221 
.18 53.655 .0178 .00034 .0221 
.32 53.835 .0276 .00034 .0221 
.845 54.155 .0044 .00009 .00571 0.0 

NOTES; 1. 

2. 

3. 

Mass moments of inertia are with respect to the 
local chord line and an axis normal to it at the 
feathering axis. 
Mass moments of inertia include parts at the root 
that flap, Ip.g, and pitch with the blade.  Parts 
that flap and lag but do not pitch are excluded. 
The flapwise position of the blade center of grav- 
ity is on the chord line for all blade stations. 
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TABLE  4.     H-34  MODEL  ROTOR  BLADE 
MISCELLANEOUS   DATA 

Item Parameter or Description Value  Units 

I 

2 

8 

9 

10 

Radius 55.0 

Blade Airfoil Chord Outboard of 8.9" 
Radial Station 2.69 
Blade Shank Chord Inbocrd of 8.9" Radial 
Station 1.19 

Blade Linear Twist From Center of 
Rotation to Tip 

Blade Sets a, c, d 0.0 
Blade Set b -8.0 

Blade Shear Center Locations 
Beamwise With Respect to Feathering 
Axis "'   0.0 
Chordwise With Respect to Feathering 
Axis "  0.0 

Location of Blade Hinges 
Radial Station of Coincident Flapping 
and Lead-Lag Hinge 3.0 
Feathering Bearing Outboard End Radial 
Station 5.60 
Feathering Bearing Inboard End Radial 
Stations 4.64 
(The feathering, flapping and lag 
bearing axes intersect at the same 
poin>) 

Location of Lead-Lag Damper 
Rotary Damper on Blade Lead-Lag Hinge 

Pitch Flap Coupling Ratio 0.0 

Damping Coefficient of Lead-Lag Damper  17.0 
(Expressed as a damping moment 
about the hinge) 

Tabs or Flaps 
Blade Set c Deflection Over the Aft 20% of 
the Airfoil Chord 5.0 

m, 

in. 

in. 

deg 
deg 

m. 

in. 

in. 

in. 

in. 

in.- 
lb- 
sec 

deg 
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TABLE 4.  H-34 MODEL ROTOR BLADE 
MISCELLANEOUS DATA (Cont'd.) 

Item Parameter or Description Value Units 

11     Pitch Control Geometry 
At 0° Collective and Cyclic Input: 
Distance Aft Along Flapping Hinge Axis 
to Pushrod Upper End 
Radius on Swashplate of Pushrod Lower 
End 
Distance of Plane of Swashplate Below 
Plane of Flapping Hinges 
Angle on Swashplate Between Pushrod 
Lower End and Plane of Shaft and Lead- 
Lag Axis 40.5 

Pitch Control Spring Rate 21,000 

Airfoil Section - NACA 0012 

1.43 

1.95 

6.31 

m. 

in. 

in. 

deg 

in.- 
lb/ 
rad 
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TABLE  5.     H-34  FIBERGLASS MODEL ROTOR BLADE 
EQUAL SEGMENT  STIFFNESS  PROPERTIES 

Station 
No. 

(I0eib-Xin.2) 
El 

(I06lb- yin.2) 
GJ 

(I04lb-in .2) 

1 1.7 2.59 194.4 
2 1.7 2.59 194.4 
3 .460 .438 15.6 
4 .00345 .0337 .396 
5 .00292 .0302 .351 
6 .00265 .0288 .322 
7 
8 
9 

10 i 

11 
12 

1 

13 
1/ 

15 
16 
17 '■i1 

i 

18 : 

19 .00265 .0288 
1 

.322 
20 .00] L94 .02 12 .238 
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TABLE 6.  H-34 ALUMINUM MODEL ROTOR BLADE 
EQUAL SEGMENT STIFFNESS PROPERTIES 

Station 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

EIx 
(I06lb-in.2) 

El GJ 
(I0blb-ln.2)  (I04lb-in.2) 

1.70 

1.70 

.757 

.0106 

,00896 

.00813 

.00813 

.00595 

2.59 

2.59 

.709 

.109 

.0975 

.0930 

196.3 

196.3 

35.0 

1.30 

1.67 

1.07 

I 
.0930 

.0685 
1.07 

.793 
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Station 
No. 

TABLE 7.  H-34 MODEL ROTOR BLADE 
EQUAL SEGMENT INERTIA AND 
CENTER OF GRAVITY DATA 

w Plx -3- x 

(lb/in)  (lO"Jlb-sec ) 
PI Y 

(I0"3lb-ysec2)    (inf) 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

.261 .0904 

.261 .0904 

.0905 .0311 

.00989 .000207 

.0105 .000148 

.0121 .000180 

,0121 

0140 

.000180 

.000223 

225 

.209 

.209 

.0311 

.00725 

.00960 

.0114 

.0114 

.0144 

0.0 

■0.178 

0.0 

0.0 
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TABLE 8 

Mode Mode 
No. Type 

1 B 
2 C 
r» B 
4 C 
S B 
6 C 

H-34 MODEL ROTOR BLADE MODE TYPES, 
FREQUENCIES, AND INERTIAS 

Fiberglass Blade, 0° Twist 

Natural Frequency 
O/ 
n (per rev) 

1.045 
0.305 
2.588 
3.171 
4.381 
7.538 

Generalized Inertia 
(Ib-ft2) 

0.006&0 
0.00664 
0.00455 
0.00554 
0.00546 
0.00614 

Fiberglass Blade, -8° Twist 

1 B 
2 C 
3 B 
4 C 
5 B 
6 C 

1.045 
0.305 
2.594 
3.164 
4.387 
7.556 

0.00660 
0.00664 
0.00437 
0.00535 
0.00536 
0.00589 

Aluminum Blade, 0  Twist 

1 B 
9 C 
3 B 
4 C 
5 B 
6 B 

1.045 
0.305 
2.769 
4.497 
5.282 
9.000 

0.00661 
0.00668 
0.00495 
0.00561 
0.00593 
0.00606 

B = Beamwise Mode 

C = Chordwise Mode 

Rotor Speed = 730 RPM 

Root Collective Pitch = 12° 
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TABLE 9.  CORRELATION CRITERIA 

A. Mean Load and Rotor Performance 

Excellent 0/5 
Good 5/10 
Fair 10/15 
Poor 15/ 

B. Overall  Amplitude or Phase 

Excellent 0/10 
Good 10/20 
Fair 20/30 
Poor 30/ 

C. Harmonic Amplitude 

D. 

Scale/Harmonic  1      2 

Excellent      0/10 0/20 

Good 10/20 20/40 

Fair 20/30 40/60 

Poor 30/ 60/ 

Harmonic Phase 

0/30 0/35   0/40 

30/60 35/70  40/80 

60/90 70/105 80/120 

90/ 105/   120/ 

Scale/Harmonic 

Excellent 

Good 

Fair 

Poor 

1,2 

0/10 

10/20 

20/30 

30/ 

3,4,5 

0/20 

20/40 

40/60 

60/ 

Note:  10/15 implies 10 < q < 15, etc. 

227 



rH 
CO 

B- & Ü e 6 •H 
o 0 ■U 
Ü Ü « 

o D •H 
■^ \ 4-) 

p-l Pi CO 
o u 4J 

CO 
LO /—N CM ^-N 

in 4-) O u cO 
M r^ C M ON C 
Q) • 0) 0) • cu p 

CO ? o ^-s rH ^ o y^S rH O 
pi O n U rH o ^—\ M iH iw 
w CL, + o o OJ PU + T3 O OJ 
H o o Ü O O Ü OJ 
W rH a a X m O CL X rH 

fc S t>. ^ v—' 0) CM bO 0) 4=1 
o < r^ v_x r~- N_^ v^- CO 

o < O in 5^ 6-S o r-. 5-S rH 
o r~- m in 6^ o ON 5-2 m ^ •H 

z eu 00 o CTN • • m m o Oi OO a CO r~ cO 
M o • • s* ON • en • •      • r- • <X) > 
Q W <f o O CN CN CN <t o OON rH o <!- CO 
<o • • • 
oi z o II II II II II o II II    II II II o 01 
o < u 

2 II w U CO rO U II (Jj U    co 43 u II QJ 
o S CO cr cr cr cO cr cr cr ^ 
z o o 0) o OJ o 
< Ct, c^ B ON B ON CO 

Pi •ft o M o •V 4J 
z w iH ""v. rH \ rH ß 
O PH s Pi 2 P-l 2 •H 
1—1 o Ü O 
HH •* •* n a 
< CO ON o CM 
H W ON o O ^ 
ZH CM <i- '-'1 QJ 
W • • • M-l 
co H o o o 
W co O 
PiO II II li O 
CU PH 

IL t 1 i- 
o 

=L 
QJ 

• •* Ü *l 0 V« CO 
o 4J o XJ o •U 3 
1—1 m 

^ 
M 

^ 
m cO 

ü w § a Jj Ü § QJ 
(-1 f_i ^—s f-i /—N f-i rQ 

5 o 4J CO 4-) 

0 <t- Ö 0 CO Ö o QJ 
H 00 • 01 00 • 0) 00 TJ 

rH /•N <^
,\ rH 1 rH ^"N •—N rH 1 cO 

4J u u rH 4J n U H g 
A <4-) + o •H 0) •» M-l + o •H QJ •k 

CD •i o cO Ü cu •H o CO O 0) CO 
X) HJ OO p- M-J X X) r-l CO cu <W X X) s 

CO r-» '^x s.^ 0) cO rH N^' ^^ QJ cO ^ 
rH i*» N^X rH vD N^ rH 
« o r- s-s S^ ffl O ine-s 5^ PQ 4J 

o I^IV. 00 e^ O r* in CO S^ •H 
CO • ON • • <f W • ON      • • m w M-l 
CO o • ON CM • m O • CM CM • w • 
CO 1 o ro rH <m cO O f0 rH CM cO QJ   W 

rH rH rH >.H 
H   CO tsO 11 II II II II W) II II  II II II M 

M M 5-1 3 >> 
<U w M cc £ M 0) C/) ?-l     cc £ U 0) ÜrH 
,0 cO cr cr cr rQ cO cr cr cr rß CO 
•rl 01 •H 0) •H ^S fa B fa B fa 

o Ö 
^> \ 

• h-l • *A • 
r-H a CM a CO 

228 



r/*-.*Vi»wV,"r'T^iT-v":",J'"'■■' ".wr-.r-p^-mwwr^-fr- 

oo 
O 
vt 

o 

o 
Ü 

II 

o o 
Ü o c^ t) "^ m \ 

P-I rH PJ o X o 

o 
0-, 

in 
00 

OJ 

in 

• 

4-1 

ö 
0) • 

O 

+ !-i P 
^^ 

CN 
■ 

o 
o 

rH 

+ !H 

rH 
rH 
0) 

O o T3 O 0 T3 o o o II o O X o 

oo 
a a o 

n 
rH 
in 
o 
o 
o 
o • 
o 

a 
^^^ 

0J O 
60 

oo 
O 

O 
O 
o • 
o 

. rH 
O ro 

6-5 

■ 

• 
CO 

rH 

rH 00 o 
CM 

• 
CM 

• 
00 

0) 
• 

O 
II II   II II II 0) II II   II II II 

II 
m 
CD 
0) 

M     CO   ^3    M 
ü-   cr   cr 

X! tn 
cd 

e 
D 
•\ 

M     CO    ^ 
cr   cr 

i     U 
cr 

4J 

O o 

o E 
o 

u 

g1 
•H 
rH 
•H 

CC « 
o 

CM 

t-J 
• 

o 
o 
m 

II 

cn 
•H 

o 
Ü 

D 

5 

4J 

•iH 

1 
Ü 

D 

,-1 
CJ 

4J ^ <f c vD a 
rH 
rH 
0) 
Ü 
X 
0) 

■—' 

o 
O 

OJ 

4J 
m 
•H 

rH 

+ 
OJ 

U 
o 
o 
a 

LO&-S 

M 
■H 
ca 

6-S 

01 
rH 
rH 

OJ 
Ü 
X 
0) 

