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SUMMARY

This report contains a comprehensive description of a computer program developed for
the numerical evaluation of the helicopter noise equations derived in USAAVLABS

TR 68-60, "Studies of Helicopter Rotor Noise ." It is completely self-contained in
that the program details are described, starting from two basic acoustic equations and
covering methods by which these equations are applied to the rotor noise problem.
Program flow diagrams and a complete listing are presented together with input instruc-
tions and sample inputs and outputs. The program is written in FORTRAN 1V for the

CDC 3300 Computer.
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1.0 INTRODUCTION

The rotor sound field is calculated according to the general acoustic equation for aero-
dynamic forces in motion which is derived in Section 3.3 of USAAVLABS TR 68-60:

(x, -y.) aF, F, oM
P(f)- Po = : : 3 b+ 1 lM ai (1)
411(]-Ms)2cs2 ' s '

This equation is written in tensor notation, where the i denotes summation over the
three component directions, and the brackets denote evaluation at the appropriate
retarded time t' = t -s/c which is the time at which the source generated the sound
reaching the observer at time t,

pit) - p is the instantaneous acoustic pressure.

X, are the coordinates of the observer.

Y, are the coordinates of the source.

Ms is the component of the source Mach number in the direction of the
observer.

(x. - y.) 1 dyi

s c dt
s is the distance between source and observer.
Fi are the components of the aerodynamic force.
¢ is the speed of sound .

In addition, the near field pressure fluctuations are calculated according to Lowson !
as follows:

F.ix, -y.) 2
1 i 7 (1 = M)
(1-M) " Fi M4 @

1. Lowson, M.V., "The Sound Field for Singularities in Motion", Proceedings of the
Royal Society, Volume A 286, pp. 559-572 (1965). (Equation 18).
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where M is the source Mach number =

and Mi is the component of M in the i-direction.

In all cases the sum of Equations (1) and (2) is calculated, but as shown in
Section 6 of USAAVLABS TR 68-60 the component due to (2) is neglnglble at any
significant distance from the rotor.

Equations (1) and (2) are solved by a numerical method which has been programmed .
for digital computation. This solution is exact to the extent that no approximations

are made. The accuracy of the solutinn is only limited by that with which the real

loads and motions experienced by the rotor dynamic system can be represented by the

model used. The sound field for the simulated system is calculated accurately at any

point in the near or far field.

The sound generated by a rotor blade in motion is the result of the distributed aero-
dynamic pressure acting over its entire surface. Rotational noise, which is the subject
of this study, is defined as that component of the sound field which is directly attrib-
utable to the lift and drag forces acting on the blade. Strictly, the entire spanwise
and chordwise distributions of these components should be taken into account, but for
the sake of numerical expediency it is necessary to simulate the actual distributions
by a discrete set of point loads. The implications of doing so are fully discussed in
Section 5 of USAAVLABS TR 68-60. The spanwise
loading distributions are divided into a
number of segments, each of whizch is
represented by two single force components,
lift and drag. This model is illustrated in
Figure 1. The point of application of each
force pair then bacomes an acoustic source
which generctes sound according to Equations
(1) and (2). The F; in those equations

are the forces acting upon the air and are
therefore opposed to the lift and drag forces
acting upon the blade.

If an arbitrary set of orthogonal axes X, Y, Z
are defined, Equations (1) and (2) can

be combined. Using olso a more
convenient notation,

Figure 1. Discrete Representation
of Aerodynamic Loading.
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Ap(t) is the observed sound pressure at time t due to the aerodynamic forces acting at
any particular point on the blade whose components in the X,Y and Z directions,

at the retarded time t - -:-:-, were Fx, FY and FZ' The dot denotes differentiation

with respect to time. The quantities x, y and z are the coordinates of the observer,
relative to the source inthe X, Y end Z directions. The negative sign accounts for
the use of the blade loads which are equal and opposite to the forces which act on the

air,

It can be seen from this equation that the force generates sound in two ways: through
its fluctuation in time and its fluctuations in position which cause its accelerations
toward the observer (Ms)' The term (1 - Ms) in the various denominators is essen-

tially a Doppler effect which amplifies the sound radiated in the direction of motion.
Dipole sound (the term in l.:) is amplified by the factor (1 - Ms)-2 and quadrupole

. -3
sound (the acceierative term in F - Ms) by (1 - Ms) . Thus the second term becomes

increasingly important as the velocity in the direction of the observer increases.

The elements of the method of computing the sound field of a complete rotor ars as
follows:

(1)  Define tnhe geometry, blade loading and resulting blade motions of the
rotor as a function of time.



(2) Define the position, attitude and velocity of the rotor with respect to
the observer at the time t .

(3) Calculate the orientation and magnitude of each of the elemental blade

airloads at its appropriate retarded time.

(4) Calculate and integrate the observed sound pressures due to all the s

(5) Repeat operations (2) through (4) for a series of successive time int
t to construct a time history of the acoustic pressure amplitude and
harmonically analyze this to obtain its frequency spectrum.

.s.

A computer program has been written to perform these operations taking account of the
following variables:

(a)
(b)
()
(d)

Number of rotors .

Number of blades.

Rotor diameter.

Helicopter position in space with regard to a fixed observer
including:

1. Rotor hub vertical displacement .
2. Rotor hub horizontal displacement.
3. Rotor shaft inclination.

Rotor hub motion including:

1. Lirear velocity.

1o

Roll angular velocity.

jwo

Pitch angular velocity.
Rotor blade tip speed.
Articulated blade motions.

Blade motion resulting from flapping bending, edgewise bending,
and twist about the elastic axis.

4



(i)  Phase relationships between rotor angular positions for multirotor
vehicles.

(j) Time draendent blade loading for at least 20 radial blade segments.
The blade loading includes loading normal to the hub plane, rudial
loading in the hub plane, and tangential loading in the hub p'une.
These loadings are treated os loads at a chordwise point on the blade
element with direction determined by orientotion of the blade
element in space. Variation in disc lcading is considered as a
function of variation in blade loading with the number of blades
and blade chord held constant.

This program, code-named HERON 1, is described in detail in Sections 4 and 5.
The axis transformations and outlines of the computational steps are discussed in the

following sections.




2.0 COORDINATE SYSTEMS AND TRANSFORMATIONS

2.1  Rotor Axes x',y',z'

Since blade motions are measured relative to the rotor shaft it is desirable, for the
direct utilization of experimental data, to specify all blade responses, including
flapping, lagging and elastic deformations with respect of a set of "shaft axes".

Figure 2. Shaft Axes (x',y',z") and Flight Path
Coordinates (x,y,z).

Accordingly, a set of right-handed orthogonal axes x', y', z' are chosen with the z'

axis coincident with the rotor shaft and positive downward (Figure 2). The longitu-
dinal axis x' lies in the vertical plane through the aircraft velocity vector V .

2.2 Flight Path Axes x,y,z

This system is introduced merely to simplify the transformations between the x',y',z'
and X,Y,Z systems. The origin of this system is coincident with that of the rotor
axes. However, the x y plane is horizontal with the x axis in the vertical V-x'
plane. The aircraft rotation is specified with respect to this systen in the following

sequence (Figure J).



Figure 3. Pitch and Roll Rotations.
Q) The pitch angle 8 is measured clockwise about the positive y axis,
rotating x to x'.

(2 The roll angle ¢' is then measured clockwise about the x' axis, rotating
y to y' and z to z'.

(Vehicle angular displacements are measured in pitch and roll only,since rotor yaw is
simply a shift in azimuth reference.)

The shaft inclinations to the vertical z axis, measured inthe x z and y z planes,
are 8' and ¢'so that (Figure 4 6 = 8' andtan ¢ = cos O tan ¢'.

Figure 4. Shaft Inclinations.



The transformations between shaft and flight path axes are:

x = x'cos8 + y'singsin8 + z' cos ¢sinb
y = y'cos¢ - z'sin¢ {4
z = x'sin® + y'singcos 0 + 2' cos ¢ cos 6.

2.3 Fixed Axes X,Y,Z

This coordinate system is used to define the aircraft and observer positions in space.
The axes are fixed in space with arbitrary origin, and XY is the horizontal ground
plane. Z is measured positive vertically upwards.

The XY and xy planes are thus paraliel, and the angle between the x and X
axes is defined as X .

— X

Figure 5. Fixed Axes (Plan View).

Thus, if the rotor hub coordinates are XH, YH' ZH’ any point in the X, Y, Z
system is defined by

X=XH+xcosX+ysinX
Y =YH+xsinX~ycosX
Z = ZH- z (5)



The coordinates of an observer at XO,YO,Z0 , with respect to the source at x,y,z,
are

x = X =X
0
; = Y0 -Y
z = Z0 -2 (6)
The distance s between source and observer is
2 2 2 A
s = (x + y + 2 )2 (7)

2.4 Blade Element Displacements

The x',y', z' coordinates of each specified blade loading point are calculated as o
function of azimuth angle, flapping and lagging angles (where applicable), and
normal and in-plane elastic displacements. The rotor azimuth angle is measured from
the negative x' axis, clockwise about the positive z' axis, y = Qt.

View on 'A’ z

&3

Figure 6. Biade Element Displacements in
Rotor Axes.



Referring to Figure 6,

is the flap hinge offset from the shaft centerline.

Y is the lag hinge offset .

S is the lag angle projection on the x'y' plane (positive in the direction
of rotation) .

B is the flap angle between the undeformed blade axis and the x'y' plane,
nositive in the negative z' direction.

qT(r) is the elastic displacement of blade station r parallel to the x' y' plane,
normal to the undeformed blade axis and positive in the direction of
rotation.

r]N(r) is the elastic displacement normal to the undeformed blade axis, in the

plane containing the z' axis and positive in the negative z' direction.

These coordinates thus take account of all possible motion of the blade axis upon which
the point aerodynamic loads are assumed to act.

