A A

AERONAUTICAL

AND ASTRONAUTICAL
ENGINEERING DEPARTMENT

L)
THE DESIGN OF PROPELLERS FOR MININUM NOISE 0},\ .
{Illinois Upiv.) 203 :p HC A10/MF AOQ1 - SN
. CSCL 01C

me—— - T
[' {NASA-CR-155005) PROPELLER STUDY. PART 2: N77~31157 &
I

63/07

—_——— e e AL

ENGINEERING EXPERIMENT STATION, GOLLEGE OF ENGINEERING, UNIVERSITY OF ILLINOIS, URBANA



Aeronautical and Astronautical Engineering Department
University of Illinois Urbana, Illinois

Technical Report AAE 77-13
UILU-Eng 77-0513

NASA Grant NGR 14-005-194
Allen I. Ormsbee, Principal Investigator

PROPELLER STUDY PART II
THE DESIGN OF PROPELLERS
FOR MINIMUM NOISE

by

Chung-Jdin Woan

University of Illinois
Urbana, Illinois

July 1977



INTRODUCTION + v ¢« v s » ¢ & ¢ ¢ 4 ¢ & ¢ s «

PART 1.

PART 2,

TABLE OF CONTENTS

BASIC THEORY AND FORMULATION . . . .

A,

NUMERICAL FORMULATION OF OPTIMUM NOISE
PROPELLER PROBLEM FOR THE SIMPLIFIED MODEL

Assumptions and Consequences . .

Coordinate Systems . . +« « » o+ »

*

Some Useful Coordinate Transformations

Geometrical Considerations . . .
Mathematical Formulatiom ., . .
E-1, Aerodynamic Formulation .,
E-2, Acoustic Formulation . .

E-3. Minimum Noise Criteria .

The Fvaluation of Induced Velocities

The Evaluation of Hydrodynamic Advance

CoeffiCientS - ] . - [Y [ ] 1 ] . L3 L] L] * -

.

The Chebyshev Coefficients of Circulation

The FEvaluation of Thrust and Power
Coefficients . ¢ v v v« &« o o o » s =

The Evaluation of Acoustic Pressure .

The Evaluation of the Ensemble Mean

Square of Acoustic Pressure . .

The Nonlinear Programming for the

Simplified Propeller Model . . . . .

Page

10

12

18

19
39

50

55

58

59

59

60
61

64

64



Page

PART 3. APPLICATIONS AND NUMERICAL RESULTS ., . . + « + « « & 71

REFERENCES T % s 9 F 4 " & ¢ 3 § T ® & * 4§ 0+ ® 4 * 8 v 9 81

-

APPEP!TDICES L3 . a . L] - . - * * -8 L] - . q L [ - ’ - - - L L4 » - 84



INTRODUCTION

The trend in propeller aircraft has been toward increasing the speed,
size, and horsepower. As a result, there is an increasing demand for the
design of propellers which are efficient and yet produce minimum noise.

This requires accurate determinations of both the flow over the propeller
blade surfaces and the acoustic field induced by the moving propeller.

Much effort has been devoted recently to the development of a more
sophisticated propeller theory. This theory has proceeded from the early
simple momentum model of W. J. M. Rankine (1, 1865) and R. E. Froude (2, .
1889) and the blade-element model of W. Froude (3, 1878) and S. Drzewiecki
(4, 1920) to the vortex theory first proposed by F. W. Lanchester (5, 1907),
the lifting-line model of S. Goldstein (6, 1929) and, finally, to the lifting
surface model of H. Ludwieg and I. Ginzel (7, 1944). One of many important
advancements in 1ifting-line theory is Lerbs' calculation of the induction
factors (8, 1952), which allows the velocities at each blade section to be
determined with great accuracy. This important calculation, plus other more
sophisticated mathematical models, e.g.; P. C. Pien (9, 1961), J. E. Kerwin
(10, 1964), and W. B. Morgan (11, 1968), makes it possible today to design
a propeller based on fluid dynamic principles.

One of the important problems of aeroacoustics is the determination
of the sound from a rotating propeller. Historically, L. Gutin (12, 1936)
was the first to theoretically investigate this sound for a static rotating
propeller, using an equivalent distribution of dipoles in the propeller
disk. His method later was extended and generalized by I. E. Garrick and
C. E. Watkins (13, 1953) to the casec of an in-flight propeller by considering

the pressure dipoles that represent the thrust and torque force to be sub-



jected to a uniform rectilinear motion. The general theory of aerodynamic
sound given by M. J. Lighthill (14, 1952 and 15, 1954) has been extended
to situations containing arbitrarily moving boundaries in unbounded space
by J. E. Ffowcs Williams and D. L. Hawkings (16, 1969), using the theory
of generalized functions. The surface is replaced by a discontinuity in
the flow-field, arcund which the motion of the fluid medium is assumed to
be known. Other important works in rotatiomal propeller noise are given
in Refs, 17-25. Im addition, K. Karamcheti and Y. H. Yu (26, 1974)

have studied the hovering rotor propeller, miﬁimizing the far field inten-
sity subject to aerodynamic constraints,

This paper is concerned with the design of propellers for minimum
noise. The paper is divided into three parts. In order to relate aero-
dynamic propeller design and propeller acoustics, the first part includes
the necessary approximations and assumptions iﬁvolved, the coordinate sys-
tems and their transformations, the geometry of the propeller blade, and
the - problem formulations including the induced velocity, required in
the determination of mean lines of blade sections, and the optimization
of propeller noise. The second part is devoted to the numerical formula-
tion for the lifting-line model, fhe third part presents some applications

and numerical results.



PART 1.. BASIC THEORY AND FORMULATION -

A, Assumptions and Consequences

An exact propeller design is mot possible in any theoretical analysis
so that a number of simplifying assumptions must be made. Except in certain
special cases like stall-flutter, where nonlinearity is of essence, the
aerodynamic tools should be mathematically linear to ensure the possibility
of finding a solution with reasonable time and effort. The following as-
sumptions, based on this concept, are generally made in theoretical pro-
peller design and in the calculation of the sound pressure due to the
moving propeller blades.

.1. The propeller is operating in an unlimited stationmary fluid with
a constant advance velocity and a consfant angular velocity.

2. The fluid is inviscid. Although all real fluids are compressible
to a greater or lesser extent, under normal conditions the effects of com-
pressibility are unimportant at low speed, and consequently the density of
the fluid will be assumed to be constant in developing the vortex theory.
However, from the acoustic viewpoint, the compressibility of fluid is im-
portant so that the fluid is restored to be compressible in the acoustic
formulation.

3. The propeller consists of a set of identical, symmetrically spaced
blades attached to a hub. The hub effect is ignored so that it is not
necessary to satisfy the hub boundary conditions.

4. The blade sections are fhin and the blade is not heavily loaded.
In this case the disturbance velocities produced b; the propeller are small
compared with the propeller advance velocity and rotational velocity. There-

fore, the deviation between the blade surfaces and the stream surfaces formed



by the relative undisturbed flow is small. This assumption permits us

to treat the problem as a logical extension of linearized finite wing
theory where the tangency condition is satisfied on the mean line of the
profile. It also enables separation of the loading and thickness effects.
However, from the acoustic viewpoint, this idea implies that the quad-
rupole sources, the Lighthill stress, are negligible, since they contain
only those second-order perturbation terms which are dropped upon line-
arization.

5. Each propeller blade is replaced by a reference surface which
is the projection of the actual blade outline on the helical surface with
pitch angle &, the hydrodynamic advance angle obtained from the lifting
line theor&.' A distribution of bound vortices fér loading effects and

"sources and sinks for thickness effects are placed upon this reference
surface. The vortices are distributed in both the chordwise énd spanwise
directions. The variation of strength of vorticity necessitates free
vortices being shed from the bound vortices. These free vortices form
helical surfaces behind the propeller and extend to infinity in the pro-
peller-fixed coordinate systenm.

6. Upon neglecting the quadrupole sources, the blade loading and
thickness are the only acoustic sources that will be considered.

7. The effects of slipstream contraction and centrifugal force on
the shape of the free vortex sheets are ignored. Consequently, each of
the free vortices has a constant diameter and constant pitch downstream
which may be varied along the radius.

8.. Body forces are ignored.

9. The two-dimensional chordwise pressure distributions are preserved

in the three-dimensional flow.



We shall write all the quantities used in the formulation in non-
dimensional form by referring all velocities to a reference velocity, Vp
(VP may be chosen to be the advance velocity of the propeller), and by
reférring all linear dimensions to a characteristic length, Rp, (pro-
peller radius)}. The pressure and the force per unit area are made non-
dimensional with respect to j% sz, where 9; is the undisturbed demsity
of the fluid and time is referred to 1/f2, where £2 is the angular velo-
city of the propeller. Also, the circulation is non-dimensionalized with
respect to 29R_V_, and the strengths of the voftex sheets are referred

PP
to VP. Further, the expression

A, = — 1)
P R‘PQ‘

is referred to as the reference advance coefficient, which is the advance
coefficient of the propeller if VP is chosen to be the advance velocity

of the propeller. Dimensional values are denoted by primes, so that, for

example

A -
-t-ﬂ (2)

B. Coordinate Systems

Two main coordinate systems, shown in Figs, 1 and .2 , are used
in the analysis. One is the "space-fixed" coordinate system, which has a
rectangular [xl, Xy xS) coordinate system (x-system), a rectangular (yl,
¥as YS) coordinate system (y-system), and a spherical ( §,@,§) coordinate

system (; -system). The other one is ﬁhe'bropeller-fixed"coordinate system,



) :
(propeller Mt - 8,
fixed)

"Fig. 1 Coordinate systems.



Fig. 2 Orthogonal -curvilinear coordinate -systems.



which has a rectangular (x, y, z) coordinate system (z-system), a cylin-
drical (x, t,@) coordinate system (r-system), and a curvilinear (s, n, )
coordinate system (s-system). Also defined are the unit tangent vectors,

=3

w0 to the coordinate curves w, where w = Xis Yis Ts 5 eens and so forth.