0 
O 

CU 

CO 
rH 
03 

JJ 

■H 
H-l 

CM 
• 

rH 

+ 
rH 
o> 
Ol 

u 
o 
o 
a 

CN 5~S 

T3 
O 
O 

6^ 
oo 

CO 
rH 

O 
O 

• • oo 
• 

rH 

0^ 
un 

• 
CO 

o 
c 

• 
cr>   • 

5-S 
oo 

o O--) rH CNJ cd 
rH 
W) 

o O OJ m d 
II II   II 11 II II II II II ii 

•H 

• 

w 
CO 
0) 

ß 
D 

O 

cr 
U 

cr 
0) 

•H 
fa 

• 
in 

en 
cd 
0) 

e 
Ö 

CJ 

U     cö 
cr cr 

!H 
cr 

229 



|i]^irtf*^l^'C7^^^',v*>T.^r.^v.-'^^>^^:7r'-,i^^- V'W^TWTV ;•; ;r AV' '■ -^ ?■ -T:".1!':T! V Prwr'WSr^'r' '- "TT »V TT^^CK1? 

oo o- r-- ro m CNj T> C^ 
D <f oo ^D <t vO ^O cT^ <t 
\ oo vD r^ UO m m O vO 

FM o O O o 3 O iH o 
(^ r^ CJ o O O o ~ o O o 
cr\ O • • • • • • • 

co CN <f o 
vD • • • 

D m 00 c^ <TN 00 oo a^ r^ 
\ tH o CN rH <t <J- <t oo 

HJ Ch c^ O^ C^ C^ r> Ch c^ 
u o * 

o 
• 

O 
• 

O 
• 

O 
a 

O • o • O 
• 

00 
O Co vo 

S
U
R
E
 

P
O
W
E
 

A
N
D
 

< (N r^ 
QJ  Q      ► o vD 
2r 15 <f <j-     m <t 

<-<!■ <f • 
&   r o O 
O H    - 
H '-'-i m 
O McN 
« J 

L0 
hJ Qz 
WCxJ o 
OH M 
O <H 
S-lM 

^Q 
<J-U2: 
oo Ho 

i < a 

w 

^D oo CN in o c^ 
D <t -J- & t-H Ch c^ 
\ r^ r*- m in in v£> 

Pu o o o o o o 
U o o o o o o 

m 
D oo oo r^ CTN CN ^D 

—^ r—I oo o oo CN c^ 
►-I in <t m <t- m -4- 

U o O o o o o 

(j> -J- 
cr. 00 

m oo <J- 
CN • ■ 

o^ ^D CN <y\ o & 
D r^ o C^ o vO & 
\ r~- 00 vX) m ^D m 

PL, o o o O O o 
CJ o O o o O o 

m 

m oo 
o m 
oo r- 
o O 
o O 

<}• i^ 
o oo 
in <t- 
o o 

C^ 

O 
O 

O 
oo 
O 
O 

D c^ r^ <t CO <t m CN <1- 
\ 00 m c^ ON ON CN m m 

hJ r^- r^ r~. r-~. OO oo r^- r» 
o O O o O O o O o XJ 

• • • • • • • • 

s
u
r
e
d
 

c
u
l
a
t
e
 

S o 2i U X O 2 o 
CO rH 
01   CO 
SO 

o 

C 
O 

•rH 

•H 
X) 
ß 
o 

<J 

o 
c^ 

r-H 

w CO CO 
en CO        -U CO 
CÜ         -U cO      co cO      JJ E          -U 

r-H           w r-H          .H r-H            C0o 3            CO 
M     -H M      ^ bO     «H m (3       -H 
M   OJ   ? M  OJH M OJ ^ •H    01  ^ 
QJX) H (Ux) OJ-u H || e X)E5 

Xi   cö X  C0o A  cö 3  co 
•H rHo •Hr-fOO •H t-lo        fa iH i-Ho 
fa pq o fa PQ  i fa PQ O "^ < PQ O 

230 

So 

1 



J^ in J» r uo U'I n ao  o f-O 
r-4 r-t (M «J m <M ^ u ^-i (NJ 

1 
U 

1 1 
'j »--* O o '3 fM 

1     1 
Q 

1 

-ri -< f\i ij co n —< -j" in -J 

cj 'J •-« O U O O O O O 
I   I   I   I 

00 

o 

o 
25 

CM 

Q 
Z 
O 

o 

o 
II 

PQ CO 

g o 
u o 
Q 

<! 

■sf 

Q 
<: 
PQ 

O 

o 

m oo   - 
w ON 

Q <! <^ 

5 cd 
co w 
•< PQ 
M M 

CM 

U. 
CD 

LU 
3L 
O 
z: 

< 

Q 

a: 

< 
LU 

r\jf>-N-rMinvj->t(M0^-J 
(MsO—i(\j>tvOOOmf\J 

-H o o o o o o o o ^ 
I I   I   I   I 

•   »*•«•«•■<• 

oooooooo^o 
II   II 

m r*« oj (\j -o (7< tj in in in 

oooooooo 
II      I   I   I   I 

o 

Or-ioo(\ix)>t0o^)«rt\i 
.-»^oinr-mr^-foo^ 

•^ogomorsjOfM^tNj 
I    I    I    I l        I        I 

(\j^in'-irria3r-(\i'r>o 

I     I     I     I     I     I I 

ooouoom^-iin.-toc^ 

•-i-HO<MO^HO'-<—<o 

LL 
CO 

I 

-2 
LU 

a 
x 
a 
a: 
o 
o 

a 
LU 
a. 

i/} 
< 

.-iQ0C\jN.s0r0rn^O'*1 
--(—«»-lOfMrnrOrNj'O»-* 
•    •#"•••••• 
OOOQOOOOOO 

I III 

'-i-*(NiCT>-or-fnr-i>o--t 
m     ofNisoinroinro-j'^'H 

•  <•••••••• 
O O O C3 3 o o o o o 

^-inrnrn^^Ü^OivJfMNf 
• •••»•♦•»• 

(NOinomo-^—^rMi-i 
I    I    I   I   I        I        I 

inrM^r-^infM^inino 

rri—<(>-rHr«»0>0(\J-J'in 

I   I   I   I   I      I      I 

CM        OJ00v0OO-^l,»^IN|'H 
«•<>•••■•*• 

Or-tOfMOtMO^fMO 
III I 

Oo^r^inmmroc^oo 
in>r(MsOi^-r-iinooinsO 

I        I        l        I   ^  I 

w 
CQ 
< 

in      fN      ro      m      m 
omor^-ocoooo'-i 

•   ••••■•••• 

I 

ro      cr      r-      vt      -r 
n      oooino'-fO^OsT 

O •-' O fM o r<". o "t o ■?■ 

2: 
a: 
< 
x 

IS. 

LOOLOO'-'lOLOOiOO 

^ ^ »q ^ ^1 
01 LTJ mi iq .aj 
raj     -o|     <ri     n     N 

a: 
<i 
X 

< 
L0 

.tT .VI H 00 H CO 2: 1/1 2 L0 

LOOLOULOLJOOO^O 

^     ^     &*l     ?«     ^ 
H     inj     td     LT*     o| 
na|       ^(       vTi       H       r^j 

231 



I^EPiPPJBIijjPiPPIliiiPPPBi^ ^jrT^i^sjnjpwjp^re^^^ 

(\j<ff-lC\Jr-lC\j(\J^«4r^ 
o o o o c.-^ c   t   o c < o 

o c o o o o o Ci '-i o 
ii ill 

vJ-.-<rO<t-Nj-^Hr~f— CNJ- 

CJ f-i rj ~I o o C- O —' '-i 

r o o o a o o (_■> t J r 
i        till i 

en 
H 
2 

in 
CM 

a 

Ü 

i 
ü 
M 
Q 
Z 
pa 
cq 

H 
Q en 
POM 
o s 
o 
Q

0o 

w 

o 
in 

o 

5 ^ 

n 

o 

pqec g- 

Q en    ^ 
W c/: cr> 

< i- m 
du    • 

m 

I 

(_- 
T 

5 

c 
LD 

c 

C 

f^i-<a;ror^.rneMf\jroNj- 
O      —< O o o o o "^ o rsi o 

•   ••••«••»• 
<"J O O O C C O T) O o 
       I 

mno^-i(\ieo<orrir>.^( 
t     •     o     ••••««     « 

OOCOOOOO—'O 
II III 

cru.rnLriOvj-fMrM(\j(.> 
C --H LTi  »-(  CX2  O IM O  (\i O 

«-' r ci o c  o —< c fv c 
l   I   i    I        i 

o- 0. r ^ r- Ci ^ vc tv vt 

^O'-'OOCOCC.^ 
I        I 

oriMf—itv-m^cinp-iriM 
-<crf<iror-irs*-.-i>tfM 

i        I 

c  r r-r   trr-fvooroc 

u. 

r 

c 
or 
O 
I 
u 
Q 
lit 

D 
D 
y 
c 

I 
D c c   r, c  re 

i        I        I 

vO (^ --t (\j in m r<i <i  cr r-. 

•   ■•••••■■• 
o o o o o o a o o o 

I   i   i   i   i 

in      incrh-rvjfNj-iotnmrg 

OOO^HOOOOO-^ 
l    I    i   i 

vDOOt\Jr^r-4v000vD>0 
oor\jrriOOcü'-i'4'«*-OfNJ 

I I I I I 

tn r<-. r oc IT c r- r^- m ff 
fri-4-^-'^:rHnrrh-^Hcr 

I    I    I    I    I    I    I    I    I    I 

f\j      rMtMoCsj-^rofM-Hinc 

r-io^r-corooo 
i i I        I 

^-* c   c ^-i r-! vt u. in *£• ir 
I I 

u. 
(V      c       CM       rj      »c 

•     • 
i     t 

1 

•   • 
-  c 

•   * 
r  r 

•    •   •    • 
r   rrs t~ \r 

> 
D ►- c 

7'  W 
— c  »- c < f c t/-  (_ i/ (_ i^ <.. L   e 

v 
<r 
h- 

*l 
■ I 
11 

» 1 
tn| mi       r | 

D 

X 

1/ 

c      r-      h-      r~- IT 

r>   r- sf r   ir -- 

i   v  i  (y ?  i/ z- v   ; ■ o- 
•- c~ —■ r — c - c — c 
1/   L    '-■-•  L- </■  t.   t'  (..   cr.  l.. 

- i 
<■ i 

** I 

-^1 
i-N 

-I :r1 
-1 

232 



.-1 Ail'-  -.•""v1 'J* Vir-ep 

-^ "NJ CT> ;^i s\ m X) ^ TO rg 
03 '-< -r '\i in ■j- m v_i o LH 

u ;M   J  J C J -H O O O 
I II I 

f J o 
I 

-H   (J   <J   tj   'J J  IM  O 
I 

■3- 

^■Ln>J-r0inoO(M-<<X> 
r^ n o o ■* in (NJ •-■' <o m 
• •«•«••«•a 
ooooooooo-« 
I  I    I I I I 

& & iss -t -f ij' ^—^m^1 

• ••••••• ii« 

oooooooooo 
I  I I 

00 

2 

Q z o 
Ü 

o 
o 

9     s SS      d 
W H m oo  .. 
Q S^) 

O 

g0o0 

p ." 
ZWO 
<J P c^ 

« co  ~ 
C0<N 

fe i 

u. 
03 

I 

o 

o 
Q; 

;? 