If the flapping hinge is outboard of the lagging hinge, the coordinates of the radial
station r cre:

x' = = el cos q;-{(r-ef) cos [+ (ef— el)gcos (¢+§)
+ quin(q;+§)+ qNsin Bcos(¢+§)
y! = - e!sinq;-:(r-ef) cosB+(ef-el)€sin (p + 5

+ chos(q:’rc)+qNsinBsin(¢+§)

N
|

' '-(r-ef) sinB = ny cos B (8a)

If the flapping hinge is inboard of the lagging hinge, we have

10



x' = - (ef+el cos B)cos¢-(r-el) cos B cos (¢ + %)
+ qu;n(q,+§)+qNsin Bcos(¢+§)
y' = - (ef+ el cosB)sinq;-(r-el) cosBsin(q;‘Fc)
= ngcos (q;+‘>)+r|Nsin B sin (q:+§)
z' = - (r - ef) sin B -nNcosB (8b)

It is now possible, using Equations (4), (5) and (8), to find the fixed coordinates

X, Y, Z of any blade station, defined in convenient rotor coordinates as a function
of time, and subsequently, using Equations (6) and (7), the displacement components
X, ¥, Z and s of the sound Equation (3).

2.5 Blade E!lement Velocities and Accelerations

We also require the velocity and acceleration components defined in the sound Equation
(3) as M, M, and M,  which are the source Mach number and rate of change of

Mach number in the direction of the observer. Resolving the source Mach number into
its three components we have

M= gM o M M (9)
. X Y z
e S My R M (10)
.“ - i - -2 . —z—- 3
apc Ms S MX ¥ s MY ¥ s MZ )

: X Y Z , .
where MX'MY' and MZ are simply A and = respectively; that is, the

velocity components of the source, relative to the statiorary air, expressed as a
fraction of the atmospheric speed of sound. To obtain the first and second time
derivatives of X,Y, and Z it is necessary to differentiate Equations (3), and
subsequently Equations (4) and (8). From Equation (5),

11



X = X + xcosx - xxsiny + ysiny + yxcos x
=X, + (x+yx)cos x + (y=-x¥ sin x

Y =Y + X sin x * xxcos x = ycosx + yxsin x
=?H-(>°/-x)'()cosx+(>'(+y)'()sinx

2 =2, -3 (12)

X = 5‘(H + (% + 2)")‘(-X)'(2 +y¥% cosx+(')"-2>'()'(-y)'(2-x§2)sinx
Y = VH - (')'/-2>'<)'(—y)'(2 - x¥) cos x + (% + 2yx - xx? +y¥ sin x
Z=ZH+'z (13)

and from Equation (3),

x = x' cose-x'ésine-(z'é-)'/') sin ¢ sin 8

+ (2" + y'e) cos¢sin9+y'ésin¢cose+z'écosq>cose
y =(y'-z'¢) cos¢p - (y'd + 2)sing
2 =z - x'sinB - x BcosB + (y'-z'é) sin ¢ cos 6

+ {y'¢ + z') cos ¢ cos B - y'é sin ¢ sin 6-2'0 cos $sin®  (14)

% = (%' - x'6%) cos B - (2x'6 + x'8) sin O
+ (2y'¢6 + 220 + 2'6) cos ¢ cos B
+ -y (6% +62) -22'¢ -2'3) sin ¢ sin 6
+ (2y'%+ y'e+ 2 -2' ($7+8%))cos ¢ sin B
+(29'0 + y'0 - 22'96) sin ¢ cos O
12



Y= (' + y'ei-29) cos ¢ - (2' -2'¢2 +y'9) sing

zZ = - (2)'('é+x"é) cos B - (X' -x'02) sinB

+ (29 p+y' o+ i -2 ($2 +6%)) cospsin®

(25/'é +y'é -2246) sin ¢sin©

(2y' 66 + 22'6 + 28) cos ¢ sin 6

' -y (¢2+éz) -22'¢-2¢-2'¢)sinpcosB (15)

+

Expressions for the derivatives of x', y' and z' are not derived explicitly for
reasons which will be explained in Section 3.0.

2.6  Aerodynamic Forces and Their Derivatives

The aerodynamic force components in the sound Equation (3) are derived from the
components FN and FT which act directly on the blade. FN is defined as the

component of the aerodynamic load on the blade which acts normal to the blade axis
(in its deformed condition) in the plane containing the shaft axis z'. !t acts in the
same sense as the lift on the blade. F_ is the tangential component, again acting

T
normal to the blade axis but parallel to the x'y' plane. Its sense is opposite to the
blade drag force. Referring to Figure 6, we see that the blade force cornponents in
the x'y' and z' directions are:

sin B' cos (g + C')

Foo=Frsin(p+8)+ Fy
Fy' = - FT cos (y + C') + FN sin B' sin (p+ C')
FZl = - FN cos P! (16)

where B' and € are the blade slopes relative to the x'y' plane and the radius
at azimuth ¢ respectively. That is,



d
B = B tan (—d?N)
, d
¢ = §+ tan-l(d—:]l) (17)

The transformations which are required to obtain the components Fy, Fy and F, in
the fixed coordinate system are identical to those used to convert x', y', z' to
X, Y, Z (Equations (4) and (5)). The derivatives FX' FY and FZ are also derived

from the rotor axis values using similar transformations (Equatlons (12 through (15),
and again the derivatives in the rotor coordinate system F ny Fy' and F » are not

derived explicitly for reasons outlined in the following sechon.



3.0 METHOD OF SOLUTION BY DIGITAL COMPUTER

The technique for calculating the helicopter rotor sound field is best explained by a
description of the computational steps of the program HERON 1. Figure 7 is an
illustration of these basic steps in flow diagram form. The program is divided into
two phases. The first processes the input data into a convenient form for storage and
the second computes the sound pressure level at a preselected number of field points.

3.1 Phase | Initial Deia Processing_

For each rotor, the biade loading and motion data is read by the program either as a
number of acrays, listing their values at a discrete number of points over the rotor
disc, or as a series of Fourier coefficients, cne set for each radial station. To reduce
the volume of later computations, this initial phase of the program calculates and
stores the displacements of each loading point with respect to the rotor axes x', y',
z' according to Equation (7). The three force components Forr Fy' and F . are also

using Equation (16) . These calculations are perfformed, upon the input data in which-
ever form it comes, at a predetermined number of azimuth stations. The history of
each of these six variables around the azimuth is then harmonically analyzed for every
radial station, and the Fourier coefficients are stored. This operation is carried out for
one blade only since it is assumed that all blades are loaded and respond in identical
manners. From the stored coefficients it is possible for later elements of the program
to interpolate for all required blade loading and motion variables at any arbitrary
azimuth station.

3.2 Phase Il Calculation of the Sound Field

Phase Il of the program is repeated in its entirety for each required observer position,
X,Y. ,Z
0" "0’ To-

3.2.1 "Observer Time" t

The sound field observed at the position X, YO’ Zo is calculated as a time history

of the acoustic pressure Ap at the "observer time" intervals 0, At, 2At, ... T,
where T is the fundamental period. The sound harmonic amplitudes are then obtained
through a Fourier analysis of this time history.

The fundamental period T, to an observer moving with the aircraft, is the blade
passage period 2n/s2B. However, for a stationary observer this chifts by the factor
{1- Mo)—l where Mo is the aircraft Mach number component in the direction of the

observer.

15
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One approach is to calculate r* e observed period which can then be divided into an
appropriate number of intervals, However, because of the aircraft motion, a slight
error is introduced by this procedure which results in the computation of something
slightly less than a complete period. This error increases with sound harmonic number
(which is equivalent to a reduction of wavelength).

The alternative which has been adopted in the program is to calculate the time history
at a point which "moves" with the same velocity as the rotor hub but which has the
average position Xo’Yo'ZO during the period T. The only modification required for
the final result is to correct the observed frequency for the Doppler shift factor

-1
(1-M,) . The quotation marks are used because at each time increment the sound

pressure is still calculated at a stationary point which has simply moved the same
distance as the rotor since the previous time increment. All relative velocity effects
in the acoustic calculation are retained.

For each observer time t, the sound pressure Ap is calculated at the effective
observer positions:

. 0 T
X0 = X0+ XH(t-z)
Yo=Y, Y (- )
0 0 H 2
AN AR (18)
0 0 H 2

To calculate the Mach number component

M, , and hence the Doppler shift correc-

tion, it is first necessary to calculate the

sound propagation time T, as follows:

The position of the rotor hub at time t

is XH, YH' ZH and the distance

between the hub and the observer at v

xo'YO'ZO' according to Equation (6),

is

Figure 8. Velocity Diagram for Sound
Radiation by Moving Aircraft.
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1

-2 -2 -2 3
s = + + z
(xo Yo o)

However, the sound arriving at the observer at time t was generated at the retarded

time t - 1, when the hub was at X;-l'Y;-i'ZH . The corresponding velocity triangle

is shown in Figure 8. The resultant aircraft velocity is

1
V = (xZH + \'(ZH + ZZH)7 (19)

and the propagation time T, isgiven by

_ I _ < a— F— : 1
(onH + onH + ZOZH) + J(XOXH + onH +z°ZH)2+52 (c? - Vz)

T = =
0
Y

(20)
From the propagation time the ..  cuordinates at the instant of sound emission can be

calculated. The component hub to observer separations are )'("o, ;"0 and io where

o T %o * xriTo
z'o = z0 + ZHTO (2])

Hence, the required Mach number component is

XK, Y, o+ 2 Z
Mo _ 0 H 0 H H (22)

2
c T

3.2.2 Retarded Time

The retarded time of each blade loading point hus to be calculated independently for
each observer time instant. This requires solution of the transcendental equation

20



_2 =2 2 !
CT=JX (t-7)+y (t-7)+2Z (t-7) (23)

This equation can only be solved by iteration, starting with some realistically chosen
value of T and successively substituting newly calculated values into the right-hand
side until the solution converges. The right-hand side of Equation (23) is in fact a
very lengthy expression which includes Equations (4), (5), (6) and (8). The following
procedure is followed to minimize the computational time invo!ved.