Propelier-Fixed Coordiﬁate System:
All the propeller-fixed coordinates are attached to the propeller,
translating and rotating with the propeller.
1. A rectangular (x, y, z) coordinate sSystem (z-system)
x-axis ; axis of revolution of propeller with positive

distance measured downstream

y-axis = selected so as to pass through the tip of one
blade

z-axis = selected so as to complete the right-handed
system

2 = positioﬁ vector of a space point referred to the

center of the z-system

2. A olindrical (x, r, @) coordinate system (r-system)

]

X-axis defined as before

radial coordinate

r-coordinate

angular coordinate, measured clockwise starting

8 -coordinate
from the y-axis when looking downstream
3. An orthogonal curvilinear (s, n, r) coordinate system (s-system)

defined as before

T-coordinate

it

s-coordinate = a helix whose non-dimensional pitch is

P, =27r ten g (r) = 2T AL (1) 3)



where Fi(r)is the hydrodynamic advance angle,

and 'aicr) is the hydrodynamic advance coefficient.
Furthermore, the s-coordinate is the intersection
of the reference surface represeﬁting the first
bléde with a circular cylinder of radius r,
measureé downstream along the hélix

n-coordinate = selected so as to complete the right-handed system

pace-Fixed Coordinate System:
1. A rectangular (xl, Xgs xs) coordinate system, referred to as an

observer system (x-system)

x -axis = axis of revelution of the propeller with positive
digtance measuréd downstream
The xl—axis, xz—axis, and xs-axis are‘fixed in space
and complete a right-handed system. At time t=z0, the
origin of the x-system coincides with that of the

z-system and the x,-axis and y-axis make an angle 5%

2

measured clockwise from the xz—axis when looking

downstream.

>

= position vector of an ohserver referred to the
X~system )
2. A rectangular (yl, Yqs ys) coordinate system, referred to as a
source system (y-system)
: The yl-axis, the yz-axis, and the ys-axis are se-

lected so as to coincide with the xl—axis, the Xy-

axis, and the Xz-axis, respectively.

!

= position vector of an acoustic source referred to
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the y-systen
3. A spherical (§,® ,®) coordinate system, also referred to as an

observer system (§-system)

g ~coordinate = distance measured from the origin of the x~systenm

to the observer

@ -coordinate = angular coordinate, measured clockwise starting frou

xz—axis when looking downstream

@ -coordinate

g

angular coordinate, measured from the xlaaxis

X

H

C. Some Useful Coordinate Transformations

Following are some useful coordinate transformations which will be
used in the formulation of the problem. Also given are some relations
among the unit tangent vectors of the different coordinate systems:

1. x-system andg -system

Xy = § coe @

E coe g an ® (4
X; = & 4in3 ain®

®
™
)

2. z-system and y-system
‘j,: x - }\.pVF't
Y= e (t-6,) + 2 2n (t-6) (5)
Y = ~Y ain (£ 65 t 7 coe (- 60)

€, | o) O eg‘
e? = O ceu(t- eo) '/4-‘;"'('*‘60) e?; (6)
e O ain(t-6,) cee (£-9,) e

z 4


http:cn(-t-.6i
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3. z-system and r-system

ok R

I

4. y-system and r-system

4
%
&

X

rced 8

ram @

/ 0 o
0 <¢ovf - ing
0 né coe &

o} o

O coeh Ain B
0 -~ coe d
x - ?\pVF‘t‘

Fwe( 8+ 6o-t)
r M(9+ea't)

/
o
o

0
C-a@.(ﬁ"ﬂ"eo“f)
~din (8+6o-1F)

0
A (8460 -T)
coe (8 + Bo~t)

Gy,

¥

3

(7

(8)

(9)

(10)
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5. r-system and s-system

r=7¢
' z
¢ o NX + T8 5) an
J];é G)
" = ar — Y (8- 5)

I+ X

where $, = § -coordinate of the point at the tip of the kth blade. For a

symmetrical blade arrangement, these angles are

SK= —-—ggL(K—l) K=ly2y0 B (12)

D. Geometrical Considerations

Figure 5 shows a projected view of the propeller, looking in the down-
stream direction (positive x). The angular coordinates &, and éﬁ-af the
leading and trailing edges, respectively, define the projected blade outline.

The Teference surface representing the kth blade is the projection of

the actual blade outline on the helical surface:

Ho (%1 8)= x=-X(r)(8-5) =0 (13)

An expanded view of the. s-n plane showing a typical blade section

orisnted approximately along the s-coordinate curve is illustrated in Fig. 4.
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Fig. 3 Projected blade outlines: 3-bladed

propelier.
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pu

Fig. 4 lllustration of blade section.
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Here sL(r) and sT(r) are the s-coordinates of the leading and trailing
edges, while the total expanded chord length is 1(r). The incidence;i(r)
of the blade section at radius r is defined as the angle between the
chord line of the section and the s-axis. The incidence is considered
to be positive when the chord line has greater pitch than the reference
surface. The mean line c(r,s) and the thickness t(r,s), are also shown.
It is noted that the pqsitioning of the actual section in the n-direction
is immaterial since the blade section will be represented by singularities
distributed along the s-axis.

The pitch of each of the reference surfaces is illustrated in Fig. 5.
qu a lightly loaded propeller, the strictly linearized case, these refe-
rence surfaces will coincide with those swept cut by the undisturbed rela-

tive flow past the radial lines

6 = S«
(14)
X =0
through the tip of each blade.
It is seen from Fig. 5 that the non-dimensional pitch is
V;
P (r = 2rlkYe _ oq rtanp(r) =27 Ag (15)

R, 2

where B = advance angle of the propeller
}\F== advance coefficient of the propeller
Therefore, for the lightly loaded propeller theory, it is sufficient
to set Pi(r) = Po(r]. For the moderately loaded propeller, the nonlinear
problem being approximated by an equivalent linear one with the considera-

tion of perturbation velocities (induced velocities), the pitch of the
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Fig. 5 Approach flow velocity diagram.
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reference surface is increased over the lightly loaded case. From Fig. 5

it is seen that

2 Ve (W uﬁ(ﬂ) _2mr{ W + Laim)
P v Ve r '—}:f’ + UWUe (P

2T F tanf(r) 6

2T )\i(r)

where 7\;(}‘) = hydrodynamic advance coefficient
B:(r) = hydrodynamic advance angle
u;(r) = axial component of induced velocity from 1ifting-line
theory
u;(r) = tangential component of induced velocity from 1lifting
line theory
The effective inflow velocity is
% Ve + Lal) + NG

Vir) = = £ (17)
,d.s‘w{é,- (r) cee B (1)

For convenience in the analysis which follows, information about the
reference surface is given:
1. (/\;(?)4’, 9 ) 4’"" 5:) = coordinate of any point on the kth reference
surface, expressed in the r-system. q‘) is the angular coordinate
of the corresponding point on the first reference surface.

2. The unit tangent vector at (A;{ ?)4’, §, 9'5-!-5") has three compo-

nents as follows:
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£, = e (¢t 5k) €y + i (P 35k) €z

- ‘
G5 |j’z+ X9 {/\‘E‘(f) €y = § W ($+8k) eg'i‘ feﬂ-(f*'fsk) e.z:}
a (18)
e,._‘ “Teteni(ey { £ € + N(0haun(Pt8k) €y - Ay(8) oe (#16 e%]

5. aa= 9%+ 02(R) dédp (19)
= infinitesimal area element of the reference surface at
(X(8)P5 ¢, P+ 8k)
4 ds= P4 AP d¢ (20)
= infinitesimal line element along the helix at
(Ai()¢, ¢, &+ 5¢)
> % 2;:(9)
3 VF- + LLQ(P) ad
Ak B (f) = ——— " = =
Ve 9222
(21)
S il 8

ool (P) = AF
b AT L e2+ 29

It is noticed that _f ,<P are the dummy cylindrical coordinates of

the point on the first reference surface.

E. Mathematical Formulatiocn

This section is concerned with the formulation of the problem. It
is divided into three subsections. The first one will be referred to as
the aerodynamic formulation, dealing with the calculation of the mean
lines of the blade sections. The second one will be referred to as the
acoustic formulation, dealing with the acoustic problem caused by the

moving propeller., The third subsection is concerned with formulation of
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the criteria for optimization of propeller noise.

E-1. Aerodynamic Formulation

The mean line of the blade section relative to the helical chord at
radius r is determined by the relative induced velocity normal to the
reference surface (V-(bt) (r,$) - -\?I’: (r)), whel.‘e V(bt) (r, ck] is the total ’
induced velocity obtained from lifting-surface theory and VE(T) is the
induced velocity obtained from 1lifting-line theory. We shall formulate
this proﬂlem following closely the work of Kerwin and Leopold (10, 1964),

based on the assumptions made in Section A.

Lifting Surface Theory:
1. Vortex Distribution
The total bound circulation around the blade section at radius r

will be defined as {'(r) so that

Se(h) " 5N
l.(r) = 4P(nRs) ds = V(l‘)[ F(rs)ds 22)
5.0 5m (

2 Ve

non-dimensional total lift force per unit radius, L' (r)/_%ngP

Ap(r,s) = non-dimensional pressure differential due to velocity dis-

where L(T)

. 2
continuity, Ap'/ fov b
¥(r,s) = non-dimensional strength of the radially oriented bound vor-
tices that induce a discontinuity in the streamwise velocity
of + 1/2 ¥(r,s) at each point on the reference surface,

e/,

?
non-dimensional circulation, ['(z)/2WR. V..

@ A
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To satisfy the Helmholtz law of continuity of vortices, this system of
bound vortices must be accompanied by a system of trailing vortlces whose
axis is in the e direction along a helix of pitch Pigr}.

If the strength of the helical vortex sheet is defined as };(r) be-
hind the trailing edge, then

4ren

N == 2 W5 br £0 (23)

With this expression and Eq. (22), the strengths of the free vortices shed

from the blade are found to be

Sr(r> chr}
3;@}:-%.{ ¥ (5s) dS =.-~§..5 Fln @ [T7+23n 48
5,(F) 6,(n
br(n \ 68(24}
== J’ _%.{ >8] rz**}(ﬂ} 48 +¥(58) Ii"hﬁ(ﬂ TFL
g(h -
FA

—x(ren [T 48

The first term on the Tight is due to the radial change in the bound
vortices. The second term is due to the change of QL[r) with respect to
1 along the leading edge. It follows from this equation that, within
the reference surface, the free vortex strength };(ry #) can be expressed
as follows: .