< 

•     •••!••••• 
OO  O000 0 0'-<0 

I   I   I   I   I   I 

rvjrvjrgrn^HmmLr^jtn 

oooooooooo 
I I I I I I I I I 

ooom^r-^-rncT'in-^ 
m     (Nicointnasc^mcooo 

• *'•••■•••« 
ono«r'-i<N<N(\jrrin 
■   l       l        l        l       l 

iNr^Of\JCT»or>0*«0>OfM 
eg     coin^^oo^oo^^-H 

on^rnOr-to-HOo 
I   I   I   l   i   i   i   l        I 

(^llnvOC^(?,»^'^lO^J■^<,) 
0>^0O'HO>0f^'-<'Hin 

u. 
CO 
_l 
I 

.2 

ino'r»-o-ooofM'-^'-<ro 
m     •i'oor-h-^^'-^ooo 

•   •#••••••• 
ooo—»o-^o—*oo 

I   I 

>}-.-ir>-.-jN>o^0O'"0'-< 
I    4     I     I     I     I    I I 

£ 
o 
X r* 0« -0 O -( r« m f^ 03 (M 

m m -4- rn in >J- i^ vj- INJ in o« 
a t • t •   • • •     •      •     s 
a ^J■ >-( oo (\J    I'N o o^ tM r- in 
u 1 1 1 1         1 1 1        1 
X 
u 
a 
UJ (^ in c> -i m h. O O IN f\J 
a: f\i (»I in NÜ ro o —t CO O 00 <o 
3 • • • •   • • •    •    •    • 
00 o ^ o (\J o r\J O (\J -t O 
< 1 1 1 
111 
3L 

O 
I 

^-lOni-fr-40r^OO 

0(Nf*-in^a3r^oa3to 
•   ••«•••*•• 

oo>-<'H^(MinNtcrin 
I        l        I       l        l 

in      in      oo      in      ao 

•   ••••••••• 
OOOfNJOf^onOro 

I 

DO        O        <N        0^        ^ 
o^omO'HO'Ho^ 

O^HOfMOrnOrr)0«4- 

< 
X 

OO 

ZoOZoOZoOZoOZoO 
►-<o,-'0•-'a,—•O'-'O 
OOOOOOOOOOOOOOU 

b^fl Ikd &XI a^fl 17*1 <T*I 

3 ^ ^ 

z: 
a: 
< 
x 
< 

ZoOZooZooZooZoo 
^•■<□>-<O►-^0,—'O'-'O 
00O00O00O00Oi/)(_) 

233 



•5 O J rj U ö • J O v3 3 

i   i   i 

r^ -H ^ f-< —( -■ -r   ^i i* rn 
u ^ J O 'J '■) 'J a 3 T 

O ' J J "3 ' J O -) J 3 3 
  

J- 

•>         • 
to      Q 
H       g z    o 
w    u 
Sr1          v—/ 

o 
S      o o 
o 
25      m 
i-i — 
Q        II u. 

CD 

w      e —> 
eq      d z 
Q w   •> 
cd M ^ "^ 
O S: VD z 
ü x. 
~0    0 
QO a 
Z       II 

w   o T. 

^^ ^ XI 

W HJ     r-l co 
pq CQ 2 o 
Q Cn       * LU 

W CO   CM 
H < O D 
<,_! in 
JO    • 
5 PS o 
a w o 

^2 " 

'-trNJOr-(0sJrHfM(Ni-J->J- 
oooooooooo 

o fe i. 

in 

^n 

rn 

(\j 

o o o o -^ o 
i   i    l 

3 O O 
I 

f«.C0P*r-ir>Orr>r0-*.0 

*  •  «  »   9  •   •••• 

3 O O O O O O 3 O O 
I  I  I  I    I 

r*.Nj-—lU^^»•^-tJr^•^^'1>J■ 

oooooooo 
I I I I 

-* a 

oc^in(\j»oo,>fr>tM 
o o 

OOOOOOOO^-t 

• ••••#•♦•« 

OOOOOOOOOrH 
I  I I  I  I 

N-in^oinr-irri^tr-irnfNj 

oooooooooa 
i   I   i 

a. 

l 

z 
UJ 
X 

X 

a 
a 
x 

Q 
LU 
t- 
^3 
CL 

3C 
O 
u 

O-4-co.ocO^-lA^ncorO 

■> O O O   .3 O    "3 O O O 
I     I     I     I     I 

moO'-tr-^iAro^^-H 
iri      om-^f^'H-^i-iogoo 

3 o o o :3 o o o  3 o 
l        I 

r- i-n au Lt^ ^ tp -T 'NJ <N <T 

^HO-'-^OOOOOO 
I I I I I 

O-O-O^-OOrNJinrci'M 
en      rn^-r^-h-tMsO^^o—'fM 

©••••••«•« 
000'-<'-<(M—<f\J^-((M 

I     I     I     I      I      I      I     I     I     I 

rj      «oroi^inoir^co^mtNi 

0000-'0-<OiNO 
I      I 

f_iO'-'"<OrO'Nmrr\rn 
I       I 

3 -0       CT^        >o       (7>        IT» 
o-^OsOO'-ioinoo 

OOOi-tOrOOroo-O 

rvj      in      oo      n      (*! 

•    «•••••««• 

< 
X 

< 
t- 
00 

LOUi/lOi/JOi/JOi/lO 

5!  SI 

< 
I 

< 
00 

—IO'-'O'-'Q'-'O'-'Q 
oOOiOOi/lO^OLOO 

3fl     »q 

234 

■——' 
ümm 



O -« O CJ 
I  t 

J CJ <J o •-> u 
I I I 

._• (J ij —< o o 
I  I  I  I 

00 

omoon-foooo 
• ••••••••• 
^ooooooooo 

I   I    I 

•O       rgoo^r^OOOm^ 
• ••••••••• 
OQOOOOOOOO 

I III 

OT Q 
Z 
O 
U 

o 
O 

ii u. 
ra 

# 
-I 

1 

UJ 

o 
x: 
a: 
< 
OJ 
X> 

UJ 

Z> 

< 
UJ 

•   •••»••••• 
OQOOOOOOOO 
II II 

r^mN-or^fNjLT -too 
•   ••••••••• 

rMOO-lOOOOOO 
I II I 

ro       r-i^-O'^'-icnrgrrioo 

0—<OrMO^o—*00 
I    I    I    I    I    I     I     I 

OOO^OCvJ-^fNJ 
(N        O-J-tNJl^OfNjrnOOO 

•    ••••«•••• 
^fO'^'NJOOOOOO 
I   I   I   I   I   I       I 

03 
-J 
I 

LU 
s: 
o 
a: 

Q 
a: 
a 
x 
a 
a 
UJ 

< 
UJ 
s: 

fNj-^c^r^mcrrno^coo 
in     o^tNjrnmaoin^ro^f^ 

oo^ooooooo 
I 

•TfNJXO'-iO-OtNJriiJA 
ü0Oi>Jt\ja0f\jNÜNf>l'O 

•      ■••#•••9* 

I I I I I 

•    «••••••I« 
no-oo^oo^rfN' iNJ- 

I   I    I    I    I l        i 

(M     r-(a<>oroor»>or^CT»-4- 
•   ••••••••• 

OlMOTiOr-lOOfNJO 
III I 

fa   ^ 

v^ 

si-rnmoo-o^o-HOO 

^^-^^O—lO—'OO 
I       I       I       I 

•   ••••••••• 
cNO^r^ccovjornOLn 

I I I     ^    I     fNi    I 

9 ■0       vO       fO       o 
O^OP^O-tOvOOO 

O'-^oon'nor^oo 
i 

r Zu02o0Zo0Zi>02:un 
a —■a — O'—o — Oi-iu 
< I/IO^UIJOO^O^O 
X 
-v *i1        dt^        TT         r*^        a^ 
< SI   ^  5   q   ^1 
U1 

x 

oo 

>J-       vO       vO       P1"'       <o 
OtNJOfvJO>^0-tO(\J 

•    •••••••»• 

I I 

2U020OZ0O2O0ZO0 ,-'CJ'-'0>-<Of-,0>-,0 
I/IOOOOOOOOOU^OO 

m <jfl 
in m 
-o| <ji 

235 



J  D   J   J   J O   J O ' J   J ■ j o   J —'   -J o 'J O --< rj 

J o <_J 'J   J :J  :_> 
I i    I    i    i I 

i j • J   JO   -) o 
i        I 

00 
»• U3 

w 
H • 
2 g 
§ o 
O a 
X ^-/ 

0 
o 

M 
Q II 
Z w E 
CQ ri 

H 
Q cn ^ 
PÖ M no 
O 3 O 

s,-t- 
O • 

9 r~) 
oo 
^     •» II 

w r-i 

^^ CT« 

W ,-1 ^H 
pq PQ s 
O co 
W CO CT> 
H < cr> 
< J rsj 

äs o w 
^s II 

O fc J. 

co 

I 

5: 

< 
OJ 
B 

-3 
UJ 
I— 

a. 
s: 
a 
o 

O        OOOOOOOOJO 

oooooooooo 
I   I   I   I 

U>       OOOOOOJO'^'-« 
•   ••••■••••• 
3o joaoo.ooo 
ii ill 

•r --< o in -u r» 'jj o  T r«- 

OOOOOOOOOO 
I       III 

'■a o o o o o o o o o 

• ••••••••• 
OOOOOOOOOO 

I       I 

f"-JO-A'-<"Oin(Mf\jLar<-| 

r-lnH'-^'—<•—IO—tO—'O 
I I I I t 

I 

LU 
5. 