For the most inboard blade loading point, the rotor hub retarded time (t - 1'0) is used

as a starting valve. The RHS of Equation (23) is calculated using the first harmonic
Fourier coefficients of x', y' and z'. As an example,

g = ylt-m)

x'= a
X

()t a , (Ncosy+ b () sin
. x| $ x! P

The values of y' and z' are calculated similarly and the necessary transformations
applied to compute x ,y and Z. These are substituted into Equation (23) to

yield a second epproximation to the retarded time. The iteration proceeds but a
successively greater number of harmonics is admitted in the calculation of the x'y', z
coordirates in successive iterations. By the time convergence is reached, the pre-
determiaed limiting number of harmonics is admitted. It is found that this method
considerably reduces the volume of computation (through aveiding o large number of
Fourier summations) without increasing the number of iterative cycles to convergence.

!

The calculations for the next rudial station use the final value of v from the first
radial station, and so on. Experience shows that an average of four or five iterations
is required for a convergent solution with an arror of less than 107> seconds.

3.2.3 Blade Loods and Motions

The Fourier representation of the load and motion distributions enuables the required
displacements, velocities, accelerations, forces and rate of change of forces to be
computed with a minimum amount of effort. From the retarded time t - 71, the rele-
vant blade azimuth angle ¢ is obtained and the motion and load variables in the

x', y', 2" system are syrthesized as shown in the following example:

¢ = pt-T)
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K
x' = ax,o +Z a . cos ky + bx, sin k y

k=1 k k
P,

x' = - Z klox,k sinky - l:)x,l< cos by
k=1

x
]

K
- szzzl kz%ox,k cos ky + bx,k sinkq;%

The transformations listed in Section 2.1.2 are then applied to derive all the
necessary components of the sound Equation (3).

3.2.4 The Sound Field

The observed sound pressure increment generated by each loading point is calculated
according to Equations (1) and (?). [he inciements due to all loading points on

all blades are then summed ro give the total pressure increment at time t. The entire
process is repeated for suc.cessive time instants until a history is obtained for one com-
plete (blade passage) period. The final step is to Fourier analyze this time history
into its sine and cosine component harmonics (On and bn) . Each harmonic sound pres-

sure level is then expressed in decibels by performing the transformation

SPL, = (10 log ,/ al +b? }24.6> dB re .0002 p Bar

3.2.5 Multiple Rotors

In its present form the program computes the sound harmonics at each field point for
each rotor and outputs the results independentiy. If the rotors have the same funda-
mental blade passage frequency then the sound harmonicsdue to the individual rotors
reinforce each other and the in-phase and out-of-phase components are simply added
together separately. If the rotors have different fundamental frequencies (for example
the main and tail rotors of a "single rotor" helicopter), then the individual harmorics
do not interfere and the sound spectra are merely superimposed. The final block in
Figure 7 is drawn with a broken line since the program does not perform this function
automatically. However, sufficient information is output (namely the frequency,
cosine and sine harmonic amplitude in Ib/ft? and sound pressure level of each har-
monic) to enable the necessary summations to be performed rapidly by hand.
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4.0 PROGRAM FLOW CHARTS, EQUATIONS AND LISTING

The computer program HERON 1 is written in FORTRAN 1V for the Control Data Corpora-
tion's CDC 3300 utilizing the SCOPE opera* . ystem. The minimum hardware
configuration required is as follows:

1. 3300 series computer with 32,000-word core storage.
2. Card reader.

3. Line printer.

4. One scratch tape unit (LUN2)

A complete description of the program is contained in this section which includes the
following items:

4.1 A detailed flow chart for the program. The noted equation
numbers correspond to list 4.2.

4.2 A complete list of programmed equations.
4.3 A program listing.

4.4 A list of program symbols and definitions (Table ).
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List of Equations Computed by Program HERON 1

ESUOﬁOn No.

1 a x' =-el cosqs-;(r-ef) cos[3+(ef-el) cos(q;+§)
+nTsin(¢+<)+nNsinBcos(Lp+§)
b) vy =-elsinq;- (r-ef) cos[3+(ef—e£)}sin (q;+§)
-chos(¢+§)+qNsinBsin(q;+§)
) z' = - (r-ef)sinB-nNcosB.
2 a x' =- (ef + El cos B)cos ¢ = (r + el) cos B cos (q;+§)
+r}Tsin(Lp+§)+qNsinBcos(q,+§)
b y' = - (ef + el cos P) siny - (r + el) cos B sin (y + §)
—nTcos(¢+c)+nNsin[3$in(q;+§)
c) z' = - (r-ef) sin B - Ny €9 B.

3 a) an/dr = (r]N an-l))/<( l)-r(n-]))
o a0 0

o dnr/dr = (a0t D=nc(n=1) [0t )= rin- 1)
ST CLE (”T )/( "“))

e) dny/dr = (r]N /(r(n)-r(n-l))

0 dn/dr = (in) - mlo- 1) fr() - rln- 1)
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B+ tan” (dny,/do)
C'+ tan” (dn/d0)
Tsin Gy + ¥)+Fysincos (y + §)

- FT cos (y + C|) + FN sin B' sin (¢ + §')

- FNcosB'.
: M
_ VZ:, v
= %Z W cos <(m-])>'<2“k/M>
= 237 wsin(m- 1 20k/M

1]
Z|-
M=

m =]
. %— Z Fi cos ((m-])' 2“k/M)
= -,%\— Z F. sin ((m- 1) 'Q“k/M)
XH - X!
YH -Y
ZH = N
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10

11

12

13

14

15

16

17

a)
b)

c)

a)

b)

c)

b)

a)

b)

c)

= Y0+ Yy (t ] )

= ZG) + 2y (" 2
2w b

= % 7

32
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18

19

21

H Ho H
6 = 90 + 0t
¢ = ¢, T ¢t
¢- e (cos 6 tan ¢)

$' = cos ¢' (¢ cos B sec? ¢ - 6 sin 6 tan ¢)

= o+ a, (w) cosky + bk (W) sinky

n n

= @ - k;)[ok (w') sink y -H(n(u') cos kq;]

n

= & -kIQ? [ak (0) cos ky + bk (w") sin kq;]

n n

= x'cos@+ y'sing'sinB +z' cos ¢'sinB

= y'cos¢' - z'cos ¢

= - x'sinB®+y'sing' cos® +z'cos¢' cosB

= X'cos® -x'0sinB - (2'¢' - y') sin¢'sin O
+ (2" +y'$") cos¢' sin® +y'0 sin ¢' cos B
+ z'écoscp' cos 8

[ ()-,l a zlél) cos ¢| - (ylél +'z|) sin Q|
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22

23

24

25

26

c)

a)

a)

b)
c)
a)
b)
c)
a)
b)

c)

N2

- x'sinB - %'0 cosB +{y' - z'¢") sin ¢' cos ¢
+ (y'¢' +2') cos ¢' cos 8 - y‘é'sin ¢' sin 6 - 2'8" cos ¢'sin®
(%'- x'6%) cos 8 - 0508 sin 8 + (2y'4'8+22'O)cos ¢ cos 8
F ey (74 8)-22°9) sin ¢'sin® ¢ (259 +3 -2 @
+8)) cos ¢ sin© (290 =22'¢'6) sin ¢' cos ®
Gy o) cos gt - (@ -z E) sine
238 cos 8 - (%' -x8F) sin €+ (279" + 2
(3t +B)) cos ¢'sin® - (279 _22'9'8) sing’ 5in®
- (2y'¢'6+22'8) cou ¢’ ind+ (5'-y' (3" +6)
_ 23" sin ¢' cos ©.
= Xy~ XH - x cos X-ysin X
= Yo - YH - xsin X = ycosX

= Zo- ZH+z.

= )'(H+5< cos X tysinX
= Y, *+ xsi - y cos

YH % sin X - y cosX
=z, -z

= xcos X+ ¥sinX

1

- ¥ cos X + % sin X

= Z

= \};2+§2+22
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27

28

29

3

32

33

a)

b)

a)

b)

c)

a)

b)

c)

a)
b)

c)

a)
b)

c)

M= XX +yY+22)/Sa,
M = GX+7Y+22)/S a,

1t

ao(Fi) to, (Fi) cos ky + by (Fi) sinky
n

n

i

-k o (Fi) sinkg - b (Fi) cos kg

n n

H

Fx,cos 0 + Fy' sin ¢' sin e+ Fz. cos ¢' sin )

= Fy. cos ¢' - Fz' sin ¢'

= - F. sin© + FY' sin ¢' cos O +F_, cos ¢' cos ©

= Fx cos 8 - F 6sin® - (F, 3 -FY) sin ¢' sin ©

+ (f’z.+Fy.é') cos ¢' s|n9+Fy6 sing' cos8+F Bcos¢cos B
= ('F - F @) cose' - (Fy & +F ) sing!