8
reno)=- 3 {rnp [FrBo | 4
:

b (25)

4
+ ¥(h e}y e "",--i SLS‘: 8 <97
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It is evident that

IN
<O

B;(ne)=-27r.‘if-('3 6+ (26)

dr

2. Source Distribution

The thickness of the blades can be represented by a source sheet
distribution. The connection between the source strength g-(r,s),
which induces a discontinuity in normal velocity + g-(r,s) at any point
on the surface, the effective inflow velocity V*{r) and the local change
of the thickness with chordwise dimension is

2t (hs)
28 (27)

¢F(rs) = V*(ﬂ

non-dimensional thickness as shown in Fig. 6 —

where t{r,s)

¢-(r,s) = non-dimensional source strength, eﬂ(r,s)/Vb

3. Induced Velocities

As mentioned before, it is the main purpose of this section to com-
pute the induced velocities due to loading and thickness. The computation
of the induced velocities at points on the reference surfaces representing
the blades of the propeller enables us to determine the way in which the
blade sections should be cambered and oriented with respect to the effec-
tive inflow if a propeller is designed with a prescribed pressure loading

and thickness.

3.1 Loading
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Vi(r)

uL(r, 8)232—-0(1’.8]’

mCD
A
-
pu—
=
n
—
-l

-y
Q

ét(r,s]

Nl
[~1)

Fig. 6 Generation of a thickness form

by sources.
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From the Biot-Savart law, the induced velocities 7®) gna 78 4t
any point P( A (N6, Y, 8 ) on the first blade by the bound vortices and

trailing vortices, respectively, are found to be

f 9-,-(?) B —
—b e
v”(P)--U FHNT 4‘[7’; D% dA (28)
K=l
5’=rﬁ,4"—“81_(?)

| & B ~
&)~y € x D (29)
Ve[| meny 2o o
§=1; ¢=6,() .
—8 8
V) = V XB) + V(P 09

where T, = hub radius
’ 7= {f\l(r) a,l‘t(e) 4)} e, + {r me-fm(?-tsg)}eg + { rMe'fM(‘?+5k)} e%
the vector distance from source point (,\,;'( 4,8, ¢+ Sg)

to the reference point P(A(N&, r, 8 ) on the reference surface.

D =1]7]
;(b) (P} = induced velocity due to bound vortices
;(t) (P} = induced velocity due to trailing vortices
V(bt) (P} = total induced velocity due to loading

Upon submitting Eqs.(18) and (19) into Eqs. (28) and (29), evaluating the

vector product, and converting velocity components into cylindrical coordinates,

we have
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1 8:(8)

by
R(W———j J e rain (81 86-0) | [55r35(5) dbdS on
Sl geaun) D
i er(f)
d, une—&m«p}m(ﬁ& 8)
u,t(ne)--,;?—;j JA”(M)%{ if + X (9) ) dedf (32)
9=1, $=4(9) 0’

i e-r(ﬂ B
b) ANB-A: ()| A (§156)
W=y (i06e) 2 { } d

[ e*+ a3 4445 %)

= 3
Pt Betie) g
® YT B ot opcee($t §e-0) |
U (10 = meg g -9 = +5e-0) 44 4o (34)
p<r; 4=0) :
) Le® (9){r-§ con(P45k-0)}+ £ Al (45 JA:no Ai(P) b}
(9)fr-§ coe k=8) 1+ £ An k- AT D =Aj
U (r6)= 4 Jaé(ﬂﬁf’)%l ~ d4d9(35)
f=1, ¢=6,(f)
@ ' B-i;(?)fﬂ'*(‘?*&*a)+{i-(r)8—,\‘(€’l¢}fe.n,(?-i-sx-e)
.ur(ﬁe)——..‘.rj &gf?,‘?)?t B 444§(36)
-1, B=8(f) d
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7
where D ={(«\;{r)8-.k;(i’)¢)1+ r'+ §° -2 rg coe(d SK—E)} (37)
ua(b) (r,9)

non-dimensional axial component of induced velocity due to
bound vortices
ut(b)(r,a-) = non-dimensional tangential component of induced velocity
due to bound vortices
ur(b) (r,8) = non-dimensional radial component of induced velocity due
' to bound vortices
ua(t) (r,®) = non-dimensional axial component of induced velocity due

to trailing vortices

ut(t) (r,@) = non-dimensional tangential component of induced velocity
due to trailing vortices
ur(t)(r,e) = non-dimensional radial component of induced velocity due

to trailing vortices
It should be noticed that the expressions for the induced velocity
due to trailing vortices are different from those presented by Kerwin

by a factor ( fz + ,\:(g)}l/z

3.2 Thickness
The velocity induced at any point P(A:(N&, ¥ & ) on the first
reference surface by sources distributed over B blades is found by taking

the gradient of the velocity potential of the sources

) or(f) B _
-{S(P) ?r"*‘lj g o(5.9) 2 2’—}:_5 dA (38)
£=h $=6(f)

Upon substituting Eq. (19) into Eq. (38), taking the gradient, and

converting to cylindrical coordinates, one has
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1 B+(f}
!ifmsﬁg'cfjo-cw)i (”9 M0 [T dedf (39)
P=1, $=6,07)
;B8 o )
s} - ¥ -
0= g [ [oten 3 D [0 dedp o
P=if =647)
8. (F) B
in}(re)_ EJIG"W@)E r»fmi*%"?&c &) i 4 () dédp -
R e

where
u, (s (r,8) = non-dimensional axial component of induced velocity due to
thickness

ut(s}(r,ej = non-dimensional tangential component of induced velocity

due to thickness

L]

w®e,0)

non-dimensienal radial component of induced velocity due to

thickness

. 3.5 Induced Velocity Normal to Blade

As mentioned before, in order to calcuiéte the mean lines of the blade
sections, the normal component, U, of the total induced velocity due to
loading and thickness 1s required at amy point P(A;(¥}8, I, & ) om the
first blade. This normal component of the induced velocity is related to

the axial and tangential components of the total induced velocity at that
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point by the expression:

— (bt ~ (s}
Un(ne) = (V¥ e) + 7 5(r0) - en
(8. 53] &)
= U, (58)+ WU, (F8) + Un (5 8) (42)
i) @ /\()utb} )
(5 — ridg(he) — AL ne
1k oy = T (ro)-e, = S 4alid) < (43)
drE o A0
& & W08 - e Ue (F 8)
{ e T AL 2
U ey = T (1)« ep= T LalG8 — 40 2t (44)

T+ A

(3)

(9]
— . ria(ney A U (6
10 = Tr, 0 - = L2 SO U (O

j r* --t- /\1(7‘)

4. Mean Line Calculation (Boundary Conditioms)

The mean line of the blade section at radius r can be obtained by
considering the boundary conditions at the blade surface. The boundary
condition is that the resultant velocity at any point on the blade surface
must be tangent to the surface at that point. In the case of linearized
theory, the surface to which the resultant velocity is tangent, at a given

radius and chordwise position, is defined to be the surface tangent
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to the mean line at that point as shown in Fig. 7.
From Fig. 7 and within the concept of linearized theory, the boundary
condition at any point on the blade surface is

*
2. Cm{?'; S‘} - Un(Fs) ~ Uy

&
>* Vin e
where
cm{r,s} = ordinate of the mean iiﬁe of the blade section at radius
r relative to the chord, measured in the e direction
starting from the helical chord.
u;{r} = normal component of induced velocity from lifting-line

theory
Upon integrating Bq. (46), we have

st}

X
(:,,,{r,s}:wj “"m”;u”’{” ds (47}
F i (r)
e (M #
Cm(fis) J U (54 - Un () d¢ (48)
I+ dom 46!
e Y

Introducing the cawber c¢{r,s) and the ideal angle of attack d;(r),

Eq.” - (47) may be expressed as

sy(F} -
ﬁa{ns} - U.n{!") Cls {49}

V*( r

C ()t (sr-5)tanci(r) = |
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7 -l
i
/ M

Fig. 7 Mean line and boundary condition.
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To determine o[} (r), this integral is evaluated from the leading edge
to the trailing edgé and c{r,s) is taken to be:zero. Having obtained the .

mean line, the blade section is obtained by adding the thickmness to it.

Lifting-Line Theory:

As described in the preceding section, thé total induced velocity -
normal to the blade surface can be «divided into two parts. One is the‘
velocity,tﬂi(r}, due to tﬁe lifting~line helical vortex sheet model. The
other is the velocity resultiﬁg from spreading out the concentrated .
vortex lines to the desired blade outline and adding thickness to the
blade. In order to obtain the second part, u;(r} must be obtained first.
The assumptions underlying the theory of moderately loaded propellers
permit one to design a propeller either to produce a given thrust or to
absorb a given power, and to compute the ideal thrust and power and, there-
fore, efficiency, utilizing only the 1ifting-line representation of the

propeller.

1. Lifting-Line Induced Velocity .
As mentioned before, we are concerned with a hubless lifting-line
propeller so that only the relationship between circulation and lifting
line disturbance velocity for a hubzesg propeller is determined. .
Since the lifting-lime model of the propeller is a degenerate case
of the lifting-surface model, the induced velocity components may be
obtained from Eqs. (31} through (36). The induced velocity due to thick-
ness is ignored. With the assumptions that the propeller consists of a
set of identical, symmetrically.spaced blades attached to a hub, the induced

velocity components associated with thickness and chordwise distribution

on the blade disappear, leaving only the wake term. Introducing the
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1ifting-line induction factors (8, 1952), we have the induced velocity

components at the first lifting line

3’ ‘?&
¥ L dAr(S) | Te(h 9)
i 3
U () = T ( ;-r ) df (51)
f=0
ﬁ,
() = UACE) Cotfalr) — W (Pt ()
dR(f) I.{n 1)
:‘"""!'fdf < §-r ) 4f &

$=h

— * - *
V(= Wa(h) & + Uytr &, + W (N e,

where
u;{r) = 1ifting-line axial component of induced velocity
u;{r) = 1i£ting-1ine’tangential component of induced velocity
u;(r) = 1ifting-line radial ¢omponent of induced velocity
u;(r) = lifting-line normal component of induced velocity

i

I, )

lifting-1line axial induction factor
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lifting-line tangential induction factor

It(I‘,f ) =
Ir(r,g) = lifting-line radial induction factor
In(r,f) = 1lifting-line normal induction factor

Cauchy principal value integral

)

The 1lifting line induction factors are defined as

Ly

2
- ey (3-n{§-greee(Sctpm)}
=0

ooB .
I(he= J 5 (OO r-ponlBes) - pupin (S0} 4y,

= 3
%,__‘OK I D)’(’ .