Q 
a 
Q 
X 
o 

Q 

h- 

0. 
.T 
□ 
a 

rnoinroinr-^-^-vornm 
■O        O'WOi-iOOOOO—< 

•    ••••••••• 
a ■aoooooooo 

I       I 

LH       O -< O ^ O r-4 O O O O 

O O O O O  O O O '3 O 
I      I I 

r\J '-O rv CT" U» sT —4 ^ ^ '3' 
—i ^1 -H u\ —<   >J-    \J   M '\J O 

OOOOOOOOOO 
I I 

fs-CT>v^t>-rrlvO'-<f^>00 
rri        Of^fNJvJ-^vOf^vf^O 

OOO—lOrHOr-«Of-l 
I     I     I      I      I      I      I     I     I     I 

(NJ      0N'-«ir\inmO'^Ov0o 

0O'^O'-«'-H-^<-I0—I 
I       I       I       I       I 

o i-n n urs n o ■33 o f —< 

"> o o .> >j- m a\ -*• o >i- 
i   i 

i r^      >-<      'Ni       o       ~T 
o      o^otno-oomo-n 

O f.J   ~>    0 O f\J O  rO  O    0 
I 

J- en sf        O 
O C) J>  O   <J-   -^  T3  O  TO • J   -0 

< 
X 

<I 
I— 

•-• o •-• o ►-, o '-• a »-• o 

■m ■HI 
iTI mi 
sr H ^1 

cr:       —' G — G "-i O »-• Q *-■ 'O 

HI     ■»■a      *« aq HI 
n) "1 
n^j <A 

236 

«iääuiiiäiUiijike ^.^^^^^ MiiiiliiitTiiffiiiiiffiiiteitfrrtir""'^^^^^ 



m LO m f^- >t 3 r- OD o •■^ 

r« V-» f-H —» O Q m —i r^- ^NJ 

1 1 1 
Q -H _> ij o 

1 1 
•.-J 

•  *••••«••• 

I     lilt     I 

CM a3fNJOO'<i'-iooir»«4- 
• •••«•#•»• 
oooooooooo 

I       I I I I 

«O       ro—irOosJOOOO-^tNJ 
•    ••••••••a 
oooooooooo 

I  I I I I  I 

1H ^ 

i w 

u. 
CD 

<oaor*Oino<N>oiA«<" 
in     ommmoof^'^Oro 

•   ■••••#••• 
OOOOOOOOOO 

I      I      I   I      I 

t*"v0'T'~<r*O'-<orn»-< 
aj^fM-HOfMOtNIQ^ 

Of-HO^OOOOOO 
I   I   I   I   I   I   I 

z: 
o 
X 

x: 
< 
LU 
CO 

Q 
LU 
OC 

< 
m 
X 

rr» ^H 

og 

(MOOO^CT^O^OOOO^ 
r-'-tao-OOn^roao 

o ^ o o o o 
I       I        I 

fn>orno>r«»''-4N>oor"- 

-•mfNJnfvj'Ho.HiNjo 
i       I       i       i       l 

u. 
33 
_l 
I 

.2 

2r 
ai 
X 
o 
X 

Q 
a: 
O 
X 
u 
o 
LU 

■=> 

00 
< 
LU 
X 

ina>p~>OLnCT>(y'rnfvj<4' 
m     omm<vj^f>-«ooo^<\j 

t • t • • • • ■ • ■ 
OOO-HO-«OOOO 
I      I      I      I I 

^■■ü«T«TQornmoo^ 
omooajirvr-CT^CT»--« 

•   »••»•••«« 
0OfNI(N(M^{M0'-<0 
I     I     I     I     I     I     I     I     I 

or*-0'Hnin"-<r*h-o 
m     oajor-oo^o^ooo 

I    I    I    I    I    I    I    I    I 

(\JOC7«O00a0s0O^<N 

•  •!••••••• 
oo'M'Hfn'H'-i'^oo 

I  I  I  I  I 

CO 
rH 

X 

< 
X 

< 

^Of^co^-oomcoO-O 

• ••••••••• 
<Mr\j.rf\rnrvjrn(MfMO'H 
I I I I I 

ü» 0> (T) •-• •H 
O-HOrOO^OfNJOO 
•    ••••ett*t 

o«vjo-tooo-HOm 

ztozoozoozoozoo 
NHO>^0,^0»^0,—'O 
OOUfOtOOLOOoOU 

fkd lui ba CT^l OT1 CWl 

3 ^ ^ 

X 
a: 
< 
I 
•v 
< 

^*c^lr^oocooin^t•t»*■ 
•4">OOfiOmCT>>OP-»Hi-4 
•  •••»••••• 

-HOrOfH-unr^mrvj^ 
I        I        i I   -  I 

m     tsj     o     cr     vo 
orooooh-omom 
•  •«•«••••• 

Or-HOr^OOOf\IO(N 

ZOOHoOZtOZoOZiO 

tOOOOlJOOOOO(jLOO 

t^Ot *.rr> i^n wTl ff^fl JUI 

a 5 ^ 

237 



mmmm: mmz 

•-'OOOOO'-'O'-''-^ 
ooonoooooo 
•   §#••••••• 

oooooooooo 
II    III 

f\jrvj(\jf\j(M-Hfnmi.nm 
oooooooooo 
•   •••*•••#• 
oooooooooo 

I I I I I I 

CN 

■S                     • 

CO        Q 
H      Z 
2      O 
W      O 

O 
X    o 

m 
O 
2     o 
i—( 

O       II z 
W         3 
CQ H c 

u. 
CD 

to 

Pi SO- 
O H tn 

Z 

n    <t- 
Oo y~ 

00 O 
Q   i LU 
Z       II Si 

o 
w  o 3; 

^ ^ X 
W J    >-< < 
PO PQS 

O CO    ^ 
ca 

W coc^ Q 
OJ H <C^ 

<^cn 
tJ O   • 3 
DPÖO CJ. 
O W y 

^S" o 

(\J 

oooooooooo 
• • * » t t • I • • 
oooooooooo 

I  I I  I  I 

(^>*">oif\rs»'-*r«-ooo> 

oooooooooo 
lilt 

O^OOOfM^-OvOOOO 

.-j -H t—i o 
I        I 

—i O O •-<•-' fvj 

CD 

t   t t • t t t • • • la* 

0 o 
1 1 

o 
1 

o 
I 

o o o o r-* O 
t- 
z 

T. 
o 

^ ^t res -t o ,-t in r- vO (M s: 
m vo (N r>- •s- in o m ^^ ir\ 
•   • I • • * • • t • Q 

M o «-4 o o o o o o 
1 

o 
O 
X 
O 

Q 
a CO co f- ^4 CM m (SJ ro CO LU 

•   • 
in 
t fl 

(Nl 
• 

00 
t 

(7- 
• • 

fl 
• 

cNjm-t'iriNtmforM-Jo 
vO        ►■HO»-*000-^OfMO 

•   »•••••t*t 
OOOOOOOOOO 

I       I   I   I   I   I   I   I 

rnoDOLn—'^-^oomro 
in      ro-^>t<M<NJOOo—<<v 

oooooooooo 
I  I  I  II  I 

•»■mt-ivOOmC'ODr-fM 
in^crmcroor^^f^- 
oooooooooo 

I  I  I I I I I I 

C>vOi-J^-J>OlAf\jO(M 

O—(^HCOOrCiOfOr-lM 
I       I       I   I   I   I   I 

oroi-iro^in-4(\jiriin 

a fa n. 

a. 
•s: 
o 
LI 

-- o 
I   I 

-^   (\J   f\J   f\J   -H   .-1   P-4 

I       I       I       I       I       I        I 

C^ 

3 

OOvOlAfMOOONOO^^ 
»-iiri(^aoO-J^oo>4"ao 

rri t-H fo -^ c^ -^ f\j o f O 
I I I I I 

-4     IT     r*-     -«t     «t 
o O-^O^OI^-Oh-Ooo 

*  t  *   •   •   t  t  *   •   • 
OrsJO-<OOO-^Or0 

1           1 

s: Zoozonzi/iZoozoo 
Qt fc-0>-<0^-0>-C>-<0 
< tOOOOUl^UOOOOOU 
X 
V. Wl         (Ml         fffl         FK1         9^ 
< d     iri     UN     ^     o| 
h- co(      vOI      ^      roi      (\j( 
(/) 

X 

< 
X 

< 
I- 
00 

fwf^^^om^-rno^o^ 

r-l   O 
I 

f\j o •* 
I 

f-1   vj"   (\J   >f    f\J 

in      o^      ff1      >o 
o^ocrooo^o 

0'-HOfMO'J-0^0>t 

l/1Ol/>Ot/)O00O(/)O 

Ml 
oi 
ccl OI 

in(     I/N 
«*1     fn| 

a 

238 i 

iirrliii«ltM1tltn.liil.i. ii.ililyni--ii-.[(ftiintomiiihilliMitMfrmliiiill^ 



n 'n in u'i  j ^ (\; ^ -.<)  o 

I II I II 

-M 'H -"i N I\J  J   J  j in -• 

1    1 I 

CO 
H 
Z 

i 
O 
z 

Q 
Z o 

0 
O 

ZH d 
WCO 
fQ M    « 

Q H vD 
Pi      <J- 
Oo 
ffioo O 
a 1 

1 w o 

3d ^ 
W 
PQ CO    •> 

CO (N 
Q<: o 

b^ o w w 
<« 11 

fe  JL i 
O 
CM 

w 

I 

2. 
J 

< 

a 

C3 
UJ 

r> 

< 
UJ 

O OrOOOtNl-^—i—i'-ioj 
•     ••••••••• 
3000000000 

I I I I 

m 

r^ 

r 

O    r-<   PO   —4     jNii-lf-tr-lLn 

O O O ' J   3 0 0 0 0 0 
I    I    I    I    I    I I I 

m —>   J  J- rr\  r^ J^ -r\ rj —i 

t—1 i\J —^ 1—< O ( ) CJ O ^^ ■--• 
I      I     I      I I 

^H 1—1 m y in <r rj ^ XI ü-\ 

• 
fM • 
.-1 

• 
"0 
• 

r-l 

0 o 
• 

-n 
• 
0 

• • • 
0 

in >o ^r ^o >J o -H o -t -H 
tM      NT co o n o a -j- r- -/ as 

-^ IN IM (Ni n r^ .-^ ^-1 r\j o 
1 1 1 1 l 

O^n-O'^rOO'-JO'NJ   O 

fNJ n ro ~T ,1  >t ^J   I iM —t 
I I I I I 

■JO      ^      vr      in     o 
O  r~ O  :1  O  >}•'■■)   O    3  'O 

«"loor^ooo 
1        1 

f-vj 

;^ on ^ 00 T '/) ^ iyi 2 •/) 
'— U'-iO^O'-'O'-'O 
i/i o '^1 i_; i^ o -o o oo o 

»*1 ^■fl        ;*)       ^ 
u^j      in)      o) 
<H      rn)      fNj 

CO 

I 

Q 

a x 
a 
a 
ac 

00 
< 

sj- CO r«"! CNJ 0^ Is-   X) •-( O  -0 

• •«••••••• 
0 o o o o o ■ > O o o 

1 I   I   I   I 

m      o o o 4- -o m -^ o> 4* -n 

■3    O    r-«    '"I      J    ^      J   O    O    O 
I       I       I       I I 

o u^ w o M m *)  u  r fM 
-H   -O   O   .1   'H    <")   J-l    J-   --1    i) 

I    I    1    I    l    l    I    l    I    l 

r»- o -o f^J iA f>- 'n r-t o r^- 
(Mconor-mocoeoino 

o^onrvjvTiNjnvr-H 
I    I    I    I    I    I    l    I    l    l 

vrNi-uors--^0'-^fNf\jo 
<M        X)>t>Or^'>Orrl>OCT>(J,0 

•   ••••••••• 
OO-^OfN^-l^-IOOr-J 

I I I I I 

xi a* '-n >o o 00.o j-o 
■r in o NJ- x) ao x) o r^- r- 

OO-^'-lfNJfNJ'MtM-^'M 
I       I       I       I       I 

xi      ^j-      —(      co      r~- 
O        "j r»- o '-<    > m o 0^ o f^ 

""J  O   O   O   '">  O    ">   'H   ^T   r«-) 

'i        '-'O-^O1—'O1—'■D'—'O 
<l        00 O  ^1 O 1/1 O 00 O '-/I o 
I 

'■fl     ?q     dil 
3     ^1     in| 
■y    4    <n 

239 

Wüüäi ii ^.^^w^^i^l^Jittii^^^r^^fif^^ mimmwitmti^^^mimmm?'-^^'^ mBiaämim 



Pffippppifflllw^ 

CO 
H 

6 

2 

Q 
2 
O 
a 

o 
O 

QT0 

o 

Q co   ► 
WCO CN 

U w 

w 

u. 
CD 

I 

i. 

2. 

< 
11 

a. 

u 

-<   > 'H O O    J  —i O    J •-< 

JJ     JJ.)JJ     )    J    3 
II III 

-5 O 

0 O 

a a 
-I   "O   I x| 
J  ID    J 

n  D 
i 

j -i 

v}- ^ O <^J CO —< -0 
-H -H -i (\j ^H ^- m 

JO   3 O O O O O   J O 
I     I     I     I 

•   •   •   • 
o o o -> 

-i o <r   n m 
>r -"\ NT -n r^ 

O O 'J    J 

r~ rj f« (\! ^ co a^ o  o —i 

ci a o o o o o o o rj 

I        i 

—'  -O  .O  X  ->   4- 
'J --r -J) o  o -* -i ■» j> j> 

•■«"i -< .-n —I »M —i rv • 3   JO 

i i        I        i        I 

"^        -A        »M        LO        rs. 
''",   r o T)  -) ■-? 'T J>   .> • j 

I         I 

•   • 

-' a — rJ — '_; — a 
i/i o i-o VJ i^ o '■o o 

-  3 
!.0   U 

»g     **j     cq      -PI 
•jj     irü     ini     u-T| 
■50|     o|     41     mi 

-P| 

n 
-J 

2. 
O 
i. 

t 

x 

CO 

Q. 

r 

I 
J     J    J     JO 

I  

•J 

J  -J 

^-J- o iA n rn xf f- -n (^ 
o       -I o ■-.   3   J r) —I O 'M o 

O  3 o o o o ■>  ■> o o 
I I I   I I   I 

un      -^ "j fM n —t o -j '-i o m 

n o o o o a DO  ") O 
I       I        I        I   I        i 

0o «r")r^Lr\a3>.  sTJ^ 

a 
I I    i 

n o 
i   i I 

~i IT» <r vf .-NJ 53  o .j» m -ü 
n         ■'•) 'vj r- tn O rsj ^- r5 a -r, 

o -^ o TM o n cj m o (M 
I l    i I    i I   I i 

0 IA 00 > >0   Or-i,-0^(\J 
f\l       cOrHrorM^ONtni^Org 

Or-^-^fMOrvjnrgO'Nj 
1 I    I     I     I     I     I    I I 

C ^-   IJ Lf>   4-   4" vf    D 'vj o 

DOT'.) 
I       I 

T 
u> 

^ ■-* f -s) 7* 'A f j\ y ^) 
•-• :j (-• -^ >-i   J ►_ (,; _ ^j 

o a -o o '^ o oo _> r/i u 

^      oj <i1 

-PI HI 
u-TI -, 
^1        fN 

240 

mmmm I^Mü^^ü 



P^puipifJI^I^Jffl ttpL^!|t!IPWl!M4fpp!»^ y4S|BfB>!^^!)g!WW*f^ 

-.  ■-   „;^-.;  ,-      ■.;.^--   It'" >:> '     ■-:'. 