= -F ,5in0 - F 6cosB+(F -F,q;)smqa‘cose

+(F ¢'+F ) cos ¢' cos - FyBst sin® - F Gcosq) sin 0

Fx = Fxcosx+ Fysinx
FY = Fxsinx = FY cos X
FZ = - Fz
I':x = f:xcos x+|.:ysinx
‘:Y = I"xsinx - i:y cos X
F, = - F.
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34

35

36

37

38

39

a)

b)

c)

XT = Ms +

st= Xp - X/%
st= Xy = Y/
Zy = X; - 2/2

a, (1 - M?) /s

= - :x (Fx+ Fy - st)+; (FY+ Ry YMS

/}41! (V - Ms)2 0052}

pj(t) + Ap

pj(t) =

m=

{

J \

B
C = 284% pj(m) cos (m=-1) k- 2xB/M

> p, (m) sin (m-1) k 2w 8/M

pjk = 20 |og'° pjk + 124.58.

f =

K k$2B/2n .
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BQUENCE, 16
PERATOR

PROGRAM HERON {§

COMMON K1 ,K2,KSF,KSX,TrSI,M,N
COMMON BET(72),ZET(72),FNIT72,42},FT(72,12) ,DMD(72) ,Dt22)
COMFON PS10,K, C,OM s AM
COMMON X0,Y0,20,XDH,YDH,ZDH
COMMON XMO,YHO,2ZHE,THO,THD,PHIO,PH]ID
COMMON AQt72 Y AK(36,72),BK(36,72),F(3),FD(Y)
COMMON XD(72), YD(?72),2D0(72),WP(3),WDP(J3)
COMMON wWDDP(3)
COMMON BETP(72,42),2ETP(72,12)
DIMENS]ON CARD(30),RN(12)
DIMENSION FF(72),CPu(72),8PJ(72),PJLT72),ALPHAJ(T72)
C,PIN(T72)
EQL [VALENCE (TAUO,TAUD) (XD CXD)o(YL,CYD)»(2D,C2D),(D{(1),RN(1))
EQUIVALENCE (CYDM,YDH), (CZDW,ZDH), (BET,FF),(2BT,CPJ)

Pl1el 1415926536
WRITE(61,1)
REAC (60,2)CARD
WRITE(61,3)CARD
REAC(60,4027)1H,JCON,C,RNHO READ 1
DO €00 lisg,]H
REALC (60,1028)0MN,R,BB,EPF,EPL,PS]O READ 2
OMsCMAN®6,283185307/60,
REAC(60,1000)M,N 1 IND, KSF,KSX ,K1,K2 READ
KXBMAXLIKSX, K1, ,K2)e}
KFsKSFel
AMEXMSBFLOATF (M)
1222 ,/XM
DY =6,283185307/(0MeAM)
TY =26,283185307/(0MeBB)
DPS1=6,283185307/xM
T1sTT=DT
MFTeMe}
DMDt 180,
DDS!=360,/XxM
DO 409 usy,MPTY

405 DMD(Je1)sDMD(J)eDDST
REAC (60,1028) (D(]Y,183,N) READ 4
D0 10 Isg,N

10 RN(1)sReD(])

REAL (60,1028 XH, YH)ZH, TH,PHT, XDH,YDH, ZDH, THD,PHID READ 5
1F{xDW,EQ,YDH,AND,YDH,EQG,2DH,AND,ZDH ,EQ,0,)1083,1064

4083 v=0,
GO Y0 1085

$084 VaSCRY(XDHwXDHe YDHoYOH#IDH=ZDH)

4085 CONTINUE
o=slF1IX(B88)
WRITE(61,4)19,R,0MN EPF,EPL,PSIO;TH,PH],XDH,YDOK,ZIDH,V
WRITE(SL1,5)XH,YH,IN
WRITE(61,6)
SINPDsSINF(PHID)
COSPD=COS(PHID)
XHQa XK
YRO=YH
IHOs ZK
THO= TN
PHIC=PHI
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11
14

19
12

* @

16

18

25

30

35

111

112

40
42

CMImATAN(YDH/XDN)
JF{xDW,EQ,0,)148,12
JF(YDH ,BG,0,)14,15
CHlse0,

G0 Y6 2
CWlsPl/2,
COSCHIwCOS(CHI)
SINCHI®SINI(CHI)
WRITE(61,9)N
WRITE(6L,61)M

N IS NUMBER OF RADJAL STAT]ONS
M ]S THE NUMBER OF AZI!MUTK STATIONS
Xy, Yy 2 IS THE POSITION QOF OBSERVER ¢ ¢ & ¢ ¢ ¢ ¢ ¢«

BEY IS YHME FLAPPING ANGLE, tesnsevee
ZET 1S THE LAG ANGLE, enenpneeyd

BETA AND 2ETA ARE [NPUT [N DEGREES,

GO YO (16,18) IND

CONTINUE

WRITE(64,7)

REAC(60,1028) (BET([),1mq,M) READ 6
REAC(60,4028)(ZET([))131,M) READ 7
WRITE(61,687)

WRITE(61,68)(DMD([),BET(I),ZET(1) 18, M)

G0 Y0 20

CONYINUE

WRITE(61,8)

CaLL INPUT (1)

CONTINUE

Do 25 [Jsy,M

BETCI3)=BET(]3)+0,01745329

ZETCI3)eZET(]13)+0,01745329

REWIND 2

GO Y0 (30,40) IND

DO 35 Jsy,N

THE FOLLOWING STATEMENTS [INPUY THE ETaN A4D ETAT ARRAYS [INTO THE FN AND
FY STORAGE LOCATIONS, TWESE SAME LOCATIONS WILL LAYER BE USED FOR THWE FN
AND FY ARRAYS,

READ (60,1028) (FN(1,J),]s8,M} READ 8
REAT (60,1028) (FT(1sJ)ols1,M) READ 9
WRITE(61,69)
WRITE(61,63)

WRITE(61,64)(RNU]),!81,N)

DO 111 Jsi,M

WRITE(O1,65)((DMDUIY 2 CFT(Jy1), 12luN) N
WRITE(61,1091)

NR;TE(61,71)

WRITE(61,63)

WRITE(61,64)(RN(]),131,N)

Do 112 Jag,M

WRITE(61,65)((DMD(JI»(FN{J 1), 131, N) )
WRITE(61,1091)

GO Y0 42

CALL INPUT (D)

DO 70 [5si,N

PS1=20,0

D0 60 J4si,M
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58

60

70

83
84

o8
89

90

1 2%
92
93
04

95

8112

COSBSCOS(BET(14))
COSP2=COS(PSIeZET([4))
SINFZuSIN(PS]eZET(]4))
SINBESIN(BET(14))
COSP=COSF(PS])
SINPES[NF(PS])

RELATIVE COORDINATE OF BLADE STATION,
IF(EPF,GT,EPL}5¢,58

Te(RN(]3)aEPF)eCOSB«EPFeEP|
XD(14)8eEPL*COSPeTeCOSPZeFN(]4,15)9SINBeCOSPZ

CeFT(14,]15)eSINP2
YO(14)SeEPL*SINPaT*SINPZaFT(]4,15)eCOSPReFMN(]4,]15)0SINBeSINP2Z

ZD(14)8a(RN([5)EPF)eSINBFN(I4,]5)eC0SR
GO T0 60

XD(14)me(EPFOEPL*COSB)*COSPw(RN([S)SEPL)*COSBOCOSPZ*FT (14,5,
{SINPZeFN(14,15)¢SINBeCOSPZ

ednoneed

YO(14)wc (EPFEPLSCOSBICSINPe(RN(]5)¢EPL)®COSB*SINPZ~FT(14,]5)«COSP

1ZeFN(14,]5)*SINBeS|NPZ

ZD(14)we (RN{]5)«ERF}eSINBeFN(14,]5)C0SB
PSlspPS]eLPS!

WRITE (2,1003) (XD(14),l4sg,M)

WRITE (2,1003) (YD(14),1481,M)

WRITE (2,1003) (Z2D(]14),148sy,M)

Do 93 !5ag,N

DO 93 [4sg,M

AERCDYNAMICS FOQRCE COMPONENT, LR B B K B I

XDaFXP , YDsFYD , ZDsFZD IN THE FOLLOWING COMPUTAT][ONS,

IF (N,EQ,1) 94,83

[F(15,E0,1)84,88
DNDRE(FN(14,2)eFNC]4,1))/(RN(2)=RN(1))
DYDR(FT(14,2)aFT(]4,1))/¢RN{2)=RN(1))

GO Y0 92

1F(15,EQ,N)B9,90
DNDRS(FN(14,15)eFN(14,][Be1))/(RN(I5)eRN(]5el))
DYDRa(FY(14,15)eFT(14,151))/(RN(I5)eRN(]5%1))
Go Y0 92
DNDR®(FN(14,15¢1)eFN(14,[5:1))/CRN(]I5e4)eRN(]Bu1))
DYDAS(FY (14,15¢4)oFT(]4,151))/(RN(]5eL)nRN(]5"1))
G0 Y0 92

DNDR=DTDRsO,

BETP(14,15)aBET(]4)eATAN(DNDR)
ZETP(14,]15)02ET(]4)«AYAN(DTDR)

GO Y0 (94,96) IND

DO 85 Jey,N

REAC €60,1028) (FN(l,J) iy, M)

REAC (60,1028) (FTY(1,J),1my,M)

WRITE(64,62)

WRITE(61,63)

WRITE(61L,64)(RN(]},188,N)

D0O1112 Jwvi,M

WRITE(61,1091)
WRITE(64,65)((DMD(JY(FN({J,1))l22,N) »
WRITE(6Y,66)

WRITE(64,63)

WRITE(61,64)(RN(]),181,N)