@B ,
— (P~ INLE) { fin (Sipt) =P 1t Loo(Sktn) |
I,-(Y} f ;L ké-t D—r3 %

]
(r,f) = ———r- - X ;
Lnhf) = e { P Tatrp) XN L (r g}

where

: 2 v
D*z{j’ +ri-29r cw.(.é'xju) -i—/a.z,tj(f) } :

(54)

(55}

(56)

(57) .

(58)
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r{iV+ ut(ﬂ}

v *

. A;,(r} = (59)

It is evident from Eq (53) and theexpressions for the induction factors
that the components of induced velocity can not easily be obtained from Eq.
(53) for a given circulation ['(r) since all induction factors are ft;nctions
of l;.(r) which, in turn, depends on the axial and tangential componeilts
of the induced velocity throughEq.(59).In order to cobtain these components
of induced velocity, an iterative scheme, which will be discussed in the
second part, must be applied. A brief summary of the evaluation of induc-

tion factors may be found in Appendix A.

2. Thrust and Power Coefficients
Shown in Fig. 8 are the velocity and force components at each radius
according to the theory of moderately loaded propellers, The 1ift L(x)

can be expressed in terms of bound circulation I* (r) (see Eq. 22) as

Lin=2mw V*Zr) r) (60)

The effective inflow velocity V*(r) can be written in terms of u;,
uf, 2, and [o’;{?‘) as follows
#*
X o+ u(n

vy e
Vi == wﬁ;(ﬁ i



http:throughEq.(59).In

34

A——-—-—-._-...__.._.,

Fig. 8 Force and velocity diagram
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or
WG
Vin =k da (62)
From Fig. 8, we obtain
E (F) = L{p e {1 = en tanfi(n } 6
E(r= L(r) {1+ € ¥
L (0= Lln i {1+ o, @
where
Fa(r} = axial component of force, per unit radius acting om the
blade section at r
Ft(r) = tangential component of force, per unit radius acting on
the biade section at r
& () = drag/lift ratio of the blade section at r

Upon substitution Egs. (60}, (61), and (62) into Eqs. (63) and (64),
and'integrating both Eqs. (63) and (64), we have the thrust and power coef-
ficients, non-dimensionalized with respect to the reference velocity V_ and

the radius of the propeller, as folliows

i
T j r *
= = 4B M) f=— + r} 5 |~ €00 ke (R AT (65)
Ce 3 5% VpT Ry 48 )M, ¥ i wnfi}

[
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l
Co=G5—7 = fr(r){vﬁua(r)]{u : trdr
e . .-2-‘.__5;\/? TR, A p ok tm‘@‘-(r) (66)
2
where
T = total propeller thrust

p

total power absorbed
The efficiency of the propeller is the ratio of power output to the

power input which in this case is simply

Cr
IZ - CE

72 (67)

Finally, the ideal thrust coefficient, the ideal power coefficient,
and the ideal efficiency are obtained directly from Eqs.(65),(66) and (67)

by setting € (r) equal to zero:

:
Cpz = 45} Mz + g} er (68)
ret
48 (' #
Cor= 5 [ res{w +uan ]} rar 69)
1=,
Cri

VF’ {(70)
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Separation of Lifting-Line and Lifting Surface Velocities

The difficulty of evaluating the integ¥al of Eq.. (29) {oxr thé integrals
of (34) (35)and (36) to infinity may Be avoided by separating the trailing vor~
tex strength ¥ { Y,0)into lifting-line and 1ifting-surface parts (Refs.
9, 10, and 11). This is done by adding to and subtracting from Eq. (29)

the quantity

4
2
P

k=t p?

J am)z exb  4a
-..—.1%' =6

The result may be expressed as

) eT(PJ ) D
17 4
T =] [ 5 ¢)£ RICRYTE oS-
P=t, $=0,(9)
where ‘
¥ee) = 5 (9,9) 5 <%
=¥ (f,¢)+ 2™ ‘jré?) 6 <¢ <6y

B
d[’(?) esx D
"4 (!’9)———} f }(=t SDS dA (72)
4’-‘-6

- It can be easily shown that vector m\fi (r,8) is equaf' to* the induced
velocity -\fz (r) at radius r if the hydrodynamic advance coefficient 2 (r)

is constant. For the case that X;(f) is not constant, the approximation
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will be made that Vi(r,ﬂcan be replaced by V%(r) and considered to be
constant as the point P moves along a helix. With this approximation,

Eq. {(48) may be rewritten as

42
Cm (1, 9) - o G (h#) 4 (73)
J r*+ A (n J V)
$=8
where

—_ b} — X () {s)
Un(h0)= L, (K0) + Uy (LB) + UL(LE)

and

) —
B %re) = (V (ro)- V, Ga) - on

-3 — ¥
- (he
- r aa(ﬁe) ) .{:( 56) 78

ot XM

—x(£) ] 1 ﬁr(?) B 2 _
T (na)ﬁ;ﬁj J‘};*(fw)éif-frmscw& 8 44ap s
P=lp $=0,(9)
6x(5)

¥ P! 85 wir- S~ (19X ()41 S din ($48:50)
Ty (re) = | [lpe) SAOA S o b MO T

3
K=
f:ﬁ%:%(f’) E D

(76}
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Substituting Eqs. (43), (45), and (74) into Eq. (73), we have
| & ()
= e —— b Ry (s)
m(50) == | {HUhe)+ 2358 + ua (56))
8

(b) % (s)
= Mh (e CH2) + 7 tror+ e (o)) ot a7)

The integration with respect to ¢ for evaluation of the integrand of Eq.

(77) is now limited within the bounds of 6 (r) and &.(r).

E-2. Acoustic Formulation
The starting point of the  acoustic formulation for propeller noise

is an exact Ffowcs Williams-Hawkings governing equation of motion, which
is a formal_statement of the generalized basic eguations of motion, con-
cerning the sound generated by turbulence and by a surface in arbitrary
motion (Refs. 16 and 23). This integral representation is referred
to as the FW-H equation (18 1974). The FW-H equation shows that for a moving
rigid body the acoustic density perturbation (?tji) at a point X in the

space-fixed coordinate system (x-system) and time t is given by
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4wds(8-5) _ 3 —Eb,,i_, dl)(Zj
[V 9% 3%y R |l-—-~-ﬂl

2 Xy 3o
iy RI-EH]Hrame
a; -
_2 Vor dv (Z)

2 . \/- -
9 Vi V. dv(Z) (78)

where

= speed of sound in undisturbed medium

- O

Ly W
il

instantaneous density

X = vector position of field point in the x-system
Y = vector position of acoustic source point in the y-system
to = ipitial time
t = non-dimensional observer time
. R = vector distance between observer and source point

R - = magnitude of R
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U(#s) = whole space at initial time ty
S(t ) = moving surface
‘)c (to)_ = volume enclosed by S(t,)
ij = non~-dimensional Lighthill stress tensor referred to 30‘.’;
Vi = the ith velocity component of the moving acoustic source

in the y-system

v = (V) = Vo + RP-Q X T/Vp (for moving rigid body)

£, = angular velocity of z-system

7 = vector position of acoustic source in the z-<system

VO_ = translational velocity of z-system

M =V V/a
p’'o

aj = the jth component of non-dimensional acceleration of the
moving acoustic source in the y-system, non-dimensionalized
with respect to V {2

P

T = dummy time variable

'Z'e = non~-dimensional source time (retarded time)

MP = reference Mach number (tip Mach number of propeller),

fj = the jth component of force vector exerted on fluid by

moving surface
The first term of Eq. (78) shows that each moving element d‘l) (Z) out-
side $(Z) is equivalent to a moving guadrupole source of strength Tij dt} (2.
The second term shows that each element of surface area dS(Z) is equivalent
te a moving\dipole of strength -fjdA(-f]. The last two terms show that each
moving volume element d1) (Z), within S acts as if it emitted elementary
waves which are the same as those emitted by a dipole source of strength

-aj/)LP dV (Z) and a quadrupole of strength Vi Va‘ d‘)(z)and represent the
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sound generated by the volume displacement effects.

The consequence of the-thin blade assumption is that the quadrupole
sources 'I‘ij in Eq. (78)‘are negligible and will be set to zero. The sur-
face integrals may be replaced by a single-sided integral over the refe-
rence surface, and the new source strength is the sum of the corresponding
upper surface and lower surface sources. Furthermore, the integraﬁds in
the last two terms are evaluated at the reference surface and assumed to
be independent of the n-coordinate, because the upper and lower surfaces
are close together.

Introducing the r-system into Eq. (78) and separating the loading

— —and thickness effects, we have

a. Acoustic pressure due to loading (force noise)

1 6 (P)

(b) - B A . Z -
= | R|I=-E-MY__
AT

b. Acoustic pressure due to thickness (thickness noise}

I 61-(?)
fS)__ B i/ A -é J¢
pwep-m) (Rt =-2 | | % (54/22) 9 e b4

% -
3 K=t R j — 'E:"M _
£= 1, b=0,(9) RO TveTe
1 BT&!(?) Vi - (20)
% i k=1 R‘ |- %'ML T=Te

§=0, $=6,(9)
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c. Total acoustic pressure

b} - s} _
(P-BUXA:8) = (P-B)(1.6) + (£-B) (X1,8,) ¢

where
X = K€y = XD Ey t KD coe B 8y, + X in ®’%§e"3
Y

= (ALCP"-A?VFT) ex!‘i‘ _fm(4’+90+ gﬁ:“‘f) epe:.,_
+ § b ($+ 8o+ Se- ) €y

B 32_?’"‘:‘,6'3&;
R zi§1=X{i“%‘?m@m(‘?*%‘*gg"@‘?f) )
2 A0 -Apl 2 6 ~ApVET 22
- i?ﬁf}m®+§z+(i¢xﬁf)j

_\? “i‘*? (“Laa‘t' )3’,¢ =-'*-Vf: exg’i‘%?'*‘""’(?‘f 3°+SK "?> e.’»‘f«z.
—;\g-lmed)-l-ﬁoi*é‘u*?) €y
™ _ BV : +$e->) €
= = = Mr €%, +fMp G ($+8+Sk~T) Ex,
T = SMp s (PF G+ Sp—~T) 3353
0 =a,e,. =(3V
& =dien= (2L

__ 5 . . -
"”)\3» e (P40, 8k -~T) €x, A?M(‘f"f‘ea*& T) g

LI~ T ¢ At~ Loy
Mo =g M =gl (ee0 x )

+ § Mp i D tin ($+6,+ 5-F-7) }
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= {- Mg
Ms _E_"a,
M
T T IMpcee(dt6et§ie=T) Cx, = § Mplin (4 6,75-7) Eyy
S = - My e (44004 S=¥) &, + EMpLot (4 0+ ¥ €,
aMe _ R 2M X{$§ .
3 —*ﬁ“"a-%"“—“ff‘f? ?{Y‘M@MC‘?*eo*e&"%*f}}
IM R M . :
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=T =i i 10 ) G o (4001500 |
3
T =viofen-emreal=4 &y, = “}“QYK% {(?-é(?)k;(?})ﬁ‘xi"—.
+(A,-,§f}+ feiei)gdhié-réwﬁr’?} Cx, =t (P18, 18~ T) exg) } _
oF vie)
S5 = L)+ fe(f))dcom(P+ O+ S-T) €
7T m( ){ ¢ ek ‘ *a
i (§4 0o+ Sx=T) €y }
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It is noticed that the acoustic demsity perturbation has been replaced
by the acoustic pressure, which is defined as the variation from atmos-
pheric pressure. It is also noted that only steady sources are considered.
Steady sources are those whose strength does mot vary with time when
viewed in the propeller-fixed coordinate system.