A —i   ^  n  o  \i "j sf .n co 
U'   .0 i~<i    J ,j^   M -M •■) r*»   I 

I 
J o 

•0 )    \J  —( ^ >-  vf -T   O    i" 
—< n-i-j-vj  -i in ■-< ' j -n 

> ->   J    > • J • J   J j   j   j 
i ill 

■^  ITi  r-t  yc\  Q^   a 
«J- O O O O vt- o r\j r- 

CO O O   O O O O O   3 O  Z) 
II           1                 1           II 

e*               ■ 

oo      Q 
^      S ^   R O^^rinrncroo^rgr^rn 
i B iS\ nrOfMOO—•'HOO   ^ 

■    ••••••••• 
O 
S     o 

o o o O O O O C5 o o 
II         1    t    1 

O 

S    „ u. a. 
M uQ CO 

P        B -J ir\ CT^ IM r* -r 'j 'H a^ r<i o^ 1 

U 00 
1 
2 

<t N.oor\jr«.(M   jo—<—«rO ■c 

to M    •> — O Q O 'D O O O O  O Q 2^ 
3 oo 

9^5 Z. 

!     1     1     1     1     1 f— 

O 0         • Lj UJ 

o ffi 00  O £ 

0      '       M 
O O ro o in OvJ Lr\ in    3  o CT 

II 3L rn •.^ O -O -O rn -H (J r^ -H .-ri 
p  - 
Z td   O 
<! P   t^ < 

•     ••••■•••• 
orvjOf-to^oooo 

1           1          1           1           1 

Q 

a 
I x3 - 5S S 

UJ 
CO 

I'll! 

u Q 
Q 
LU CO CO    •« UJ (^(NJiriajcoo^ifi-^-^fM 

CO CTi cc (NJ Om>J-C7»<NJ'-^f\lfs-ü>'H a 

CO 
sss IS) Orr(OlMr-<rH^HO--<0 

SSd < 1       1       1       1       1 < 
'JJ CO Cd 

■< rt  ll 
s: 

Ei H 

gfe i 
^-< inr^rMr^Lnc^r^-^-itMaD 

CN 
f\j r\j rn m (M (M 

l I I 

vf O (NJ ,-( —i   TO   .0 r~ 1^    M 

O O  O O O O  O O  O O 
II III 

LnmofMOr^rsjr^-otNi 
^ O   st"   -«   ;j\   —(   O   O   f-   O   'H 

•   ••••■•■•• 
■j o o o o o  o a o a 

I       I       l     ■ 

^■n   O   M-M   J   OtM~<a3 

III I I I 

a> in -o (^ ro o '-o ^ o rn 
•   ••••••••• 

(\'^^ninf\i>}-o-3-(\j 
l   l   I   l   I   I    I   I   i 

f\J (M 
I 

-H -< o o o 

^ rM O O 

> in vQ X) -t fNI (M 0^ m i^ 

•    ••••••••• 
rNJO-t^OOrriOmr^-O 

I       I       I  ^ I -• I 

CM m o ■■o NJ o n u^ O 30 .-i ■o o s. T   'H • •   • • • •    • • •     • 
o r\j r-) 

1 
o 

1 
t > —I n -H n <r 

s z IS)  Z IS) 2 i^ z «^ e ^ as. »—1 o — o (-H o — □ N- a < tyv O (^) a '/) a i^o o l/) o 
X 

IS) 

^Pl        Ml        5*1        »« 
a      in     ira     ir« 
'H -0J        ^        rr^ 

< 
X 

< 
00 

J       r».       TO       r\j       ,-« 
o m o ,o o r«- o y^ o rg *••••••••• 
o-Hoonootnon 

,_,P,-'0,—,CJ>—'O'-'Q 
t/lOLOOl/lOi/lvJoOl-) 

■Hl       M) 

SI   3 in) 
<1 

Lni a 

241 

IX^^l^^^Mit^^^i^teiii^^ 



m mm 

> > > .J J > J 

) > 
i 

f,    . H     J-    ...)   _,   ~J J- r, 0 .-, 

J       i        <       )       J       1 ) J )       ) 

J)J       )      J> J       ) )      J 

I        I I I I I 

CO 
H 
2 

O 

oo 

Q 

O 
o 

o 
o 

Q     ii 

CO 
QM     - 

OPo 
X <i- 
Oo 

oo O 
P   I 
Z       II 

3 
o 

PQPQ S 
Q co    ^ 
W co c^ 
H < (Ti 
<t-l (N 
KJU   • 

O W 

00 
CM 

w 

^ 

.3 
-I 

U 

< 
J3 

a 
s o 
u 

■'J   J 1 —• ) 
^ .> ■ 1 

1 
■) 

1   1 
O    1 

(   1 1 1     1 

s\       -H ~J o o o o —< o IN -< 

TO    3 O    i   3 O   ■>   3   J 
I'll 

~l   —4   l*-    -r\    J\    j\   —<   J^    U   i,J 

.<■!    J   r-H    .")   —I    _J   r^      3   u^   —I 

■.■5 •-> o -ri o -J o 
I       I 

D •> O 

—t -f fsi ^j --I LT1   r .^ ro x) 
rO         ,>  CNJ CO ?•! -VJ  r>J •:.) fNJ rg 1 

J :D es O tj ^J CJ o n o 
l 1 

00 4->onr-^-.rint\i 

O-^OOOOOO'-*'-* 
1        1 

J> & rr\ i\i rsi f T-O^-J- 
•H         O CO -O 0    0 T ^   -0   7^   O 

t^j •—t m r-H r\j —H rj o "J   ~> 
I I          I I I 

w      3»     r«-     m     3< 
o  -T  o   >j-   "> r\i  '"1 >T  O rH 

0 rg ") --H ■-1 r-i f 5 fM .—>   ri 
1          1 

s: 2 00 ^ '.O .T <^ ^ i>0 Z1 ^> 
r: -<3—'O'-'ID'-'O'-'O < oOO'/'Ui/IO^UoOO 
I 
N. >e|      *fl      -.d      ?«(      *{i 

< JI      tn       LOJ      UN       ■■* 
-oj      ,0       ■*!      r<i      (N| 

l/J 

m 

1 

a x 
u 
.-3 
'JJ 
t— 

CL 

2: 

rM 

< 
X 

■a r>- rr^ cr T rg   H :o   0 r- 
O O O O O '3 . -I O ^< <T 

f">   "3 J    } '.") O ' ) T    "JO 
I            I I     I     I I 

r— r- >*• a --i 'M J -n JQ o* 
~« -D IN ~< r-( o o J tj ^j 

JO   3 j u o -I o   00 
1        1 1       1 1        1 

-sj o L.^ i) u in  o JA o m 
—< n -g  n ■>■»  J i-o -H .'T o 

o o 0000  ^ ooo 
I i I        i I i I 

r<1 fl M .n t >    J   -5 ^ •-' r\j 
o rn h» sf —I vO -n ."N4 tr st 

O —< o 00 o t\j o rj CJ r-t 
I       I   I   I   I I I   I 

(M-oi^n^tncMfMo-J-TO 

1    l    1   1   1    1   1   l    1   1 

•^ O in —I sf (Nj aj o T ^ 
'3 r- w -t ■■£ r> 3 o r. o 

—1 o rg o -T r\i LP» -n r n 
I       I 

r*-      -o      o      ■—<      ir\ 
CM-)  JO-O'^'-IO^. 

r-» o CM '3 m o -d* o ^.r 

2  1/5  ^'  00 ^  t/l  2  t^j  vT t/l 
|-' o « a "-' 0 '- '.J —1 r.i 
u0Ol/)Oi/)O00Ol/1O 

^1        *9(        Ml        *fl        b^ 
Ol JN        IA| ^ -)( 
xj      .o|     >31      rn)      Kij 

yL'*J>i4J^ *i iA - j iisitiiiitairt 



ipi^p^nfn^^misp^j^jpi^^ppssissim? fZr&I^JVVFa^W't'^^W^ 

a-nt      ?«rf*iH« 

O i\J   .J ij I-»  <J  v\J r\i   ^-i -H 

'-'  —<    J   J <J  tj  O  ."5   —<  ■-« 
II III 

■a  u -r cr 'JC r^- ■-g  n r\ ui 

O l_>  ■ J     J   O '-)     J    J    J    3 
III I 

CM 
0 7,'-HC3>^^-'-ij3C^st 

vO      a> »NJ ^ ^ m i^o •-< o o 4- 

oooooo oooo 
I I   I   I   I 

,3 r-^ ■-< o "i uf\ co o ^ >i- 
(NJf\lo<}-r\IO-*rNJ(M.t 

13 D O   3 t J O O O O O 
II II I 

•    ••••••••• 
OOOOOOOOOO 
II      I I  I   I  I 

O O O r-H o 'H O -'   3   3 
I I I I 

o 

pq   2 

fc   a 

CM 

W 

I 
-2 

UJ 

< 

3 

LU 

^ ■-< fj 'a >r u-\ so aj  y ~i 
vj- sf o Ln rn  'j c\j r o J« 

•   •••••«••« 
Or-4O-«0O0O00 
II      I   I   I   I      I 

T3r-iin«j-(\(rOLnN3-r-(j\ 

vrovjcr>r^c- r-i-orNjoom 

i I I I I 

OfMrNJrorMO—lOtNJO 
I I I I I 

O r- o N. rn r>. j- Q o JO 
•"J  O vf r^ CO O f»   -O  :0 'M 
•   ••••■•••■ 

I I I I I 

I 

3 

a 
Q: 

a 
x 

LU 
ut 

00 
< 

ij> r-« >o O <J vr r't --i --< u"\ 
O» fj t— ?J« -H ~1 Al -) UT --( 

r-i fM ro r\) Nt 'vi n ^ rH o 
I     I     I     I     I     I I     I     I 

—< r- f\J 33 f\j .o <\J fO -r rn 
oo-^N-oor^vromoo 

^t-lt\|(Mt\JrNjf\Jr-<OJ^-l 
I  I   I   I   I   I   I  I  I 

ll        I        l 

oj o NJ -o r^- ^ io r^- J1! in 

o o ^vi AJ ~i- <r in -j- cr r- 
i        I        i        I        i 

CO        00        N-        r\j        ►>■. 

i a^ o -^ o (M o m o T 
•   ••••••••< 

I        i 

zoo.ari/isr^.^t/i;?!/) 
'-'O — ui-'C)—'U-<a 
UOOOOUOOUOOO^OO 

•^ ^«1 ^1 -^ Sfl &fl 
< q unj u-\| x\| -; 
H- inj o( <ri n( (\j 
00 

i— 

f^-      o      ^      in      o 
O i-n   "J f>- r-> ffi o "3 o «M 

"5 O O rj > O  O  r-H o n 
I 

zuojruo^^^uo^oo 
i-iLJ'—ICJ'-'O'-'O'-IO 
l/1l_)00O00O^O'-0O 

243 



i^:s»^^'«^!^'??7^^ 

O -J    J    j '.J '-j ,_,   j    j . j 

J    J 
I 

>    J   J     t    -) 
I I 

J 
I 

o   o  ■<■) X    \J   '1   t —I  -0   t 
J i >    D ' J  ■ J    J  O    D    J    J 

J    J    J 
I I 

J     )    J    J 
I I 

CO 
H 
2 

CM 

o 
o 
o 

So   o 
LO m 

O 
IZ  II  O 
h-1 

W E 

O S ro 
ac H <t 

QO 

o 

Wh-1      r- 
«PQ 2 
Q co    ^ 
W co c^ 
< hJ n 
HJ o • 
:D c* o 
u w 

LO 
C-s) 

LH 

I 

2 

z: 
a 
2 

<l 
U 
.0 

3 

I— 
=3 
a 
?: 
o 
u 

<-o 

fM 

m iN n —i t\J ^ -d- rg CO en o :> o o ") 1,3 O O o o • • 9     • t    •    • • • • 
I 

o 
1 

O o o 
1 

o 
1 

■J n 
i 

DO   J O O O   3 O O O 
I     I     I     I 

iA —l   0   3.r<-   o ;M uv ^j   JQ 
^J u-\ >-\j .-»-i L-\ ..j .x 4- ^r -u 

O r j o O 
I     I     I     I 

O O .J r-i . j 

r*- ^vj ~T 
J- r-< r^. 