DoL1113 Jsg,M
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WRITE(61,1091)
$410 WRITE(O61,65)((DHDIJYY 4 (FTY(Js1)[m14N) ))
@Go 10 97
96 CALL INPUY (2)
97 DO 160 I5=1,N
PS1=20,
DO 100 l4s=1,M
ZEW2ETPL]4,15)
BEsEBETP(14,15)
XD(14)Y3FT(14,15)eSIN(PS1e2ZZ )eFNC(]4,[(5)eSIN(BE )Y*COS(PSI*ZE )
YD(14)awFT(14,]15)0COSIPSIeZE )*FN(14,]5)¢5INIBE )«SINIPS]e2E )
ID(14)mefN(14,[3)eCOS(BE )
100 PS[sPS|eDPS’
WRITE(2,1003)(XD(]4),]4xy,M)
WRITE(2,1003)(YD(14), dy,M)
WRITE(2,1003)(ZD(14),14a4,#M)
150 CONY[NUE
END FILE 2
REWINE 2
¢
[ I CALCULAYE HWARMONICS LR I I 2 2 T I IR I tenoane
4
17s0
Do 190 12s=1,2
GO 10 (165,166) |2
165 KSPsKX
GO YO 167
166 KSPaKF
167 IF (KSP,LE,0) 168,169
168 KSPsi
169 DO 190 [3wi,N
DO 490 14s1,3
178170}
REAL (2,1003) (BET(15),15w,M)
SUMisl,
DO 172 19=1,M
172 SUMieSUML«BETY(]9)
AD(L7)eSUML/XM
DO 190 16s1,KSP
XXsCRS]eFLOATF(]S)
SUM2sSUM3Isxa),
DO 180 l8=1,M
SUM2sSUM24BFT(]8)eCOSIX*XX)
SUMIaSUMTBEY(]8)eSIN({XeXX)
8 WRITE(64,1044)SUM2,SUM3
180 Xll‘l.
AK(16,]7)sSUMRe27
BX(16,]17)aSUM32Z
190 CONTINUE
L)
Qeevece weovnene QBEGIN PARY 2 wmwe CALC, OF SOUND FIELD wvserevaneerns
s
13s171Xx(88)
WNRITE(61,78)
Do 700 !l1s1,JCON
17%0
REAL (60,1046)X0P,YOP,20P
SXBhueXOPeXH)
SYBueaYOPaYH O
SZBNaeZ0PsZHO
JF(SXBH,EQ,SYBN,AND,SYBH,80,52Z8%,AND ,82BK,EQ,0,11073,19072
3073 Skwn0,



Go 10 1075
1072 SHsSQRY(SXBHeSXBHeSYBH*SYBHeSZBH*SZBNH)

$075 Q0w SXBWeXDNeSYBHeYDHeSZBWeZDKH
QYaCeCoVeV
QSaGQeQQ+SHaSHeQY
[F(CS,E0,0,71071,40092
3071 TaucCPseQQ/QY
GO Y0 1069
1092 TALOPS (=0QeS30RT(0S))/QY
1069 CONTJIANUE
XPHeaXHO=XDH*TAUOP
YPHsYWO=YDH#*TAUOP
IPHRZKHQ=ZDHeTAUOP
SXBPHsSXBHeXDHeTAUQP
SYBPHESYBHeYDHeTAUQP
S28PHeS2BHeZDHeTALQP
BMOaSXBPH*XDKeSYBPHeYDHSZBPH* L DN
BM0OsBM0/C/C/TAUOP
TT=6,2831853/(CMeBH)
DY2é,2831853/(0MeAM)
TsQ,
MBaM/IFIX(BR)
DO 400 MS=3i,MB
[7817¢1
XOEXOPeXJH«(TwTT/2,)
YOSYOReYDHe (YeTT/2,)
10x20P+ZDH*(T=TT/2,)
PJ(17)s0,
Do 350 12=1,13
PNEWSPSIDe6,28316% <F|OATF(12-1)/RB
TAUISTAUQP
I1=0
NNE RE 1Y
uo “3C 14=1,N

Ge ‘TE RETARDEN TIME L R T T S I S T S Y thasere

-J
AKEq
210 TaUC=TAUL
TPsY=TALOQ
TAULSSF TP, KK, [4,PNEW,CH])/C
felel
IF ¢(1.,GT,50) 260,220
220 ERaABSF/TA 1«TAUOD)
iF tER,GT,,001) 225,228
225 Kxs¢
Go Y0 250
228 IF (ER,GT,,0001) 230,232
230 XKal
GO Y0 2%0
232 |F (ER,GT,,00005) 234,236
234 Kx=10
GO YO 2%0
236 IF (ER,GT,,00001) 238,242
238 Kks20
an Y0 250
242 IF (KK, EQ,KX) 260,254
250 [F(nXeKK)2531,210,210
251 Kx=zkxX® GO TO 210
254 KKzxX% GO TO 210
260 CONY[ANUE
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(v X X -]

1045

263
265

TPeTeVAUL
BEGIN CALCULATION OF VELOCITIES AND ACCELERATIONS,

PSiaPNEWeOMe TP

XHeXHOeXDRe TR

YHSYHOoYDHs TR

IHEIHOZDH®Y D

THEYHOeTHDe TP

PHIsPH]O+PHIDeTP

COSYaCOSF(TH)

SINYSSINF(TH)

TANPSYANF(PH])

PHIFSATAN(COSY«TANP)

SINPHIPaSINIPHIP)

COSPHIPaCOS(PHIP)
PHICPSsCOSPHIP*COSPHIPe(PHID*COST/(COSF(PH])e#2)«THD*SINTeTANP)
FORMAT(8X, 6HPSIXB3,12E10,5)

Do 26% 15»4,3

[13]]el

WP(15)8A0C] 1)

XKsy,

WDP(1S)=wDDP(1!5)c0,

DO 263 KL=1,KX

ARGQaXKePS]

COSKP=COS(ARG)

SINKPsSIN(ARG)

WP(I5)EWPL]S)sAK(KL, | 1)*COSKPeBK(KL,])w" P
WDP(]S)aWDP(]S)mXKeOM® (AK(KL, II)*SINKPeRK(KL,11) «COSKP)
WDDP(I15)2WDNP(]5)nXKeXKeOMeOMe (AK(KL, 1] )*COSKP*+BK(KL,11)*S|NKP)
XKsXKeY,

CONTINUE

THD2aTHD«THD

P23FHIDP*PHIDP

XsWP(1)9COSTeWP {2)*S|NPH]P¢SINTeWP(J)eCOSPHIP#SINY
YsWP(2)*COSPHIPeWP(J3)eSINPHIP
23suP(1)eSINTeWP(2)*SINPHIP*COSTeWP(3I)*COSPH]IP*CQST

XDEWDP(1)*COSTeWP (1) *THDeSNT=(WP(I)aPHIDP=WDP(2))*SINPRIP*SINT»
L(WDF(3)ewWP (2 *PHIDP)IYCOSPHIP*SINT+WP(2)+THD*SINPKHIP«COSTeWP (J3)e
2THD«COSPHIP«COST

YD3{WDP(2)*WP(3)*PHIDP)*COSPHIPe(WP(2)*PHIDPeWDP(3))*S|INPH[P

ZD8eWlP (1) *SINToWP (1) eTHDOCOST*{(WDP(2)*WP(3)*PHIUP)*SINPHIP*COST»
1(WP(2)*PHIDPeWDP(3))eCOSPHIP*COST=WP(2)*THU*SINPHIP*SINTeWP(3)»
2COSFHIPeSINTY

XDDs (WDLCP(1)sWP(1)eTHD2 }oCOSTw2,*WDP (1) *THDSSINT+(2,¢WP(2)«
1PKICPeTHD*2,eWDP(3)*THU)*COSPHIP*CUST«(WDDP(2)aWP(2)%(P2+
2THD? Y2, *WDP(3)*PHIDP)*SINPHIP*SINT*(2,*WDP(2)*PHINPeWDLP(3)~

JWp()e(P2 +THD2 ))*COSPHIPaSINT#(2,*WDP(2)%THD=2 ,#WP (J)
4¢PHIDPeTHD)*SINPHIP*COSY
YDD2(WDECP(2)eWP(2)#P2 J*COSPHIP=(WUDP(3)=WP(J)*P2)sSINPKH]P

2DD3= 2,#WDP{1)*THO*COST=(WDDP(1) WP (1) *THD2 JeSINT#(2,*dDP(2)
1#PHIDP+WDDP(I)cWP(3)#(P2+THD2 Y)*COSPHIP+SINT=(2 »WDP(2
2)¢ThDo2 ,*WP(3)#PHIUP*THD) *SINPHIP*SINT»(WP(2)¢PHINP+WDP(3))+COSPH!
JPeSINT#2,#THDs (WDDP(2)eWP(Z)e(P24THD2 Y=?2,*WDP(3)ePHIDP
4)¢SINPHIPeCOSY

XAARZXQ=XH=X*COSCH]»Y*SINCH!
YRBAREYO=YH=X*SINCH]|+Y*COSCH!
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270
273

IBAK®Z0wr2He?

CXDaXCHeXD*COSCH]«YD®SINCHI
CYDe YDHeXDeSINCH]=YDeCOSCH!
C7D=s 2DWeZD

CxDCsXxDDwCOSCH]»YDD*SINCH!
CYDCa=YDD*COSCH! eXDD®SINCHI
CzDCaeZDD

SSeSORTINAAReN AR YHARSYEBAR«ZBAR®IHAR)

XMASm(CxXD*CxpeCYD*CYDeCZ0*CID)/C/C
KMSa (XHAR*CXDeYHAR*CYD+ZHAR*CZD) /(550)
XMD%n (XBAR*CXUD+YBARCYDD«ZBAR*CZIDD) f/(55=C)

BEGIN CALCULATION OF FORCES ANU DERIVATIVES,

Do 275 15=21,3

JdagJel

FOIS)=aA0(JY)

FD(15)s0,

XKs{,

DO €70 16s4,KF

COSKECOSF(XK#PS1)

SINK3SINFIXKePS])
FOIS)BF(IS5)eAK(16,JJ)*COSKeRK (16, JJ)*SINK
FDCIS)SFD(IS)wOMeXKe(AK(]&, JJ)*SINK=BK(1K,JJ)*COSK)
XK.XK‘1|

CONYINUE

FXBF(1)*COST#F (2)eSINPHIPeSINT+F (3)¢COSPHIP*SINT
FYSF(2)*COSPHIP=F(J)*SINPH]P
F2ZaaF (1)#SINTaF (2)9SINPH]PeCOST+F (3)+COSPH[PeCOST