A few remarks concerning various aspects of Egs. (79) and (80) are
in order. The motation E ] Ta?gs used throughout this study to indi-
cate that the quantity enclosed within the brackets is to be evaluated at

source point ( §, ¢ ) and retarded time T =T, (X%, 8, ¢) which is obtained

by solving

G(‘Z’e:i‘,f:j’-w =Te—t +M, |X -V (%e8:4) | 82)

It is evident that Eq. (82) is an implicit equation for the required
value of Tp . If more than one solution to this equation exists (as it
does at supersonic speedijiéﬁch term in Egs. {(79) and (80} should be
interpreted as a sum over all such solutions. At subsonic speed 1t has
only one solution; for each source there ::Ls only one time at which it can
transmit a signal to arrive at a given observer time, t. The next remark
concerns the Doppler factor ék = ] - %:.'ﬁ, which occurs in the denominator
of each term in Egs. (79) and (80). For supersonically moving sources,
this factor can vanish at some point on the body and introduce & singu-
larity with the resultant emission of Mach waves.

The difficulty in evaluation of the integrals for arbitrary moving

sources is associated with the determination of retarded time for a given

observer time, t. This difficulty may be avoided by Fourier analysis as
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is done in most work concerning rotational noise. Since we are concerned
with the total acoustic pressure, Fourier analysis will not be applied.

Instead, numerical iteration is required.

Alternate forms of Eqs. (79) and (80)
For the aeroacoustic study of propeller noise, the following alter-
nates to Eqs. (79} and (80) are presented:

Applying the chain rule to Eq. (82) shows that

28 A
{(a"j)?e (F)e gt% }M’ =0 (83)

+
_ Introducing the Doppler factor C , we have

R,Y | .
(at% X,5¢ =1- M? Rﬁ(zﬁi)?:&¢ =.C+ (84)

Upon using Eqs. (82) and (84) to eliminate G from Eq. (83), we find

that

'a’th _ FE hq?:]
)ﬂ [ R CY =7 (85)

Hence, applying the chain Tule to an arbitrary function £(X, Te)

shows that

2 lex =[2fXD My af(?.'r)]
";[ﬂx’ﬂ]h-& [a'x;, TRE 3T dren
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derifative with respect to Xs of a term of the form

~A(T)
L_Rlcrl Q’:'Z’e
.. 4+, AT
> - ; ' R C*t ):|2'=2'e

where dependence on and has been suppressed in order to simplify
z PP

the notation.

Upon tedious mathematical manipulation, it is found that

2 a1 T, .t A(T) | AR) oM
x; [RIC“I _-J{:% [ yC {?. c"‘( T 3': Hu're
o . i ALT) (1-M°)
- E&?ﬂrc {Ea—c',‘_a ("'A (T)MA, + R ct )}]T:Te (87)

ot [_AM [ { A | Al) *Me
LI RICT Jr=ve i 2x2 ¢t ot

3 2400 aMg BAM an. :] Y AR
t G 57t } TeTa T [’“?“C ch*"‘){ (8

2 ¢ LMito M 3L (1=M%) A®) aMr LML
By SRAGD) LA 3 (5, 2 (SR

__enr (M) . AR (5 oMo TioaMy L 35603 Mk Mk H
Rgci'a )+ (7&3_ ~z TR a’r&—i— RZ ¢t 27 Z=Te

' 2 (VM a1 M
+ [aige (A8 | (-erty g3y 4 2L LER TR

.
3GG (=M M
- 3&2 e 2 Mi M}} ]'z'=’t'e (88)
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The terms inside the first bracket of each of Egqs. (87) and (88)
represent the far fi'eld sound radiation from a point acoustic source while
the rest of the terms represent the near field. It is interesting to
note that the terms inside the third bracket of Eq. (88) dominate in the
near :Eield.‘

Thus, taking the X derivatives under the integral signs of Egs. (79)

and (80), we have the alternate forms

Force Noise

i 6(9) |
(b _ — e
(P-#) (X t,00) =j J AP(X,t, 3,8, 65) ¥(5.9) [§4X () db35(89)
2=Y; $=6,(9)
Thickness Noise
I 8+(9)

(s) -
(p-%) (x,'t,en)=J f A 1, £,4,60) T(8,9) [ 92+ 12(s) d¢d 8100
£= 1y $=0,(9)

Total Noise

- B, sy _
(?- %) (X, t, 90) = (‘F' ﬁ) ( x;'t;eo) + (£-R) (X, 't':aa) (91)
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where

B
(b, — ' +
A (X:t:8,¢,6,) =z-% > '}ugﬂ.c {RC*2(3+2+

k=|

SraMey _ L _ fe(=M) }] os
cv3t) RECE (fomy oF ) rate (92)

PR g ey= L5 2R { (L +

Z%'K- RApce L \a1?

3 (Meyy aMi _ L, o2
"‘"(3 )) R (3M,;_,—57~f“ C.,.(l M+ 4 M

M } 2 %
+Me)3RE) - o (((1+4Mr+Me)M

(93)

It is noticed that the dependence of acoustic pressure on §, ,
which .is the angular displacement of the y-axis with respect to the X,
axis at t = 0, has been expressed explicitly in Eqs. (89), (90), and (91).
Thus, for a given location, X, of the observer at time t, tJhe instan-
taneous acoustic pressure depends on the initial angular displacement ﬁo R

of the propeller-fixed coordinate system.
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E-3 Minimum Noise Criteria

Since the initial angular displacement §, of the propeller-fixed
coordinate system relative to the space-fixed coordinate system cannot
be controlled by the experimenter, it is treated as a random variable.
For equally spaced and identical blades, the probability density function

of this random variable may be expressed as

‘f(eo)=§'; @ £6, < a+ 27

= o otherwise (94)

where 2 is an arbitrary constant. In this case, the acoustic pressure
@ - po'} -(Y,_'{:'—, MB;) -for a given 3(- represents the entire family or ensemble
of possible time histories which might have been the outcome of the same
experiment. Since (p - po)z(f,'t, 8,) is a continuous function of the
random variable @& , then (p - po_)z[-f, t, 60) is a Borel func?ion of g, .
From probability theory, the expectation of the randem variable

(p - po)zﬁ; t, 8,) is equal to the expectation of the function

(p - po)z(i', t, 8,) with respect to the random variable &,

+ o0
E ((F‘ ﬁ:)z( Yafﬂ%)) = j (?-f;)z( Y,'t', Bo) jC (60) deo (95)

-0

which defines the mean square of (p - po) &, t, 60 ).
Substituting Eq. (94) into Eq. (95), we have

27+ A

E((r-2f(%t) = 5% [ (P-2Y(T.t, 8) db (%6)
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Letting a= & - t and g, = qbo-f @+tand substituting into Eq. (-96),

we have

2
E((P-£)(X.t,60) J(P BY (X, 00=%1B7E) d 8y o7)

From Eq. (91) and all related definitions, it can easily be shown
that

T

B
£ (('P-_ﬁ)z(-fft)e’)) = -E??r— j(f’ ) (X,'f: s = 4’ +§’f"f-')dfso {98)
o

It ié easy to see from Eq. (98) that the mean square of the acoustic
pressure for a staticnary propeller is equal to its temporal mean square.

Before proceeding further, it may be stated that Egs. (25), (26),
(27), (48)(or 77), (59), (65)(or 68), (68(or 69}, and (98) are the basic
equations of the aerodynamics and acoustic (aeroacoustic) propeller problem.
Most propeller problems are generated from this set of equations.

A rather general problem 6f the design of a propeller for minimum
noise is of finding the loading distribution and thickness distribution
of a propeller blade that minimizes the ensemble mean square of the acous-
tic pressure subject to éonstraints on the aerodynamic performance. From
the calculus:of variations, such a problem may be mathematically repre-
sented by a nonlipear sinéular integro-differential Euler equation. 8o
far, however, no one has succeeded in analyzing this problem. We shall

consider the case for which the blade loading is modelled with a lifting
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line and for which the thickness effects are ignored.

Following are the equations for this simplified propeller model:

Ideal thrust and fower coefficients

{
= r o4 d
Cii = 4Birf’(rj {"f’ + ut(r)} r (99)
=l
_ 4B
Cpp= 42 P(r){ +Ua]roar (100)
=1

. Hydrcdynamic advance coefficient

r{¥% + ua(r)}

A ()= (101)
g; F UL(D)
Acoustic pressure {at t = 0, ¢ = 0)
: 1 ‘
- BN @: 8) = [ K(X®,8.8) [(9)df 102)

f"rﬁ'

where

-
KX, ®,9,4) = Z S {M?(aﬁ + L )

(- M) £
- _F'E (-&M,;_ - ___..C.:.._’___.E )}] (103)

T='2'e
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’Z"& :"RMP

2 .
R = X{lmwf-m@ Cot (P, +8x=Te) —i%?-@fm@
£ R %
et _""F"}
*
fo =% (emo-BE (L +ull)
. . *

+ e @ Ain (84 5 %) (e + Uaco) |

3

5T = {é ( Vet uf\‘cf}) (-%-M@ cos (f+ Sk~ Te))

Mg = -%— {"Mg: (Cae..@ + ***———APVF?E

|

% = 9k [§ —siocn (s )
2
Mofi=~ Me (-f; + UL(9) + §Mo (% +Us(0))

2

Moo= ME (Veal + 8Y)

¢t o= (- Mg

R ) + EMpain QAin (4050700}

(104)

(105)

(1086)

{107}

(108)

(109)

(110)

{111)
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Ensemble mean square of acoustic pressure (at t = 0, é = ()

a1

B
E((r-2)(0.8.90) = | 2= (P85 (X: 0, %) d&, 1o

0

It should be noticed that no loss in generality results from computing the
ensemble mean square of acoustic pressure at t = 0 and §‘= 0 since the
ensemble mean square of the acoustic pressure is independent of & and
the dependence of the acoustic pressure on time, t, may be replaced by

the dependence on X and @ .
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PART 2. NUMERICAL FORMULATION OF
OPTIMUM NOISE PROPELLER PROBLEM FOR THE

SIMPLIFIED MODEL

This part is concerned with the numerical formulation of the optimum
noise propeller problem for the simplified model, and the computation of
the 1ifting-line induced velocities. The study of zerodynamic problems of
the propeller and of the "complex method" for constrained optimization had
led to a nonlinear programming treatment of ‘this mode;. We begin by expend-
ing the aerodynamic and acoustic parameters in tgrms’of Chebyshev polynomials
and bivariate Chebyshev polynomials (31, 1973).