—' o 17s <r cr^ en r-i 
fNJ ?o o i^- N- (3 r\j 

o o 
I 

a o o o •_> o -i -i 

'O-O'MOO-HOincjN.jOcO 

OOOOOOOOO-l 
I      I   I      I      I 

■*■! ^ m —( r^- .n ' J ^n u~\ 

O   .3 

ai 

I 

UJ 
5- 

•3 

o 
X 
a 

a. 
rNJ 

<j ^- r\| .H r^ ü~\  N(- 
-• O O O O   ~i -> 

O O O O . 3 O 
I   I 

1 o 
I   I 

a oo m o 
c\J 'O r\| co 
• ■   • • 

I I 

o ^ (NJ r«- m t\j 
J >-NJ (M o m ^J- 
•   •♦»•• 
> O O O O   D 

I I 

—i  sT '-U    U  i\l  -H  iXJ   T   U  •-• 
■\i in h- JO o o I'O .■n m  J 

—i o —i a —i 
I        l        i 

J '■3 Q '3 .3 

CJ^ o> —i in .-n r-i r- ^j- in c3 

O ^ O r\) 

I     I     I     I 
m ^ r\j rn oj 

I    I    I    I    I 

O-ON-rOO-HTDi-iLnvO 

o o 
I 

~)  O O O 

■n o r~ j^ 
n m rvj ,^ 

0 'O o^ 
^i -j- ~c 

o 

■n sT 

I 
^J    vl   -1  r.| 

W 

PQ 
< 

n m '3 -o 
<N O ^ 

o T '~v —» o ^ '3 «n <-» 'r> 

ro cr^ s}- 
.■J o o j> -i r- 
•   •«««■ 

'3 o 

^ '-'L3—'O'-i'J'-'O — O 
«a i/i o v5 u ^ o '/■) u i-i o 

v ^q      «-«      ^q     äP|      H 
< ri     irJ      inj     inj      D 
t- .«1     ^      n     nj     '^ 

et 

X 

^ oo -^ ^) .:?: ^> .■:' oo ^: oo 

-0 U oo O l/"'  O  '-0  U  '^1  o 

-*l 
rni 
O-l 

0 

•n 

244 



ä r-Trrviy ^-"W ^^rm THT.'" 

«•••«•••c« 
opooooooop 

I i I 
OOOOOOOOoO 

rvJOO«-'OOt-«<SJfNJO 
•    «*•••«••* 

OOOOOOOOOO IT I   I   I   I T 

«to^rvisj-^ooon 
•Hmi-imo'-<o«to>o 

•    •••*«•••• 
ppoooooooo 
T T i i i 

00 

•   ••••••••• 
OOOOOOOOOO 

in      ^-lAinixiryconoovOtn 
•   ••••••••• 

OOO'-'Oi-tOOOO 
I     I     I      i      I 

fe II 
CD 
_J 

I z 

2 
IXI 
X o 
X 

X 
< 
UJ 

CQ 

DC 
D 
< 

a: 

?•-« O  rH O  P O til     T 
O O r-i 

(V4»fifHr-00^M>*-O>4- 
tn     cvjnop'fnomfM^st 

i-^Oi-iO'-'«-''-''-''-''-' 

tn-^-o^rOvOf^vO^ooo 
rvi     mt-toinrjiA^iAfno 

•   ••■•••• 
•-•CNjfrirHfriOCMO 

I I I I 
fVj O 

co 

I 
Z 

z 
UJ 
st 
o 
s: 
a 
oc 
o 
a 
D 
UJ 
cc 

IS) 
< 
UJ 

(MlTlvOiri^-f-OOOO'O 
0'0(s-Ofno^>ooDr^'0 •  ••*•••••• 

I    I    I    I    I    I    I    I    I   I 

O^rrir-oocsifnOfOrHO 
m      (n»-<r"itvjmrrioo>ONi-o 

•   •«••••••• 
Or-IOfMi-irMi-li-trOO 

I  I  I  I  I  I  I  I  I 

r-ifvfnf-io<vjoo>t(rrH 
rj      roin^-(\/o-4-'Ofr>ai-< 

•   ••••••••• 
OOOOrHOOOOO 

to   i 

CM 

(NJCOtTlO^OOmh-O^fSJ 
ODO^OOOO^ITVODO^ 
•    ••••••t** 

•Hrvjrgvtmmc^cNjfsii-i 
I        I        I        I        I 

«oo^csjvOi-^orv/mi-tNO 
inoinfvio t\i»-40<\ir<i 
•   «*••*•••• 
?oorvji-i(r)»-<rOfsj>l- 

I        I        I        I 

i 
(M »t r-l in >t 

O(^0inooooo>j- 
•   ••*•••••• 

opooo<-<o«-<orsi 

»t      in      in      i-<     o 
OrHOOOmo<tofvj 

•   ••••••••• 
OOOOOOOOOO 

X 
cc 
< 
X 

< 
9^n       w*l       ^n 

3       S       3 
< 
I 

< 
iSi 

ZWzviZWZWZiS) 
i-iC»-<0'-<0*-'Üi-<0 

H    H    H 
ifj      ifj      id 
^d    >«    H 

245 

ü ÜÜ 



oooooooooo 
• ••••••••• 
oooooooooo 
IT    III 

oooooooooo 
• ••••••••* 
oooooooooo 

"0 

<f 
<!■ 

*»       • 
co     O 
H     2 
Z     O 
W     O 

o 
So   o 0m 

LO O U, 
O CO 
Z   II   LO mi 
M I 
Q fell 2 
Z^ cs 
W         E •— 
PQ   ~d t- 

H z 
QCO    ► cu 
PäM r-- T 

O 
J: 

Ü 
o    O £ 

OO < 
5    „ l! uü 

CD 
w  o 

SQ   c^ 
< < 

o 
ai 

W^J   <-i »- 
PQPQS D 

a 
QCO     ~ X 
W CO 04 o 
H<:O o 
<lJ in 
,-115   • 
Seäo 
Ofrl 
*ir4 ii 
<M 
Ofc   3. 

• 

CN 

w 
-I 
cq 
< 
H 

Ifl 

en 

fNJ 

z 
a: 
< 

< 

oooooooooo 
• •••••«••• 
oooooooooo 
T  i    ill 

(\JiMi-iO^OfMO>J"'-» 
• ••*••■••• 

<0 

o 
I 
ooooooooo 

irf-t>ooh-<0(\j(ri>o^ 

o o o o o ^ o ??? I 

oofsj^^off'fno^if. »-i 
•^-f-if^rvjoo^i^r^ofNi 

OOOOOOOOI-<I-< 

o»or^oot-<^inOct)oo 

•    •••••a*** 

ITi 

o 
I 

o o o cp •-< 

■J 
I 
2 

K 
2 
UJ 
s: 
o 
2: 

a 
or 
o 
1 
u 

D a. 
s: o 
u 

n 

f\J 

f0onrv<^f0O'-|ir\»-i 
oooo>co<Mno«-*(Ni«-« 

j   ...  ,,. _ ,,  .  .T o o o 00000 

(\J      öD     rvj     o     >o 
ciriO>öooo>ror^ •   •••••»»•• 
oooi-^OfnoriOir» 

2«/)2UIZI/JZ^2^ 

l/>O(/7O«<0OV)OWO 
a: 
< 

Of-««-<tHOOOOO<-< •       ••!•••••• 
o ooooooooo 

111T 

o 00 m o >o a cvj 
fVl iT. CSJ 00 O CV.' fNJ 
• •    •    •    t    •    • 

O O 
I 

OOOOOOCO 

»•"•«J"0D>OC\J»-400-J">OiH 
(\jiri^ajO>0rnr"ifno 
•   ••*•••••• 

•-•OrHOf-lOOOOO 
1      1      1     T 

O^O«-!«'. forOh--4-mo 
iHf-tyCrNJiNJOCI^Ogi"^« 
•   •*••••«■• 

Ot-tofvji-tr^rwrj^fNj 
I    I    I    I   I    I    I    I    I    I 

0>o^r'io-«-HOO(,«iir\^ 

000000«-<Oi-<0 
I      I 

f0rnc\)O»-<(<t>4" vOro^T 

t-(0'-l»-«i-((MCMrslfO(Nj 
I      I 

m     o^     in     a-     f*- 
o>oo<ror^ooorg 

•   •••••••■• 
Oi-iOfMOf^O^om 

t-tCi-»0»^C»-'0'-«0 

246 



■ ~yTzs'~ti-':*- ■7,
1—."■■ 

«ttaods*«* 
O^QOOOOOIHIH 

1(1 "? 
OOO^«-'friO<0ir\m 
•   •••*••••• 

000<-«OOOOOfsJ 
T i  i 

CO 

<t4-^)(Vi<\jao moo 
i-^rgcsjtwOfnoo^f»" 

O »x o 
I ?0? o o 

•   •••«••••• 
OOpOOOOOOQ ?0? 

OOOOOOOOOO 
•   «   •  «   • 

o o o o o 

lf\      o 
•    •••••«*(• 

OOOOQOQOOO 

CO 

u. 
-J 
I 
z 

z 
LU 

o 

2: 
< 
UJ 
03 

< 

so 

m 

rg 

oc 
< 

ui 

80 <V <S) »H f» O <C«0 
rgf^o^Ofomoo^o 

O  »H  O  »H OOO T- 

«^I-O^no h-OO 
csifif^if\«oooo«om 
•  ••••««•«t 

O^-OiiO^OOOO 
ill T 

fMrgo0^a>>-«OO<fM 

?rslOi-<0000^0 
I     I      I 

oooooar^m rgo 
o»rom«4-rogooONf«» 

^NPgmMfMOOOO 
III I 

O"       O       •-« tti 
O^OOO^OOOiH 

•    •••«••••* 
OCSiOOOMOOO«* 

I 

Z^Zi^ZoOZWZCO 
MQMC*^CDMOMO 

00(      <3I      «tl       fl      N 

1 <NifSli-<fMi^»HeoO 
z <}• 00«t»N(M'0-0»H(<>i-< 

oorj^tsjo^ooo 

z 
UJ 
X 
a 
X »»•IHO^OO^^OOO 

ro oo*oJ»tntr\mfOir\o» 
0 •   •««*••••• 

0 
oompmo^OfHi-i 

1 T 1 T 1      1 
I 
0 

c 
UJ «OlTi'^CsJO^'fVJ'l" 
r* (VJ Oommr^m»*-h-Orft 
D •   •«••••••• 

< 
OOOMOt-tOOOO 

UJ 
z 

rO>Oi-<-0«4-^oooo 
i-H OOO^vO'J'i-««»-^-*^ 

1     1     1      1 

<\j     cci     ^     r^ 
O OOOOOi-40rgoi-< •   ••••••••• 

000<-'OOOt\iOi-< 
1 

X ZoOZwiZwOZ^z^) 
a: •HOwOtHO^O^C 
< tOUoOU^OwlO^O 

^ M    MI    H    H    M 
< g    (TI    in     if\     0 

0C|       >0|       »tj      f0|       fs 
U) 

247 

.^V .i * .Ti, AtVlbia'A'-fej^A;' ^ iaüüü 



OiHOi-40000»-)r-i oooooooooo 
• «••••«••• 
0000009000 ?0? 

OOOOOOOOOO 

oooooooooo 

CO 
H 

00 

Q 

o 
lf\ 

S    u 
So   ^ 

LO 
O       O 

^^ 
z 11 0 
1—( 

u. 
CD 

Q Cun 1 

2-o 1 

Q co   •> 
(ÜMOO z 

0  0 

z 
0 
z 

go 5: 
<|J      •» < 

w 0 UJ 

WhJ   H c 
til 
K eqpqS 

Q co   ~ D 
WCOC^ z 

0 
0 

H<o> 
<P-lCN 

Spdo 
0 w 
^3" 
Ofe i 

• 

CM 

w 
d 

fO 

(NJ 

S 

•-iOOO<-'0^0»-tO 
OOOOOOOOOO 
•   (•••*«**« 

OOOOOOOOOO 

a. 
< 

< 

00 

OOOOOOOOOO 

OOOOOOOOOO 
m 

OOOOOOOOi-tO 

00000000 ?0?0? 