FOXBFD(L)*COSTaF (L) eTHD*SINTw(F(3)*PHIDP«FD(2))*SINPHIP ®S[NTe

1 (FD(3)eF(2)*PKR|DP)*COSPHIP*SINT+F(2)*THD*SINPH]P®*

2 COST+F{(3)*COSPHIPeCOST*THD
FOYS(FD(2)eF(3)*PH]DP)*COSPHIP(F(2)ePHIDP*FDI3))*SINPHIP
FDZaofFD(L)2SINTeF (1) eTHDOCOSTO(FD(2)eF(3)*PH]|DPI*SINPH]IP®COSTe

L1(F(2)*PHIDPeFD(I))*COSPHIPeCOST=F (2)eTHD*S|NPH]IP*SINTaF (J)*COSPH]P

2¢SINTeTHD

FX2FX*COSCHIeFY*SINCH!
FYSFXeSINCHI«FY*COSCHI
FlseF2

FDXsFCX*COSCHI«FDY*S|NCH]
FDYSFCX*SINCHIwFDY*COSCH]
FDZaeFDZ

BEGIN SOUND PRESSURE CALCULATIONS,
XTaxMDSeCe (1, YMAS)/SS
XMXSuXTeXD/XBAR

XMYSsXTwYD/YBAR

XMZ2S3xT=2D/2BAR

TEMPE1 , wXMS
TEMP23TEMPeTEMP

TMPuay,/(4,4P] ¢ TEMP2¢CeSSeS5S)

DPu(XBAR® (Y DXeF XoXMXS/TEMP) e YBAR®(FUYaF Y« XMYS/TMP)«ZBARYIFDZeF1e
LXMZS/T~4P)) e TMP
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6

6
é

O N

»

330
3%0

400

605

610
615

64
660

64
62

680

700
800

PJIL17)8PUL]T7)eDP
CONT I NUE
CONTINUE

TeTeDY

CONYIAUE

HARVONIC ANALYSIS QF SOUND FIELD,

Fis2,¢8R/XM

F2sZ2 ,«PleBB/XM

F3aCMeBB/(PleP])

Fas20,9,43429448

XMBaXM/RB

BMsYMB/2,

BM2sFLOAT(MA/2)

If (8¥,GT,BM2) 605,610

KMAXSP/ (2« ]F]X(BBY)

G0 YO 615

KMAXSM/(2¢]FIX(BB)) el

XL=0,

DO €80 Li=1,KMAX

XLsXxLe1,

SUMisSuM2=X20,

DO €60 MMm3,MB

SUMt aSUMLeP J(MM)eCOS{XaF2eX()

SUN2aSUM2ePI(MM) S N{XeX | *F2)

FCRMAT(2X,212,9(3X,F10,5))

Xs)el,

CPJILY)=F1eSUML

SPJIL1)=F1eSYM2

ALPRAJ(LLIYSATANI(SPJILL)/CPYLLYLD))

JF(CPJ(LL) ,EQ,0,)661,6062

ALPRAJ(LLYZP) /2,

SPU(L1YSABSF(SPJ(LYL))

CRJILLYZABSFI(CPJILYL))
PUK(LL)ESQRT(CPJI(LLICCPICLLI*SPI(LL)eSPJ(LL))
PUK(LL)uF4eALOG(PJK(L1))e124,58
FF{LL)eXL*F3 /(1,%BMO)

CONTIMNUE

WRITE (61,1030)

WRITE (61,1032) 111,X0P,YOP,Z0P

WRITE(61,1029)XPK, YPH,ZPH
WRITE (61,1030)

WRITE (61,1033)

WRITE(61,79)

DO 700 L1m),KMAX

WRITE (61,1034) LL.,FFILL1),CPJIL1),5PJtLY) PUK(LYY

WRITE (61,1030)

CONTINVE

WRITE (59,1002)

WRITE (61,1030)

WRITE (61,1002)

FORMAT(1H1,60X,16HPROGRANM ,HERON 1)

FORMAT( 10A8)

FORMAT(3(28X,10A8/7))

FORMATY (LHO,28X,63MBLADE LOADING AND MOTION DATA (PARALLEL AND NORM
1AL YO TWE SHWAFT//)

FORMAT(IH ////,28X,22H GEOMETRY OF ROTOR W ,,110 ,11X
4 ,6RBLADES/,1H 50X, E10,3,3X,3HFT,,4X,6HRADIVI/, 10 ,50X,E10,3,3X,
20HR P M/ sAW 50X, EL0,3,3X,3HFT,,4X,LTHF_AP WINUE OFFSET/,1W ,50X,
JE10,0,3X,3KFT,,4X,17HDRAG HINGE QOFFSEY/, LW ,50X,E10,3,2X,7HDEGREES
4,140 AZIMUTH PHASE/,1W ,50X,E10,3,94 DEGREES,27H REARWARD SHAFY 1



68
69

63
64
65
74

1091
62

66

[=N o} oI o =

78
79

1032

1000
1002
1603
1016
1027
1028
1030
1034
i033

77?

50

SNCLINATION/,4H ,50XEL10,3,94 DEGREES,31H SHAFT INCLINATION 70 STAR
690AFD/-5DX.§10. .2X,bH#Y/SEC,2bH VELOCITY IN X=DIRECTVION/,tH ,50X
6,€10,3,2X,6HFT/SEC,25H VELOCTYIY IN YeDIRECTION/,1H ,80X,EL10,3,2X,
BOHFT/SEC,)25H VELOCITY IN Z<DIRECTION/,1H +50X,E10,3,2X,6HFT/SEC,2
904 RESULTANTY VELOCITY/)

FORMAT(IH ,50%,E10,3,3X)3KFT,,18K X HUB ORDINATE/.1H ,50X,E10,3
1,3X,3IHFT,,10H Y HUB ORDINATE/,1H ,50X,F10,3,3Xs3HFY,,18H I H
2UR CRCIMATE)

FORMAY(LH ,28X,27WNUMBER OF LOADING STATIONS3,[6//)

PORMAT(LK ,2B8X,37HNUMBER OF AZIMUTH INTEGRATION POINTS=,[6//)

FORMAY(LH ,28X,49HFORM OF [NPUT, SPANWISE/AZIMUTHWISE DISTRUBUTION
1S/7/)

FORMAT(IH ,28X%,23KWFORM OF INPUT, HARMONIC//)

FORMAT(IH /728X, 13KAZIMUTH ANGLE,7X,10HFLAP ANGLF,310X, 9HLAG ANGL
1E//)

FORVAT(IR ,28X,E10,2,10X,F7,3,13X4F7,3)

FORNAY(IH ,//7/28X,57HBLADF FLEMENT ELASTIC DJSPLACEMENTS PARALLFEL
170 THE SHAFT//)

FORMATIAH , 2X,13HAZIMUTH ANGLE, 30X, 14HRADIAL STATION//)

FORMAT(1H ,315X%,10F10,3)

FORMAT(IH , 5X, F10,3 +10E10,3)

FORVAT(L4 ///28X,57HBLADE ELEMENT ELASTIC DISPLATEMENTS NORMAL
170 THE SHAFT//)

FORMAT(/)

FORMAT(1HY ,28X,26HBLADE THRUST LOADING (LBS)//)

FORMAY(IH ,///2BX,18HBLADE DRAG LOADING//)

FOR-AY(4H ,///48X,20HCOMPUTED SOUND FIELD//)

FORMAT(4H ,28X, BWHARMUN]IC,6X, SHFREQUENCY,8X,14nIN PHASE PRES,,S5X
1,18%0LT OF PHASE PRES,,3X,20HSOUND PRFSSURE LEVEL/,30X.3HNDO,,31X,

2BKH(F S F )2 10X,BHIP,SF,),9X,28H(DB, RE, ,0002 DYNES/SQ,CM,))
1029 FORMAT(IN ,///28%X,¢5HRETARDED HUB COwORDINATES, 10X, 4HXPHE,E16,8,1X,4HYH

1,41YPH2,£16,8,1X,4H2PHE,E16,3)
FORMAT(IH ,///28X,21HOBSERVER CC~ORDINATES, 4X,

u 2HJ=, 14,5X, SHX0=,E16,8,2X,3HY0=,E16,8,2X,3HZ0=,F16,8)

FORMAT(2014)

FORMAT (2X,10HEND OF RUN)

FORMAT( BE14,B)

FORMAT (8F10,0)

FORVAT(214,2X,6F10,0)

FORVAT(BF10,0)

FORMAT (/)

FORMAT(30X,14,4E20,8)

FORMAT(32X, 1HK, 13X, 4HF (K) 13X, 6KCPIIKY ;15X ) 6HSPJIK), 14X ,5HFJ(K))
END

SUBROLTINE INPUT (]1)

COMMON K1,K2,KSF ,KSX,DPS],M,N

COMMON REY(72),ZET(72Y,FN(72,12),FT(72,12) ,0OMD(72) ,D(22)
DIMENSION ZRO2(12),CPN(12,12),4R03(12),CHT(12,12),E(12),5FN(12,12)
DIMENSION ZRO1(1),CHET(72),66G(1),SRET(72),HHH(1),SFT(12,12)

CALl, PARAMETER OF 1 RETURNS BETA AND ZETA ARRAYS ONLY,
CaLL PARSMETER OF 2 KETURNS FN AND FY ARRAYS ONLY,
CALL PARAML!ER OF 8 RFTURNS EYAN AND ETAT ARRAYS ONLY,

WRITE (€1,1505)

i=0

FORMAT(SH ,28X,34N8LADE  LAGGING HARMONICS (DFGREFS))
GO 10 (50,110,120) 11

CONT INUF

COMFUTE BETA AND 2ETA ARRAYS,
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aoacn

oW N »]

74
76

84

60

75
85

70
79
78
72

110

120

125

REAC (60,1028) (CBET(KK),KK=],K1)

XJsy,

FORMAT(LH ,32X,1HA,12,7X, E10,9)

FORMAT (LM ,28%X,34WBLADE FLAPPING HARMONICS (DEGREES))
WRITE(61,76)

WRITE(6L,74)(J,CBET(J),Js],K1)

REAC (60,1028) (SBET(KK),KKsy,K1)

FORMAT(IH ,32X,4HB,12,7X, E10,3)

WRITE(61,84)(J,SBET(J),J8e,KL)

XJsg,

Xswd,

Do €0 J1=z4,M

XzXe1,

PSI=zX*DPS!