The following new variables are introduced

_r - - -
gm= 2kl ey 28K (1)

el 73 | = I

We note that

) =50 =1 ;5 Q) =7§()="1

and

f"'r-"‘-é—(f"a)(?o“@) (114)

Since I'(r) is continuous between the hub and the tip and vanishes at

both ends, it may be approximated by a truncated expansion in Chebyshev

polynomials



™M
Mg = JT= 35 2 Gm Ui (5) e
where
-
b (M cot })
'Lan— ) =
(3 J—,-:?r
With the aid of the formula
2 Uni (D) =~ (- F) Una (D) =7 T (3)
we make the immediate identification
arm 4 _ 4@ M -mGm (116)

dar _——d% Zi J—?—Z—-Trm(%) d%
where

Tm(f) = cowm cod'g

Let both the axial induction factor and the tangential induction factor be
approximated by finite double Chebyshev series of degree N in both q and qde

of the forms
L. (3. %) = ZZ" -ﬁ(‘g) (%) - (117)
{"01 =Q

I.($:%)= ZZ" h& (‘E)T(%a) (118)

i=0 4=0
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n+l) (n+1)

The interpolation is made over the points [qr S(n+1)), where 9,

and qos(n+l) are roots of Tnfl(q) = 0and T_ .(q) = 0, respectively. That is
e (er+)m
?l" = m{ 2(n+1) r= 0(1)71
(n+i) 28+
A 2 ] s=o(n

2(n+1)

The double primes in.(117) and (118) indicate that the first term is h /4 and

a a
h00/4 and that hi and h h

a .
10° Poj and hOj are to be taken as hiO/2 and hio/2

and hgjfz for i > 0, j > 0, respectively.
The coefficients h?j and hzj are determined by a biorthogonality proper-

"ty (31, 1973).

n n M+ ) n# (1)
53 T ) T ()
=0 §$=0
2 ,(',..—..k *O
"—'-‘L.Y:'_Q a _..Q_ =\E O
=-gn+l)e {=K %0, }=4=0
2 or i=K—0vj.=,Q‘—'3F°
‘:(’ﬂ-rl)z x:=ai=k=f()-==o
=0 ,(:-:K; j“\‘/ﬂ
£4*K 3:::4&
so that
T () cm-o "t
h% F :_z ZOIQ(%T’ 03 —E"(}(gr? ?as ) (119)
r=g &= ..
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+ {r+1) (nt1) () ey

hij =G AT )T (G s ) o

-o $30

A backwards recurrence formula for the evaluation of the sums of Eqs

{119) and (120) is given in Appendix B.

A. The Evaluation of Induced Velocities

Substituting Eqs. (117), (118), (113) and (116) into Eqs. (50) and (51)

respectively, vwe have

% _M m N ” Tm(%a) (30) J (121)
N N +1
(§o) T3(%)
K&(%) 2 25_-_- h TX) Tm%) 3% a9, (122)
ol &‘ - J (%b ?}
Furthermore, applying the solutien for a Cauchy singular integral of the
form
Tl
. T 47, = W Usm (8)
4 (G PITE b ‘
we obtain

% M ymGmd Mo
U D =L E {z:}z hij BTy () U ()
N Ny,
3 Geneu]
2N+Nhl

E ta,s T2 (‘ir) (123)
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* M rmGm (Dt
=g 1 52;2 hii T T U,,-n-.(g).
N N,, + .
+ 25 T TP Ui (]
ST 4
2N M-
A=0
(124)
where u, s and Ui are the coefficients of the Chebyshev expaasions of the

“axial and tangential components of the induced velocity, respectively.

B. The Evaluation of Hydrodynamic Advance-Coefficients

Combining Eqs (123), (124) and (113), we have
2&#?4-! ) ’
P (Ve + &) Ua,i T(§)) (125)

rg - 2¥tM
Py + Z u't)i 1(%3
P 470
It should be noticed that Eq. {125) is an implicit equation for the required

)\,;_(‘g) -

value of Ai(q) for a given T'(q) since the induction factors are functions
of li (q). Equation (125) will be used; to obtain the new approximation for
Ai(q) from the current value~ki(q) in the iterative scheme for solving the
non-optimum propeller problem (8, 1952) to obtain an initial solution for

the input of the.complex method.

C. 'The Chebyshev Coefficients of Girculation

Let qlﬂﬁ) be the roots of gd(q) = 0 and AICM) the values of Ai(q} at

a, ™.
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Using the Eq. (101), and Equations. ﬁ123) and (124), we obtain a

system of linear equations for M unknowns, Gm'

(™) o N m (M) M)
.{\...‘E.. -— - { »? 0: — Z 2 hii-
.kp VF Et ,(',Zzogo ( h"& (i~ )?(""-l- | + Y‘ A‘Q“}mm
: M %
N l N » a 2 /\,Q h.l.j_ } G.
+£§o&'z=m+i(h£&._ (1~ Q)?‘;M)‘* I"_rr ) Aﬂ;mgm m

L= 1M (126)

where h?j and hzj are obtained from Egs. (119) and (120}, respectively,.
and

' }
| J\T:ékm = (%ﬂ) T; (%ﬁ ) Ugfl(‘&:”) (127)

The coefficients Gm are determined by solving Eqs. (126).

D. The Evaluation of Thrust and Pouer Coefficients

Using Eqs (99} and (100) and the orthogonality property of the Chebyshev

Polynomials, we obtain expressions for the ideal thrust and power coefficients:

I\J

. BU-nIT L+ 1 ATz

M .
+ 2 Gm ( Uymey = Ugme )} (128)
msy|



61

- | (-7
Cpy = LB 6 1+ )V + Go SSEL

i 2 Ay
M (1+])
-+ £5=‘ ““‘?iii"“‘ m ( Wa, m-t — Ltd,ﬁTfl)
M -p
+ Z‘ -""-'Z-f'—“ Grm(u-a,]m-zl - U-a, m-:-a) (129)
m=

E. The Evaluation of Acoustic Pressure

To compute the instantaneous acoustic pressure, we scparate the kernel

KX, @, e, ¢0) of-Eq. (102). into %hreé?paxts

KOGB, 5, %) = K, (X, ®, 8,4,
*
+ K (68,2.8) Us(8) + K, (X, @) 5,4 Uy (8)

(130)

where
Ko (X,®,9,4:) = é {M?V;: (_g_ -

X

—“Jﬂﬂ-@>CGQ-(#%'*S&1‘PLPR)) t:+ ( = rﬂ BPhL) (

R R T Mg

s X . .
xp (5 o ®- M) +VFTM@M(¢°+5K+MPR))}:\T:%

{131}
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B .
Ka (‘X:®:9: ¢o) = ; [?{,{5-2 {"" _é” Mp tin @ C&Q(d’o‘i'SK'i'M'pR)

2 .
! ~M 2Me\ X . .
+ s ( 2 + M? 3_?5 )_EM @/M(ﬂf’o-l'é‘g‘f' M?R)}]T“T(lﬁ)
=Te

sﬂg)(gm@ MF) ” (133)

Furthernore, let K (X, ®, q,, ¢,)> K, (@, a5 ¢5), and K (@, a_, 9.)

be approximated by finite Chebyshev series of degree L in 9, of the form

L’

Ko (X, 0,8 :9,) = 2 P,,,K_(X,@,%) Te( %) (134)
L

Kﬂ- (XJ@J%Q’ qbo) = ;;.:Pa,,g (X; @J(PQ) TK(%Q) (135)
L

K. (%.8,2.8)= k; LG8 8) Tel(%,) (136)

where Po,k(X,aD, $,) > Pa’k(X,@), $,), and Pt’k(X,®,‘¢0)
can easily be obtained by using Eq. (B-2) of Appendix B.

The advantage of separation of the kernel is that the coefficients Po X
X, ®, tbo), Pa,k(x,@, qu), and Pt’k(x,@, ¢O) may be computed once for all
for given B, MP, MF’ X,®, and ¢0 since they are independent of the helixal

vortex system behind the propeller.

Substituting Egs. (130) and (115) together with Egs. (134), (135),
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and (136) into Eq. (102) we. have

Gm ( Po, mel

2

- _ -k
(%) (X,0,8) = S {o

M=

{

ML,
Ban) + ;Zq-Gm Y (BxRimx+ Pk Bymi )} (137)

K=0

where
+

T35 Te() Una (80 Ua 3,0 &7,

2N+M-1

Z’ u%& (530&6, S‘m,l T 33, K+m=-1

.B.,m,K =

l\—-—-ﬂ\

00|a2

+ S(j'o Sk,*m-i T 83, | k-met| - 83’ 'm+i<'-l-l

- Sa‘,o SK,M-H - 83’ f1c=m =1 |) (138)

*1 +
N 51‘ -1. TeFe) Um- (8:) Ue (F0) 4,

2N+M=|
8 Z ut)& ( Sélo g"a° S'm;l + Sa Sy KktTm -1

+ Sa-,o Sg,m-; + Sa'llic-m-i-l‘ - Sas m+ K+l

—Sj,o S[c,m-i-z - 53'1““"““"1) (139)

8;,3' = © if 14

= ifi=j
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F. The Evaluation of the Ensemble Mean Square of Acoustic Pressure

We start by writing Eq. {112) as 29

E((“P.‘Tﬁ)z(x, ®><P¢)) ‘-‘—'-;%r S —&6'1’“13)20(’ @, %, )d¢,

+| a
= [ (Ge, D A e
hat
where

%‘—*%(H'Z)

Now, let nj and wa be the abscissas and weights of-the K-point Gauss-Legendre

formula. Then Eq. (140) may be approximated by

| ' 2
E(P-BY 068 4)) =75 Wy (-8 (60, 7))

*FTV1:&

i

where (p - gb){x,qy, nj}‘are evaluated using Eq. (137).
It should be noticed that the retarded time and the distance R are com-

puted by using Newton's method (see Appendix C).