^^^r^Nf-ooraoiNj 
ujoin^m^^m^fw 

OOOOOOOOOO 

ocpoooooooo 
I 

(\'Homo-<mao>4->o 

•  ••••*«••• 
pH(Hi-4ff4iHOMO^O 

I I I I i 

u. 
-J 
I 
z 

B 
z 

o 
ac 

a. z o u 

(n 

N 

«     o     «3     m     r»- 
o^o^oinomo.-o 
•••••••§«« 

OOOOOfvJOrriO«0 

M<0(N4h-fOf-4(0>ONO 
OOOOOOOOO«-' 

OOOOOOOOOO 

«too^h-iri^inro^N 
l_4f>tFHrHO<HO'Hi>-iO 

OOOOOOOOOO 

># .H   IM 
»HNOO^ff'fnmrooD 

iM(VJO<-"OrHOO 
tfttttttt« 
OOOOOOOOO tp o o o o o o 

OM^-MOfM^iO^'Hi-' 

1 T 1  1  1 1  1  1  1 

<Htno<votooomifN 

111     I     I 

r-a-^j-OvO^vO^oD^ 

OOO>J'<\l«0'Nt«0<M ? ! 

^0»MO»^0»MOW 
(/laouboubouo 

»ä    H    N     H     M 
O       (rt      IT       UN      c 
oöj    «fll     »d     rnl     ^ 

to 
o 
0 

z 
< 

< 
t- 

(^      00      «-i      >}•      ro 
or-ooo'v/O'-'ooo 

O^OcnO^OrOOro 

Zt^Z^Z^Z^ZoO 
MOi-<ct-iaMar«o 
t/lOi/JOuOOtrtOKOU 
M      »<|      M      »«I      »* 
0     if»    tn     IT     c 
oe)    «a    ^    ml    (\ 

248 

*•* 



«wKtwsvT^wfclJ^Til^VH* 

r*-      —< 

I I 

to -n oo o rn J- ro u> J -0 
JU n r* -J- (^ r-t m -^1 —< r-H 

U rj -1    J —4 o 
1 

f-H 

1 
J 
1 

o 
1 

CM 

*o      r«-o>fMinr\ivtor*oc^ 

-^OO-HOOOOOO 
I      I I   I   I   I   I 

ci -a- in o^ -H n 
fNJ (M >t O  fN 

^ in o^ in 
O    r<l    ^    r-( 

oooooooooo 
I  I I I I  I  I 

W         Ö 

B   8 
a o 
o     m 
X 

o x. 

o u. 
Z        II aa 
M -j 

g          J2 l 
■7 

u MN 

CO bM 

H <f h- 
Q co en 2 
Od M vt LLI 
o s   • 
MH o 

Z 
o 

o X 
o     II 

QO £ 
5        O < 
<J    - (^ OJ 

W      • 30 

2j Q ^ is2 
Q 
LU 

OQ CQ     •> QC 
O» Z) 

Q g o> CO 
w 5 m < 

5 M o 
OJ 
3! 

ill 
• 

o 
en 

W 3 

m 

m 

rg 

% 

r\Joo>OfM^>fvO-OC^O 
aoinooaoino<vjoo>0fsi 
tat*«***«« 

o o o o o o o o o ^ 
II I      I   I   I 

•   ••••••••• 
OOO'H'H'H'-^O^O 

i       I   i   i   i   i   T I 

•   •••••«•«• 
-»inmcoinoo^ajrvj^j 

I        I        I I        I 

^^■^^rgoOf\J>0>t(n 
vfrHO^rOcgoot^-f^ao 
•   ••••••••• 
o>oor*0(no^f\io 
i   I   I   I       I       i 

r\JOs>tfMf^h-fn>o>t(Nj 

•    ••••••••» 

I        l        l        I 

-O        >J"        fO 
O ir\ o (\J O (N4 o 

v0 

in 

u. 

I 
2 

2 
OJ 
X. 
a 

a 

a 
x 
a 
o 
ai 
ec 

< 
LU 

m 

fNJ 

ooo-*30CT»oo>m>oo 
(MnoooorNjrgtNjtNjirvro 
•   ••••■•••■ 

fMfNJ^^-O-OLn-OfM-^" 
l        I        I        i        l 

u^ m r» h- u-\ (■»• ^ -r u^ r\J 
O ■ o co fM J^ 03 ^1- r-H h- (7> 
• • • • ■ • • • • • 

m 
1 

m 
1 

O 
1 

in rn 
1 

■-I 

1 

ooino^or^-cotMr-oovo 
oinoo^-r-r-toin«of^ 
•    ••••••• 

l | , l -1 I '-i l -• 
I   I   i 

fsjo<<r(n-<^-ttnonj 
• •••••«•■• 

O(\joinoin-<»t(nro 
I   I 

o^c^csjinniin^f^^-i 

• •••••**•• 
(NU'OfMm-^oosr-oin 

I   | -' I -• | rg ( 

CM  n  >r  r* 
o m o ^ o (N o r-i  o 

CO 
m 

I 
OfNO^omovOOin 

a: 
< 
x 

ZoOZolZi/JZooZoO 
'-"0,-'0'-"0'-<a>-<o 
L0O<^U</>Ol/5Ol/)O < 

X 

►-^0'-•0'-<Ol~,0,—'O 

UO lO 

249 



en 

■M •H r^ 5 f^- A ■ n _< >r J> 
\J —t   J t—* '-< ■ ) —< —< J -i 

} 
1 

• >   J 

i 
o J 

1 
o J 

1 I i I I I I I 

a z o u 

o 

CO 
H 
Z 

o 

U 

M 
Q 
Z 
W 
CQ 

o - •« 
Pi H-<j- 
O wro 

O 5:   . 
HO a 

%cö " „      o 
< w 
WQ     rH 

i-l 
Q PQ   * 
W _o 
H Sc^ 
< 5ro 
i-IZ • 
D HjO 

CJ < i 

OOOOOOOOOO 
I   I   I   I   I 

• 
1 

• 
1 

• 
1 

• 
(M 

1 

• • 
O 

t       • 
-I   f\J 

•     • 

U. 
'-L ro 
aj _l 
-j r-t NJ ■0 a^ u m m -o .n u^ 1 

I 4" 0 J (N r* 'J j >!■ -» ^ ^ ^ 
^ • • 0 • • ■ t   • •   • —H 
•—* '3 

1 1 
a 

i 
o 

1 
-H o ^ ^ -H   -< •—* 

i— £ 
^r lU 
i-j ?: 
i ■3 
o ■3 i- tr 0 <r ■o t t\j >ü   ^ i. 
x m 

• 
(M 
• • • 0 • • •   • •   * a 

ü PO O m o vT -M m CNJ ro -i Q£ 
< 1 O 
LU X 
CO -J 

a o 
'U (>- -f in -0 r\l in m CT> o -o UJ 
►- ^M O -0 m tn T v0 -^   v*- fM ^■ >- 
■D • • • « • • •   • •    • 3 
a. IM «1 m M iM r-l 'NJ  (NJ "*    f\J a. 
sr 1 1 5: 
3 a 
u u 

^o^fir-^f^-inr^in 
<3-OinTCOOOOOrO(M 

I I I I I 

•O        3 O O ~4 O "Ni O rg o ^ 
•    ••«••*•• • 

O O   D O O O O   3 • 3 O 
I      I       I       I       I 

in-H^aorn^Oao^C^oo 

j Q ^   3 _i ,-3 -< O  J   3 
I   I   I   I   I   I   I   I   I   I 

■NJ l«1 (M r"! -H vT -H -ü O IVJ 
N}- vj- aj j^ L_) r<- ^ ^ l.^ .-n 

Q r-l Q r\J ,-1 r> O n-) O 'S! 
I   i I   I I I I I I I 

m      mo-0'-'fri'0i--«o-H-4- 
•  ••••••••• 

—i ovj rj j- rn in n IT f\) ^ 
I        l        I        l I 

0>OaDr«lh-h-CT>^inrn 
CM      ^oofNj^inr^^a^in 

oo^o-^o^ooo 
III      I      I      I 

o rq f^ o c^ f-i J> in u-\ in 
'-f -J-   3   ■>   ifl   O   r-«   'J'   Sf   O    "0 

f^f<ir\j   0 ^ 30 m Is- rO -*■ 

a: 
< 
X 

< 

m     oo     m     so      «M 
O   O O o O LTV  -) (-J O 00 

I 

2ri-oiico"rooz:i^2oo 
»-•O'-'O'-iO'-'O'-^O 

9«       S«|       -^       9*t       E«| 
cj      in     mi     'n{      n( 
coj    >o|    sH    H    ^ 

«j-     m     r-<     n     o 
f"3  4" O C^ O O O '-i ■")   ^ 

s:      2:i/)Zi/);£i/5Zi/i2:'./) 

X 

< ^1 ^ j«      3«      IVM 

^   iq  3 

250 



r\j  NO  r-» (\1  uj  CM r-« ,^  i/«  l\J 

U O O O o O !J 'J U o 
I   I   I   I       I 

o u^ ro cr r» -H r-* o r* "0 
u» -o Is- o r* o -H -^ '^ u^ 

I        I 

CO 
H 

O 

cl- 
ef 

Q 
JB 
O 
Ü 

o 
O 

Q      g 

M 
CQ 

Q WU3 
03 Hvl" 
9^    * K HO 
U 

o    il 
QO 
5       0 

U      - 
<<S 
w M 
P3 to   •> 

CN 
Q SO 
u pin 

3 H O 
CO S 
<:5 ii 

CM 

w 

IX. 

T 
a 

< 
TD 

O 
UJ 
Qi. 

< 
LU 
X. 

oooooooooo 
I I I I  III 

in      vt"r-r\(c7>ryjofsjooor«» 
•   ••••••••• 

-lOfNJOOO'HO'-iO 
I   I   I  I  I I 

i-n o -r u ^ rn tr .NI I\J '-w 

•       •••••••9« 
ooo^o—lO»-«—to 

I       I   I   I   I   I   I   I 

cru-\>oouflou»Njoor»- 
m      ooj>^4r\ir-(j>naocrv0 

I        I        I        I        I 

(M       ir\^^corOr-((jNp^a0if\«}- 

OsOO-O^rri^rslOO 
I    I    I    I    I    I    I    I 

N- ■-(.-( vT o AJ o oo o >j- 

till 

O        -O        O        fM        >J- 
CJ        O iN O Is- O 4- O vO O «O 

D 
-I 
I 

ir\Ln'-ishO>4->OOr^tNJ 

•   ••••••■•• 

I        I        i        I l 

O-or-m^^rnojooo 
m      (yorfiocotno^'-^a^fNj 

in^rommr* ^«uooro 
|     t   ^   (   ^   |    M   |     |     | 

I I I 

■^l^iMOjc^rotMO-HCvJ 
r«.t\jt,-.'-tro^n>j-in.jin 

-4-00N0-J00»-<rn'-< 
-«i        I        I 

X 
a 
i. vO -0 n CO O  03 o ■4- n o 

m o o m N- o r^- n -t -< m 
Q • • •   •   •   • • •    t    a 
X f\j f\l •O ro fNj r*^ (\j m vj- o 
a 1 1 1    1   ^   1 ^ 1  ~* 
i 1 l I 
u 

Q 
UJ >r in »^ ^ n o en •* 05 rvi 
at rg in p- t» o> f\J ^-i m in ^ o» 
O • • •  •   •   • • •   •   • 
i^ o <N o -j- o o o in f\j m 
< i 1      1 

^ininoor^->t'Min^—i 
Oin>j-mt^oor~v0tn<}- 

—^'•J(-nf\|0Ornr-l^^|vOvJ■ 
l        l        I   ^  I   -'  l 

in     o     m      r-<     ij» 
o o ^ o n .n i-3 o o r~ 

-> (NJ o m o -r o 'n -> n 

a: 
< 

< 
i— 
00 

OOOLOOl/lO^Oi/lO 

**|        !>«(       *«1       Ml       9« 
oj      a^      mi      ira      oi 
-oj       o)      «fj      H      ^ 

s: 
a: 
< x 

uO 

2o0H'/5 2(>02o02y) 

OOO^Ol/lO'^'Ol/'lJ 

a* 
n 

251 



—i -J ^A '1 r- O   M   0  J^ .A 
O —< O ' J vj ~4      J      J    _)     J 

J O O J .J O     JO     J     J 
I III 

t     -t   X>   -i    )    DJ>    JO     J 
_)    J   O  ij   '-I  (J     J  t J   •-)     J 

JO   JO 

O        -»O-iOOr-iOODO 

O O CJ ^ o o o o o o 
I   I   I   I   I 

rflr-.cOrnof^rr>-ürrl'-' 

o o o o o o o o o o 

CO 

o 

u 
I—I 
Q 

w 

Q 

O 
o 

o 
O 

s 
Q 

O co o 
ü M -4- 
os  . 