BEY(]1)=CBET(])

Y=0,

Do €0 J2=1,K1

YzYel,

YKSFS]eY

BET(I1)=BET(I1)+CBET(12)*2COS(YR)*SBET([2)eHIN(YK)

COMFLETES COMPUTAT]ION OF BETA ARRAY,

FORMAT(1H ,28X,31HBLADE DRAG LOAD HARMONICS ([ BS)//7)
FORMAT(LH ,28X,33HBLADE THRUST LOAD HARMONI[CS (LBS)///)
REAL (60,1078) (CRET(J),Js].K2)
XJ=l,
WRITE(61,77)
WRITE(61,74)(J,CBET(J),Je],K2)
REALC (60,1028) (SRET(J),J=l1,K2)
XJ=4,
WRITE(61,B4)(J,SBET(JY,J=1,K2)
XIul.
Do 20 [3=1,M
XzXel,
PS]=z=XeDPSI
IFTC13)=CRET(])
Y=0,
DO 70 KK =1,K2
Y=Yel,
YKzY*FS]
ZFTCI3)2ZET{]3)+CRET(KK)®COS{YK) #SBET(KK)¢SIN(YK)
FORMAT(IH ,32X,1HA,12,7%X,10E10,3)
FORMAT(IH ,32X,1HR,12,7X,10F10,3)
FORVMAT(1H ,78X,14HRADTAL STATION,F10,3)

COMFLFTES COMPUTATION OF ZETA ARRAY,

Go 10 1200
KSTFzKSF
KF 39

GO 10 125
KSTFaKSYX
KFz?

DO 130 AN31,N

REAL (60,1028) (CFNINN,J),J=],RSTP)
XJs%,

REAT (60,1078) (SFNINN,J),J=1,KSTP)
Xusé,

RFAL (60,1028) (CFT(NN,J},Jd=1,KSTP)



130
69

74

104

502
503

104
105
102

504
505

107

108
126

140

QooQ

1028
1260
1500
1505

XJs7,
REAL (60,1028) (SFTINNsJ)sJz1 a1 STP)

XJze,
CONTINUE

FORMAT(IH ,///728X,57HBLADE FLEMENT FLASTIC DISPLACEMENTS PARALLEL

170 YHE SHaFT//)

FORMAT(1KH ,/7./28X,57HBLADE FLEMENT ELASTIC DISPLACEMENTS NORMAL

1TO0 THE SHAFT//)

IF( KFL,EQ,1 1101,502

WRITE(61,85)

GO T0 503

WRITE(6Y,71)

WRITE(61,72)( D(K),K=1,N)

Do 104 J=1,KSTP

WRITE(O61,79)(J,CFN(NN, J) NN

Do 105 J=1,KSTP

WRITE(61,78)(J,SFN(NN,J),NN

IF( KF,EQ,1 102,504

WRITE(61,75)

Gn 10 505

WRITE(61,69)

WRITE(61,72)( DK}, Ks1,N)

DO 107 J=1,KSTP

WRITE(61,79)(JsCFTINN,J),NN

Do 108 J=1,KSTP

WRITE(61,78)(J)SFTINN,JY,NN
CCNTINUE

DO 140 AN=1,N

X=0,

DO 140 MM=1,M

PS]aDPSleX

Xz2xX+]1,

FN(VMyNN)ZCFNINN, 1)

FT{(MM,NN)YESCFTI(NN, )

Y=0,

DO 140 1421,KSTP

Y=V01.

ARGsYePS]

SINARG=SIN(ARG)

COSARG=COS(ARG)

FN(FM,NN)ZFN{MM,NN)«CFN(NN,

PT(MMyNN)SFT (MM, NN)*CFT(NN

COMFLETES FN AND FT OR ETAN

FORMAT (8F10,0)
RETLRA

FORMAT (10X, 7E16,8)
FORNAT (/)

END

=1,N)

=1,N}

21, N)

=1,N)

14)*COSARGeSFNINN, 14)¢SINAKG
1 14)*COSARG*SFT(NN, J4)*SINARG

ANU ETAT CALCULATIONS,

PUNCTION SHOTP,KK,NUM,PNEW,CH])

COMMON X1,K2,KSF,KSY,DPS],M

N

COMMON BET(72),ZET(72),FNLT2,12),FT(72,12) ,0MD(72) ,D(22)

COMMON PSI1),K, C,OM
COMMON X0, (0,23,XDH, YNH,INH

) AM

COMMON XHO,YHO,ZHD, THO, THD,PHI0,PHID
COMMON AQL .2 Y AK(36,72),BK(36,72),F(3),FD(3)

DIMFNSION Wi 1)

CALCULATED SOUND SOURCE 0 NBSERVER DISTANCE,
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PSIzPAEWeOMs TP
XHaxHOeXDHeTP
YHZYHOeYDHeTP
IHBZHOeZDHeTP
THSTHOSTHDTP
PHlsPK]O+PHIDeTP
PHIFSATAN(COSF(THI®TANF(PH]))
Do 100 11=1,3
[1nde(NUM=1)e]]
WPsAO(] 1)
XKz{,
DO 80 ;231,KK
500 FORMAT (5X,AHSUB DATA,5X,7E14,6)
WPShPeAK(12,11)¢COSF(XK*PSI)eBR(]2,11)eSIN(XK*PS])
a0 XKzxKei,
100 wW(]1)swP
COSTaCOSF (TH)
SINFHIPSSINF(PHIP)
SINTESINF(TH)
COSFHIP=COS(PH]P)
SINPESINFI(CH])
COSFaCUSF(CH]Y
XeW(1)eCOSToW(2)eS[NPHIP*SINTew(J)eCOSPH]IPeSNT
YeW(2)YeCOSPHIPeW(3) eS]NPHIP
Zaeh (L) oSINTAW(2)eSINPHIPaCOST*W(3)eCNSPHIP*COST
wW(1)aX0aXHeXeCOSPeY*SINP
W(2)BYD=YHeXeS]INPeY(COSP
W(3)s20=ZKHe?
SFBSORT(WILION(1)eW(2)*W(2)eW{I)tw(3))
RETLRA
END



TABLE 1. MAJOR FORTRAN SYMBOLS USED IN PROGRAM
HERON 1

(Other Symbols Which Appear are Generally Used for Local Calculations and have

Self-Evident Meanings)

PROGRAM ALGEBRAIC
SYMBOLS  SYMBOLS

DEFINITION

IH H
JCON J

C c,a,
RHO Py
OHM s)N
R R
BB B
EPF €
EPL i
PSIO ¥,
OM Q
M M
N N
IND IND
KSF K;
KSX K;

Number of rotors

Number of observer positions
Atmospheric speed of sound (ft/sec)
Atmospheric density (slugs/ft*)
Rotor speed (rpm)

Rotor radius (ft)

Number of blades

Flapping hinge offset (ft)

Lagging hinge offset (ft)

Azimuth reference angle (radians)
Angular velocity of rotor (radians /sec)
Number of azimuth stations
Number of radial stations

Indicator: If IND = 1, loading/motion read as span-
wise/azimuthwise distributions!

If IND = 2, loading/motion read as Fourier
coefficients

Number of force harmonics read

Number of displacement harmonics read
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TABLE I - Continued

PROGRAM ALGEBRAIC
SYMBOLS  SYMBOLS

DEFINITION

K1 Kl
K2 K,
KX Kx
KF Kf
DT At
T T
DPJI Ay
D(1) x(n)
R(I) r(n)
XHO X
Ho
YHO YH0
ZHO ZHo
THO g,
PHIO %
XDH kH
YDH YH
ZDH iH

Number of flapping angle harmonics read
Number of lagging angle harmonics read
Number of displacement harmonics calculated
Number of force harmonics calculated

Time increment between sound pressure values in final
time history (sec)

Fundamental blade passage period (sec)
Azimuth increment (radians)
ith radial station (nondimensional)

Radial distance of it" station - R - D(I)

Hub coordinates relative to fixed ground axes (ft)
at time t =0

Pitch angle relative to aircraft trajectory coordinates
(radians) at time t =0

Roll angle relative to aircraft trajectory coordinates
(radians) at time t =(

Hub velocity components in fixed coordinate
directions (ft/sec)
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TABLE I - Continued

PROGRAM ALGEBRAIC
SYMBOLS  SYMBOLS DECINITION
THD 9
Pitch and roll rates (radians/sec)
PHID ¢
\% \% Resultant hub velocity (ft/sec)
CHI X Azimuth angle between x and X axes (radians)
XH XH
YK H Rotor hub coordinates at retarded time t' (ft)
ZH ZH
BET B Flap angle (radians)
ZET § Lag angle (radians)
FN FN or Ny Normal section loading (Ib) or elastic displacement (ft)
FT Frorn, In-plane section loading (Ib) or elastic displacement (ft)
XD x'
Coordinates in shaft axis system (ft). [Also used for
YD y' blade section force components in same system (Ib) |
ZD z'
DNDR qu/dr Local blade slope with respect to plane of rotation
(radians)
DTDR qu /dr Local blade slope with respect to rominal blade azimuth
(radians)
AO a
0
Fourier coefficients of blade section force and dis-
AK a .
k placement with respect to rotor axes (ft)
BK bk
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TABLE I - Continued

PROGRAM ALGEBRAIC

SYMBOLS ~ SYMBOLS DEFINIUION
XO°P X;J(j)
Ty Nominal observer position in fixed coordinate
YOP Yo ) system (ft)
20P Z,(j)
SXBH )?H
SYBH - Position of rotor hub relative to observer at time t
Yy in fixed coordinate system (ft)
SZBH z,
SH SH Distance between hub and observer at time t (ft)
TAUOP T Time of propagation of sound from the rotor hub which
reaches observer at time t (sec)
XPH Xi_l
: Hub coordinates in fixed axis system at retarded
YPH YH time t' (ft)
ZPH Zi-l
SXBPH ih
- Position of hub relative to observer at retarded
SYBFii YH time t' (ft)
SZBPH ii_'
BMO Mo Hub Mach number component in direction of observer
T t "Observer" time t
XO X 0
YO Yo Coordinates of "moving observer" at time t
Z0 Z
0
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TABLE I - Continuad

PROGRAM ALGEBRAIC -
SYMBOLS  SYMBOLS 22NN

PNEW ¥, Rererence azimuth angle for particular blade

TAU1 T Sound propagation time
TP t' Retarded time t' =t -7
PSI P Blade azimuth angle (nominal) at retarded time t'

XH XH

YH YH Hub coordinates (in fixed axes) at retarded time t'

ZH 2 )

TH 6 Pitch angle at retarded time (radians)

PHI ® Roll angle at retarded time (radians)

PHIP ¢' Roll angle at retarded time (rilative to vehicle)
(radians)

PHIDP &,' Rol! rate at retarded time (relative to vehicle)(radions/sec)ﬂ
WP(1) w' Coordinates of blade station (rotor axes)(ft) (w =x,y or z)
wDP w' Blade element velocity components (ft/sec)
wDDP w! Blade element acceleration components (ft/sec?)