G. The Nonlinear Programming for the Simplified Propeller Model

In this section we are concerned with the formulation of a nonlinear
programming model for the simplified propeller. To begin, we assume that
the number of propeller blades, B, the advance (or forward) Mach number, MF’
the tip Mech number, ﬁﬁ, the distance between the observer and the center of

the propeller, X, and the azimuth angle, @, of the observer are known.

Investigating the evaluation of the aerodynamic and acoustic quantities

of the propeller, we find that for a given ki{qo), all these quantities are
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determined. That is, for a given configuration of the helical vortex system
behind the propeller all aercdynamic and acoustic characteristics are fixed.
This suggests that it is possible to find a configuration which satisfies all
the specified constraints and produces minimum noise. A nonlinear programm-
ing model is established to facilitate numerical détermination of this opti-
mum configuration.

Let lg3+1) be the values of l.(d ) at the zeros of T, ,(q.). A nonlin-

J iv'o J+l "o

ear programming model for the simplified propeller has the following form:

T+l t 2
Maximize E*(«\cl ), A(:+ Z..... , )\c:_':: Y=~ E((’P“P)(‘\’:@J‘#ﬁ)

Subject to (i) .
: ’}“'-:j £ A %Au,& =10 T-H—
Cru £-Cn £ Gy’
Co € Cpi £ Cey (142)

where the ideal thrust and power coefficients are. regarded as implicit vari-
bles while h}fJ-t-l), \ §J+1), \ }i;l) are the explicit independent variables.

The upper and lower constraints are either constants or functions of the in-
dependent variables. It is noticed that the value of Ai(qo) at any point 9g
is interpolated from the polynomial interpolation of degree J which exactly

G+ 521, 2, ..., Jel.

fits Ai(qo) at qj
The algorithm of J. A. Richardson and J. L. Kuester (32, 1973) based
on the "complex'" method of M. J. Box (30, 1965) has been modified with two

feasible starting points as input to solve the nonlinear programming (142).

The constrained complex method is a sequential search technique.Since the initial
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set of points is randomly scattered throughout the feasible regionm, the pro-
cedure should tend to find the global maiimum. The first feasible starting
point is the solution of the aerodynamic optimum propeller. The second fea-
sible starting point is any solution for a non-optimum propelier. These two
feasible solutions are generated by using the iterative technique given in
Ref., 8. The procedures are described below.

‘A propeller having a constant hydrodynamic.coefficient is calied an
aerodynamic optimum propeller since its ideal efficiency is, accordiné to Betz,
the greatest that can be obtained for a givem propeller advance coefficient

and ideal thrust coefficient.

Proceéure for Finding Aerodynamic Optimum Solution

1. Specify the loading coefficient CTi {or Cpi) which satisfies

the implicit constraint of Eq. (142)
2. Assume AEG“) = li, 2= (1M
- 3. Solve the system of Egs. (126) for Gm

4. Compute CTi (or CPi) from Eq. (128) (or Eq. 129).

Repeating steps (2) through (4) for several values of li, the- dependence
of the loading coefficients on Ai is derived from which the proper value k*

is interpolated. Thus, the first feasible solution is obtained by setting

(T * .
/\j = A ¢ =10 Tt (143)

Procedure for Finding a Non-Optimum Solution

1. Specify the loading ccoefficient CTi (or CPi) which

satifies the implicit constraint of Eq. (142)
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or
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Specify a characterising function for the circulation

™M
= —3 . (144)
8 I 1 —g;l?mllmﬂ(%)
Relate the circulation T'(q) which satisfies the loading coefficient
to the given characterising function by a factor k which is indepen-
dent of q

M
Mgy =kg =€[1-7> 2 ¢m Uma (P (145)

m={

Gm = K‘}m

Assume AT - A j = 1(1) J+1

Compute u_ . and u 5 from Eqgs. (123) and (124), respectiﬁely, by

a,1 t,
replacing Gm by £n
* 2!
Ua(P) = k2 Ua,i Ti(H (146)
£L=0
* !
We(3) = K27 Ue,z TalR) (147)
4=0

Substitute Eqs. (145), (146), and (147) into Eq. (128) (or 129)
2
Cri = kG + K Cra (148)

2
Cop = KCp1 + K Cpa (149)

where
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- T 1-
CTI:BC‘ rﬂ,) (31(]'1'\"_&) +3z —m—z'_“)

2 )\.?
|- &
C;rz — B( - gy i%;l‘gqﬂ(fﬁtg}yn‘; - btt’qhq.;)
BVe ([0 i~ 1z
CE{:: FZJ\-P (gtcl'{' Vo) + ga 2 )
B M
sz = Tf‘;— {(H‘ V&);i%m(bia.,m-i - ua}mﬂ)
- M
+ 2_'& gl?fm { Wa,jm=21 — U-«,fwm)

7. Solve Eg. (148) {(or 149) for k.
8.. Obtain a new approximation set of A§J+1) by substituting Eqs. (146}
and (147) into Eq. (101)

Repeat steps (5) through (8) until a satisfactory feasible solution is

obtained.

The numerical computation has been programmed for the CDC (yber 175 com-

puter. The FORTRAN listing for the program may be found in Appendix D. De-

tails for use of the program is outlined in the main program.

In addition to

the nonlinear program Eq. (142), this program is capable of solving the follow-

ing three problems:

Problem I:

Faren » = A., X, and
Given: B, Tps VF’ AP (or MF and M?), Ai(rl hi s an

Determine: Aerodynamic optimum circulation distribution,
Induced velocity components

Cris Ops

Ideal efficiency

Ensemble mean square of the acoustic pressure (optiomnal).
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Problem II:

Given: B, T, VF, AP (or MF and MP), li(r) = Ai’

CTi {oxr CPi)’ X, and @

Determine: Aerodynamic optimum circulation distribution,
Induced velocity components,

Ideal efficiency ~
Ensemble mean square of the acoustic

pressure (optional)

Problem I11:

Given: B, rh, VF, AP {or MF and MP),

GTi(or Cpi), X, and (@

The type of characterising function of circulation
Determine: Circulation distribution,
Induced velocity components,
Ideal efficiepcy
- Ensemble mean square of the accustic

_pressure {optiomal)

Results of sample. calculations are present in Part 3.

Having determined the acoustic optimum circulation and the hydrodynamic
dvance coefficient distributions for the propeller, the actual shape of the

lades remains to be determined by lifting-surface technique. It is only
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necessary to select an appropriate chordwise circulation distribution and a
thickness form at each blade section to evaluate the lifting-surface veloci-
ties. The mean line at each bladé section is then obtained from Eq. (48).

The reader is referred te Refs. 10, and 35.for detailed numerical-computation.
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PART 3. APPLICATIONS AND NUMERICAL RESULTS

The main purpose of the computing program based on the technigue develop-
ed in Part 2 is to solve the nomnlinear programming Eq. (142) to find the acous-
tic optimum circulation within prescribed aerodynamic constraints. In order
to give some verification of the present technique, some compu?ed examples are

given in the following
Numerical Examples

1. Given: B =5, Ty = 0.2, lp = 0.19966, VF =1, and li = 0.27211.
Determine: Aerodynamic optimum circulation distribution,
induced velocity
thrust and pdwer coefficients,
ideal efficiency

The results for M = 10 and N = 10 are shown in Table I.

The last three columns in Table 1 show a comparison of results for the
same propeller obtained from Ref, 10. The agreement between these methods
supports the validity of the present aerodynamic model and computing program.
Finally, the thrust and power coefficients have been determined, GTi = 1.23324,
CPi = 1.68071. From these, the ideal efficiency is 0.73376. From the well--

known relation for an optimum propeller, n, = AP VF/Ai, there is obtained

n; = 0.73375.



0.2
0.3
0.4
G.5
0.6
0.7
0.8
0.8

1.0

Five-Bladed Propeller with }? = 0.19966, V

-1.00
~3.75
~0.05
-0.25
. 0.00

0.25

0.75

1.00

1

i
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1

]
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Table 1

Results for an Optimum Free-Running

0.0330103¢6
0.00018100
-0.00000722

0.00000027

1.23324
1.68071

0.73376

u*
a
0.12674
0.19889
0.24802
0.27984
0.30098
0.31522
0.32521
0.33240

0.33719

G

G

13

G

1

*

u
t

-0.17197
-0.18047
~0.16869
~0.15233
-0.13650
~0.12253
-0.11062

-{.10050

~-0.09154

P

0.00341272
-0.00005210

0.0000008%

("] ]
A
] #

[*p}
i

Kerwin's

vortex-1ine

i

0.0

0.01845
0.02582
0.02955
0.03171
0.03252
0.03142
0.02634

0.0

method
T

6.0

0.0187
0.0260
G.0297
0.0318
0.0325
0.0314
G.0262

0.0

=1, A= 0,27211
“ 3

0.00125070
~0.00001478

G.00000028

Lerb's
induction
factor
method
T

0.0
0.0196
0.0258
0.0296
0.0317
0.0325
0.0314
0.0263

0.0
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2. _Given:' B = 2, Ty 0.2, VF = 1, AP = 0,26932, MF = 0.2,
M, = 0.7426, X = 4.272, and @ = 1,212 rad,
Constraints

0,28 £ )i é 0.5

Q?éé?ré (Ei

Determine: Acousti& optimum circulation distribution,

induced velocity

thrust and power coefficients

ideal efficiency

For this particular case only the feasible aerodynamic optimum solution

is necessary to be used as the initial.solution in the complex method. All
points, Wﬂich were generated from rénﬁem numbers and constraints, converged
to A; = 0.28 quite rapidly. The results are shown in Figs. () through (11).
It is not surprising that the acoustic optimum solution is the aerodymamic
optimum solution that has minimum thrust coefficient since all loadings in
this case are similar as shown in Fig. 10. This provides a simple numerical
check of the technique developed in Part 2.