HO a 
<o _,      o 
<w 

,-1 
Q« •> 
W      (>j 

<!D in 
C^2 * JM o 
OS 

on 

a. 
■a 

i 

o ooooj-i-rvtr-o» 
•       •«•!•••§■ 

o o o o o  D a _> o o 
I    i    I    l 

o   J m JO —< ~( rn ,_) -r   j 
•*1  o^r^-r^^H^r^rriu.^ 

'Mf- ^LA   "J 0 i"3 LA r\| 4- 
—I  N- ^O   4-  ^-1 N}- ^ ^-<   T) r». 

i—I   O '-<—(—' --H J —<   O ""J 
I I        I I 

fO 

>-i O 3 O n a o a o --4 r~t — 
*^* 1 I t— 
1— ^L 
r^ •-U 
ij S. 
i. o 
U rO .A m r-< —i o « ■a m T >- 
21 o-\ lA 

• -t • 
4- 
• 

LA • 
—4 

• • • • • o • a 
X fNJ o ""i —1 m rsj IN ^i ro f\J a 
< 3 
u X 
11 o 

a a 
LU r~- -o TO ■x> CO on f\J a <r ao OJ 
1— fM r^ tA LA a a o LA r-l o a« h- 
Z) • • • • • • « • • • D 
Q. —4 (M —( —4 -> fM a r-v) o o a 
s: 1 1 i i 1 sr 
a a 
o J 

LA rOr^Orna0iAr«-LALA'yl 
§•»•#••••• 

O O   J   J O O O O   JO 
I       I       I       t       t 

rn  n vj •'i no J^ 'j> a^ PI IM 

vfoyx'-t^r-o^»rv-^ 

O   --(   O   (NJ   _(   f\|   —1   f\J   o   r-^ 
I    i    i   i   I   i   I   l   i   I 

O   .J-   --I  Is-  t^-    ü  (^   -t  iA lA 
O    M  'M  lA  00  "O   O  rH  03 —» 

—<—<r\j(\ir\jrO'\jrr)^-ir\l 
I       I      I       I       I 

'J^O'Xirrivj-rNjrv.^foo 
(M      n 4- JD o^ oo n r* (Ni IA o^ 

0O000--iOr-<OCD 

h- f»- '■-• O <-H -M   O  -A  J- lA 
J  O  —'   0.    JA     3    J fM (N 

T^VIONTOAI     5A 
I I I 

or 

I 

< 
I— 

iA.        O^        >J        J"        rO 
D  —J  O    0    ^  —< '"i  rO  'T    -I 

O O   —>   j-   ~i *"   *1 O    TO 

--3  uO  «Z  oO  2  ü0  .;  oO  ^  ^0 
'-1 ~ '— T >- u —' 'j >- a 

«I 

■CH 

^ 
^ 

■«I 
•A| 

*1 

o o A o a» o rH  ■) r- 

-T —i o  ^-   -> r»- I~I ^ 
•     • 

t 

.2 i/1 Z" i/l   Z.   f\   Z. *Si 

i/i o i^i u i^o o ^ o 

■Z '/I 

I— 

-p|      ^1      ^       q 
-3»       mi       A|       .A 
Xi         o|       41       ^ 

252 

v^^txt^^iyr^wr^m^^Kw^mmMtmbmi 



»j   j J> —< ■_; o —1 -H <_i r\J 

i ii        I 

c^ -o a) o ^ «J« rn "0 o ^ 

00 • • • • • • • • ♦ • 
<D —< 

1 
o 

1 
o 

1 

O a 
i 

o a 
1 

i-( o 
l 

WS                    • 

w      Q 
H     Z 
Z      O 
W      O O f» m r- m <NJ  h-  0»  (^ CO 

S    s*—^ in o 4- m u-» m vf o in CO (NJ 

9 • • » • • • • • • • 
S    o —( ,-< r-K r-4 3 o ^H -H -H r\J 

o 1 1 1 1 
Ü .» 
2       II *** u. 
M u. 23 

S       B CD _l 
2     d _) a> 03 00 '« -T n^ u r-) OJ m 1 w 1 -r o :M r* J3 ^ a-\ ,•*• in >n r-t <Z 
pp Z. • • t • f • t • t • t~4 

Hoo »4 f\j Q o O o a o o —* o *«• 
Qcoo •* 1 1 1 l 1- 
PrfM-j- H- 2. 

z aj 
LLI Z 

U s: O 
o     II a in -n r— in CJ r- ^}• m ^D ■o i. 

OO s m o v0 OvJ «NJ —1 in (NJ n m m 
z     o • • • • 1 • • 0 t • Q 
•<,  •* o** £ tM n f\J v0 ^ •G O in O    ^J• Q£ 

CxJ         •> < i I 1 1 1 1 a 

§§^ 03 
X 
u 

Wh-I 
PPPQ   •« a Q 

— ^ LU O r- -4 o •J- f*- >J- -H ^ a> LU 

OS<^ 0^ rg 0> m cr* —» r-H in o m —1 oo IX' 
D • • t • 4 • • • • • 3 Sz^ 00 o o —4 •o o rH -H O rn FH L0 

PMO < 1 I 1 1 1 1 1 ^r 

<5 II 
LU LU 

g^^ 
-H >t vO o in rH ■* o m (M 

.-4 f^ m r^ >J- OJ o (M —i f*l •Q 
• • • ■ • ■ • • • • • 

<!■ f\J o <M CM fNJ n r-i n ^j fNJ 
00 1 1 1 1 

W 

^ o o rO 03 r«- 
a 

< 
X 

00 

OOOCOOvOOh-O'-H 

O-TO'HO'— O'OOO 

Zoozoozroorroozoo 
"-«Q«-40,-<cJ.<Oi-<o 
OOO^OOOO'-^OO^O 

■n 

(N 

o 

z: 
< 
I 

oo 

vtC\Iv0-trs-J3-O^(M'^ 
•■•••«•»••• 

o a o o '.■> o o o o o 
i   i   i   I   i   l   t   I   i   i 

rOvj-r'ioiNJ-o-oa'ino 
r-oo OfO-o-naoofM^ 

^-torn^H^'-^m'-'i'Mo 
i        i       I       i        i   I 

t_>ocrsr>riNjocütr>iNJ 

•       •••••!••• 
I I I I I 

-0rOinvO'-t>00^>4"'-Hr-( 
•    •••«••••• 

rg(Njinrna0(\4a3(MC7>O 
I    I    I    I    I    I    I    I    I    I 

O^fMOC^'T^O-OinfM^ 
^^»OOOinroOf^OO» 

•    ••••••••• 
OfMO^-O^fNJrnsJ-rsJ 

I       I 

•j-oocr^r-r^-cor^coLn 

.•oocOf-tcCrH-j-'HincM 
*-«      (\i      rn 

f"       r-      m      co      tsj 
o^oinooovtorn 
•   •■•••••■• 

OfMO-OrJO^OOOfNJ 

ZoOZOOZOOZOOZoO 

00t_>00(Jl/3O00O00lJ 

S^        9^        99 
uN     IT«     in| 
-ol    <n   fn 

253 



J ^J     J     3    O  U   -J    J    J    J 

J  J 
I       I       II 

IM -n ■.<-! y» -r --i f -H T O 

I I 
J  ' J      J     3     J     3 

f I I 

co 

a 
z. 
o 
a 

o 
O 

CO 
H 

O 

Ü 

M 
Q 

W 
pq 

Q 
piH oo 
O wo 
0So 
p 
Zo     II 
<o 

< w 

Q«    ► 

<:& cN 

bMo 
US ^i" 
3 
§ 

u, 
33 

o »NJ o -H o —' o -< o "< 

O 'J   O O  O ^3  T O    3 O 
I      I      I      I I 

O O    3 O O O O O O O 
I     I     I     I 

m r.« -j- sj- f- m •-• o m 3* 
o ^j o —< '-< ■.3 i^ ^-t ^n r\/ 

o 

^ t • 
o 

•    • 
o a 

• 
o 

•   •   •   •   • 
O O O O O 

LU 
2: 
o -n m -o o oj »-^ ^H \0 >o o 
X ro 

• • 
co no 
•    • • 

rn & CM m r-4 

o 

.NJ f*. -^ O" v 3 'O   O'-i'A-t 

rvj-HinrM-Orvi   f fS) AJ ^H 
I I i I I 

o      r-       m      -H      sf 
D in o s0 o o o -o o o •   ••••••••• 
O'NJO'-^O'OOlJ'ICTi 

in 

u. 
CD 

_J 
I 

o 
2. 

n 
X ■^O-^O'^'-HtJ.-iO-^ a: 
< u 
JJ X 
33 o 
Q Q 
UJ OtMrOiN^O'Nr^^O LU 
l— <\J nr^vOoo^tN^ooo^ t— 
O •   #•••••••• O 
CL O-^O-^OOOOO-H a. 
X 1       1 X 
a 3 
o o 

o 

r—   MJ   4"   -A  CO n-l  r-  r^J  rg  LA 
■J     ."3     r-l     .-M    —I    (\l    —t   '.W     —I    rM 

J   ^ O O O O O O  L")   -} 

fMO^OinOlAQ^o 

O O O O O   D   D O .J O 
I     I     I     I     I     I     I I 

moT3oojü^..j oo 

o-joo-taooo  "3 
I       I       III       I 

''3 o ao vf c\j r- JO -r r^. -JD 

o o 
I 

I 

& r* & ^^comooLn^ 
•   ••••••••• 

I I I I I 

TD   O  -O  :ri r-l ^  ."\J O  JD  tH 

•   ••••••••• 
rM rg -r ^f in rv in m -r in 

vo      ^     a^     --i     in 
o m o co o —< o IM o o 

-)^OrO''3's-''TT30'D 

X 

<     o(     in) 
»«      »«)      «I      MI      N| 
a)     i^     ITJ     ird     oj 
C0|       ^31       -*i       rq|      r^ 

X 

X 

173 

—•CD — d'-^O'-'O—'Ci 

=^1 
^ 

254 



LIST OF SYMBOLS 

n 

n 

D 

CD/a 

■^max 
Cm 

Cn/0 

Cp/o 

Cp./o 

CPp/0 

CQ/o 

CL/o 

CY/o 

E 

I 

I 

i 

L 

M 

M 

EQ 

Harmonic coefficient of cosine terms 

Vertical intercept of regression line 

Harmonic coefficient of sine terms 

Slope of regression line 

Drag coefficient 

Rotor drag coefficient 

Lift coefficient 

Rolling moment coefficient 

Maximum lift coefficient 

Pitching moment coefficient 

Yaw moment coefficient 

Rotor power coefficient 

Induced power coefficient 

Parasite power coefficient 

Rotor torque coefficient 

Rotor lift coefficient 

Rotor side force coefficient 
2 

Modulus of elasticity, lb/in. 
4 

Area moment of inertia, in. 

Equivalent area moment of inertia, in. 

Segment length, in. 

Rotor lift, lb 

Bending moment magnitude,   in.-lb 

Mach number 
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M 

q 

R 

r 

r 

R. 

t 

w 

Y 

1,90 

N 

'eg 

a m 
a 
TPP 

F 

la 

Pi 
y 

Advancing tip Mach number 

Quality factor 

Blade radius, in. 

Multiple correlation coefficient 

Blade radial location, in. 

Reynolds number 

time, sec 

Blade segment weight distribution, lb/in. 

Distance from blade segment quarter chord to blade 
segment center of gravity, in. (positive forward) 

Angle of attack, deg 

Mast angle of attack, deg 

Tip path plane angle of attack, deg 

Flap angle on trailing edge flap airfoil, deg 

Advance ratio 

Blade segment mass moment of inertia in out-of- 
plane direction, lb-sec2 

Blade segment mass moment of inertia in in-plane 
direction, lb-sec^ 
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