X X
v Aircraft flight path coordinates (x is flight azimuth
A direction) (ft)
Z z
XD X
Aircraft flight path velocity components (ft /sec)
YD y

. ——
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TABLE I - Continued

PROGRAM _ ALGEBRAIC
SYMBOLS  SYMBOLS DEFINITION

ZD z Aircroft flight path velocity component (ft/sec)
XDD X
YDD y Aircraft flight path acceleration components (ft/secz)
ZbD z
XBAR x
YBAR y Coordinates of blade element relative to observer at
retc:“ed time (ft)
ZBAR z
CXD X
cYD v Velocity components of blade element ot : s:arded
time (fixed axes)(ft/sec)
CzD Z
CXDD X
Y Acceleration components of blade element at
Sl v retarded time (ft/sec?)
CzDD z
SS S Distance traveled by sound (ft)
XMAS M Square of absolute Mach number of blade element
XMS Ms Mach number of element toward observer
XMDS Ms Rate of change of Mach number toward cbserver
F(D) Fi Aerodynamic force component relative to rotor axes (Ib)
FO(D) F Rate of change of aerodynamic force component relative

to rotor axes (lb/sec)
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TABLE I - Continued

PROGRAM ALGEBRAIC

SYMBOLS  SYMBOLS 2ALiSl
FX F
x
FY F Aerodynamic force components relative to aircraft
Y flight path axes (Ib)
FZ F
z
FDX F
X
EDY £ Rate of change force components relative to aircraft
y ( flight path axes (Ib /sec)
FDZ F
Z
FX Fy
FY FY
FZ F :
Z Forces and rate of change of forces relative to
EDX '.:x fixed axes (b, Ib/sec)
FDY FY
FDZ Fy
DP A Acoustic pressure increment due to forces and motions of
P blade element (Ib/ftz)
PJ(I) pj(t) Total acoustic pressure at time t (Ib/ft?)
CPJ(I) ijk In-phase harmonic pressure component ('b/ftz)
SPJ(I) Spjk Out-of-phase harmonic pressure component (Ib/ftz)
PI¥IN pjk Harmonic pressure amplitude (Ib/ft?)
Fk Frequency (Hz)
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5.0 PROGRAM INPUT/OUTPUT

Table II describes the preporation of the input data cards for HERON 1. This is
fol' wed by an example comprising a complete se! of data written on coding forms.
In conclusion, the computer output obtained for the example is presented.
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SAMPLE OUTPUT

The following pages give the program output for the example case presented previously .
This output is fairly self-explanatory, although the following points are worthy of men-

tion,

The results for the first two field points only (11 were requested) are included for the
sake of brevity.

It should be remembered that the program calculates the sound field observed when the
helicopter rotor is positioned at the nominal position XH’ YH’ ZH. This sound was
actually generated by the rotor when it was in some other position (at the retarded

time). This position is denoted in each case by the "retarded hub coordinates."

Four sound harmonics are calculated since M was specified as 36 so that (M/2B)=4.5.
The Doppler shift effect cun be noted in the slightly different frequencies observed at
the two positions.
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A=43 [N Level FLT3HT AT 40 XTS,

ukJIMeTRY OF ANTOR 1
2,800¢
2,170k
1,000%
1,000€6

'1"7.'05'
*1,570E~

4
31
02
oo
00

0
02
92

6,750€ 01

6,790t

2,000E

0
0
01

0
]
0?

PROGRAM W

CASE

Hll'

ERON 1
51,

DATA FROM NASA THM, X*952 TABLE 8,

FY,

RyP M,

FTY,
FT,

BLADES
RADIUS

FLAP WINGE OFFSEY
DRAG HINGE OFFSEY

DEGREFS AZIMyTH PHASE

DEGREES REARWARD SHAFT INCLINATION
OEGREFS SHAFT [NCLINATION TO STARBOARD
FY/SEC Vv
FY/SeC
FT/SEC
FY/SEC

FT.
FT,
FT,

ELOCITY IN X<DIRECTION
VELOCTYIY IN Y«DQIRECTION
VELOCITY IN Z=DIRECTION
RFSULTANT VELOCITY

X HUJ ORDINATE
Y HUB ORDINATE
L HUB ORDINATE

dLAe LOADING AND MOTJON DATA (PARALLEL ANJ NORMAL TO TWE SWAFT

NUMHER UF LOADING STATINNSs

NUARER OF ALIMJTH INTEGRAT[ON POINTSH

rOAM DF INPUT. WARMONIC

SLADE FLAPPING WARMONICS (DEGREES)

3,307 00
3,160k-01
1,400&=02
1,5008-01
7.,700e-02
£,N00E-D3
3,800€-02
1,400&°02
?2,600&~02
6,000E6-03
1,600k-02
~$,720E=01
R,700k-02
=64500E"02
5:¢500€°02
«4,500E02
2.400¢c"02
#:000E=03

0
«4,000E°03
2.000E-03

XTI T UA T XA > >>0e>>psp >
-
OOCE@®NO VT & 6RO NO U &Ll O

-

BLADE LAGGING KARMONICS (DFGREES)

A D «7,000c 0O

3
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BLADE ELEMENT ELASTIC DISPLACEMENTS NORMAL TO THE SKHAFT

25,200 26,600
0 0

21,000
0

RADIAL STATION
A D

11,200

7,000
] 0

15,400 23,800
0 0

BLADE ELEMENT ELASTIC DISPLACEMENTS PARALLEL TO THE SHAFT

23.800 25,200 26,600
0 0 0

15,400
0

RADIAL ST4TION
AU

7,000 11,200 21,000
0 e 0

BLADE THRUST LOAD HAKRMONICS (LB%)

26,600
02
00
00
01
01
01
01

21,000 23,800 25,200
8,083k 02 4,543F 02 3,014E 02 3,081E
1,384k 01-1,779t 01-6,166E 00 6,350F
1,793E 02 6,449 01 2,340E 01-5,678E
3,104E 01 6,637 01 7,729 01 6,876E 01 6,693E
7.877E 00 1,05FE 01 8,820E-01 1,142k 01 3,762E
5.87%E-02-2,187E 01-1,893F 01-2,401E 012,906
-3,157& 06 4,940k 00 1,763E-01 1,774E 03y 1,940€ 00+1,2431: 002,967
=5,540E 00n=1,204E U1 1,200 01 1,270E 03 4,385E 00 1,104E 01 31,020E
«7,313k 00~3,325E 00-4,52HE 00-3,92%E 01 3,377F 00 2,016E~01 2,090E

6,760 00 7,860E 00=1,57CE 01~3,62HE 00 3,780E-01-3,562E 00 1,428E
ba150E 00-4,2352E 00 1,005¢ 01 1,567 01 5,46BE 00 2,470E 00-1,109F

7,000 11,200
1,471k 07 3,334k 02
'103065 01 300245 00
2,731k 01 5,690E 01
b,665E-01 1,749E 01
5,983t 00-2,117E 00
0,483k 00 2,5¢0E 00

15,400
5,660E 02
2.652E 01
9,555E 01

RaDiAL STATI1OM
A

CANOUC 2ULUAFHFCCODNONYT LLGAMC

He1lbk
1,995%E
2,134k
6,593k
‘?.b“7h
'5|ﬁb"&

7,755k~

3.718¢k
'20210&

09 9,581E
06 5,390€
01 1,057E
00=1,179¢€
B0=0,223E
00-1,426E
011,764k
00 1,203k
00 1,764E

01 1,085k 02=3,73(k
00 1,017& 01 1,725
00 1,350E 0J-9,87KE
01-1,288E 01-1,419E
00=3,582E 01~3,286E
01-1,682E 011,336k
0UL=9,935k 00 6,557E
0n 4,524 00-6,300E
00«5,232E 00 %,846E

00-4,612 01-4,753E
01-2,041kt 00-6,854€
00-7,265E 015,158k
01-2,021E 01-1,470E
01-1,048E 01-1,791L
01-2,104E U01+7,342€
00 2,293k 00 3,226E
00 1,021E 01 1,764¢
00-1,023E 0y 1,176

01-4,000€
00~1,403E
00-1,368E
01 1,714E
01=1,739E
00+2,026E
00 2,52nE
00 1,472¢
00 6,787E

AT TATCTT TP Br»>>>»

[

1,441k 0N=~),260E 00-9,230k 00 $,528E=01=5,645E 00«1,781k 00~9,610E

Hi.ADE DRAG LUAD HARMUNICS (1.BS)
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