It is noted that Fig. 11 is plotted based on the following definition of

the total sound pressure level: 2
E( (P“pQ) )
2
ref

Total Sound Pressure Level = 10 log10

2
2 Po v
= 10 log10 E[Cp«po) Y o+ 20 1og;0 dB

ref
In order to apply the present technique to a2 more general case, the

third example is chosen as follows
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0.18
B=2
o1 rh= 0.2
0.12 / N\
. A= 042
0.09 /’\\
/ / 2,;=038
006 ‘ /,/—\\
= 0.34
0.03 pd \
A=0.28
0 — _
0 0.2 0.4 0.6 0.8 1.0

r

Fig. 10 Relation between aerodynamic optimum

circulation and }'i'



2
—p ) )+168.746 dB re 000002 N /m*

10]09185(({3

6

138 :
- a,=335.28 M/s '
p, =122 Kg;mS /
130 //
124 i
B=2
rh=-0.2
. / vp::S?.OSS m/s
VF’-=1
112 / | Mp=0.2
MD=O.?426
X=4272
0
106 [ ©=1.212 rad
100 i |
025 030 0.35 0.40 0.45
A
I
Fig. 11 Ensembile mean square oOf acoustic
pressure for aerodynamic oplimum

nropellars.

050



77

3. Given: B = 2, RP = I.524m= 0,2, V;p’= 67,056 m/s

Q = 163.363 rad/s, VF = 1,
Total Thrust = ?116.8;N-.
Constraints
0.1 _<_AJ.(J+1) < 0.6 j = 1(1)10

0.35560 < C_..

Determine: Acoustic optimum circulation distribution,
induced velocity,
thrust and power coefficients
ideal efficiency.
In calculation of the ensemble mean square of the acoustic pressure,
the following values were used
air density Py = 1.22 kg/m?

e

speed of sound ag = 335.28 m/s

In the numerical computation, J, L, M, and N were taken to be 9, 10, 10,
and 10 respectively. The two feasible solutions corresponding to CTi = 0.3556

are shown in Fig. 12. The characterising function is also shown in Fig. 12~

g(q) = 0.03267 ~--0.00083 Ul(q) -0.00467 Uz(q)

-~ 0.00243 Us(q) -0.00027 U4(7)

After 19 iterations the factor k was found to -be 1.01916 and all Aj(J+1)

satisfied the convergence criteriomn



8&2, rh: 6.2; VFz}; MF:: 023
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Fig. 12 Acoustic optimum and feasible

cirgutations.
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AGTFD) G | 4476
Js n+l J.n -

The acoustic optimum solution.was™ found:after-117- iterations. Convergence.
for the:complex method was assumed when the objective function values at each

8 units for 4 comsecutive iterations: The toral execu-

point were within 10~
tion time was 164.531 central processor. seconds.

The ensemble meén square pressures for the acoustic optimum solution, the
feasible aerodynamic optimum and the non-optimum solution were found to be

4 0.1166x107%

0.1082x10~ ,. and 0.1132x10-4, respectively. The corresponding
root mean square of the acoustic pressures were 18,044 N/mz, 18,752 N/ﬁz,
and f8.45§?N/m?” The éomputéd.resdlts are shown in Table 2,

To give a comparison of the order of magnitudes of the root mean square
of acoustic pressures, we note that the root mean square of the pressure for
the fundamental harmonic of the propeller with the same operating conditioms,
except slight difference in power coefficient is 154 N/pZ_EEEained from
- Fig. 5 of Ref. 13. It should be noted that no far field or near field assump-
tion is made in the present formulation while the root mean square pressures
shown in Fig. 5 of Ref. 13 were obtained with the assumptions that the field

point is in the far field and the radial integrals are replaced by an effec-

tive radius of the order of O.SRP.
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Table 2

Acoustic Optimum Solution for z Free-Running

Two-Bladed Propeller with Operating Conditions Given in Example 3-

G, = 0.03651389 - G, = -0.00863877 G, = -0.00565379

G, = 0.00087471 Gg = 0.00018965 Gg = -0.00171678

G, = -0.00000712 Gg = 0.00059500. Gy = -0.00010552

G o-= 0.00031216

Cp; = 0.35560

Cp; = 0.44604

ng = 0.79724 Ensemble mean square = 0.1082x10™4
T q u;‘ ' uz r
0.2 -1.00 0.08376°  -0.00831 0.0___
0.3 -0.75 0.09020 -0.08432 0.02606
0.4 -0.50 0.21581 ~0.15674 0.03961
0.5 -0.25 0.28651 -0.18653 0.04639
0.6 0.00 0.23990 -0.12160 - 0.04225

0.7 0.25 0.15667 -0.06066 0.03277

0.8 0.50 0.11000 -0.03649 0.02328
0.9 0.75 0.07638 -0.01579 0.01268

1.0 1.00 -0.12592 0.03202 0.0
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APPENDIX A

EVALUATION OF INDUCTION FACTORS

Since we are only interested in the axial induction factor and the
tangential induction factor, the radial induction factor will not be considered.
Integrating by parts, the tangential induction factor, Eq. (55), may be

expressed in térms of the axial induction factor as

10r, )= - 2 {1, () - B0

With this relationship, only the evaluation of the axial induction fac-
tor needs to be discussed. In addition to Wrench's modified formulas (28,

1957}, en alternate method is presented.

I. Wrench's Modified Formulas

The Wrench's medified formulas for evaluation of the axial and tangen-

tial induction factors may be summarized as

Ia(*}f)=8*§,(l——%)(l"ZB‘a‘oF.) (r<g)

=282‘;,¢,‘}(l- g’)Fz_ (r>%) @



85

1.(r, ¢)= 284, (1~ ey F

y (r<g)

F.) (r>¢) @2

where |,
r
=
|
‘Jé 248
L
E=- i !+#°3)4 | . i (9#:._!‘2
1T 284, \ tr 42 by 24B \ (14 g2y
%3#2“2 >£ (l+ i } ' (a-3)
(1+42 )" °¢ W' -t )
= I+ ?a - ?g‘{a + Z2-
&—ZWBI+? ){ MB

(el )

+ "‘z‘—'—( - }2)3‘{2 ) «eaatz(

) } (A-4)

¢ = (-’H‘ gt - 4 )B e“ T+ 9% - T-42)B
ta JI1r g -1

(A-5)
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For detailed derivation of Egqs. (A-1)and (A-27), the reader is referred

to Ref. 28.
II. Alternate Method

For numerical computation, the integral of Eq. (54) is split up into

four parts:

where
2wl
T, (19) =J (8- 18 (8- ceen)
€ I:S’z-l- r*-2 8 I coest +,Li(g)/ﬁ}3/2

due T @

2L
B
)= | 3 < NS(S-refrts) oy ws
o 2 g+r~2r§'c¢%+53)+,&(@/u}/z

I(r?)- ($- F)E(S’—rm/u) _
J {f -{-'r Zfr‘m/o(,-fl(?)/“}% A/‘*-' (A-9)

oo
If,tcr,e)ﬂ;f- (2-7) 9 (8 - 1 eoe (st Si)) oo
g L { 6% r>-29r Coo (o + §) "'"\;(g)/"‘-z}‘yz

where L. is an integer, chosen such that
2w Lli () > 2

and 0 <eg<<1.-
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1. Evaluation of Ii(z‘,p) and 12 (z,p)

To evaluate these integrals the interval of each integration is divided

into several subintervals. A 25-point Legendre-Gauss formula is 'used in each

subinterval.
. z
2. Bvaluation of Ia(r,pl

In this case, p is small, and cosu may be substituted by 1 - u2/2.

With this substitution Eq. (A-8) may be approximated as

o . .
Ii('??)“—“—f (2-r) §{(8-r) +Lpil} (A-11)
) [ Coorr » Crem RN

Upon integrating Eq. (A-11)}, we have
g€ . . 4 3r($-r) {
(8-r)2 +(re+ii(®) €* (r§+X5(D)

]:: (YZS’)==

€ i
‘ + A (
18-+ (rp e X5 ®))€E 1rs+0) (7

—

€ [rg+X(8) F [(e-n*+ (re+i)e*

| £ -r | } (A-12)
3. EBvaluation of I:(r,p)

Since r and p are no greater than one and 2w Lli {(r)>2, the integrand

of Eq. (A-10) can be expanded as a hypergeometric series IFO {32, 1969)
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% C(f-r){f-reseie i) }
ket {87+ 1297 congut Si) + L G}

=3 (e-1p{s- reow gt 50} {_(_?)__3}‘]:( 3 . 4(prEengsd)y

K= T Gy y,
i3 a.a xa 2 .
=(§-r) ZAMZ C. P § u{ § COSF(u,2ms,i)
,;=D
— PrcosE(u,2nt3s L+ 1)}
(A~13)
where
p o= 2%+ 0D/
q = - rp/2 { 2n
2
L . e remd) (Gew)
) r(nrd) (uoru)?
u = 27k
8 4
. - ® Zm(gg-z-sut) .
COSF (u,n,i) = j ] — dt (A-14)
+
( -

Once COSF have been caleunlated, I:(r,p} can be evaluated by direct sub-
stitution. It is noted that COSF does not depend om %i{p} but does depend on

* the number of propeller blades, B, and parameters u, n, and i.
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Evaluation of COSF

The following are some useful formulas for evaluating COSF.

B . 27
S imm = (K-1) = (@ for any n and B (A-15)
k= ’
B »
27
Kza‘“m% --*é—" (K“"l)‘ = B if n/B is an integer (A-16)
= O if n/B is not an integer
. 2he , .
24 Cz I & : '
coc'e = Zh + i I Gy covO w17
2 27 A= %
B~ Y £ B .
cor 6 =, S C;; cee(3g-DP (A-18)
Using these formulas with the sine-cosine product relations,mwe have
B ai Ct,fz' | £ 3 e S
5 e (Serut) = B(gat 7 & G g S ) wm
K=\ =
B afel B 4 3 . ¥ S .
Zw (Setut) mé&:‘& (Z C‘..a'_ m@&'*) u {33"‘)[6 (A-20)
K=} 3“*

*
¥

where

s, = © if x is not an integer

Ht

if x is an integer
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Now, with Egqs. (A-19) and (A-20), we are able to express COSF in terms
of summations of the generalized cosine integral, CI. Dividing Eqs. (A-19j

and (A-20) by t® and then integrating from 1 to infinity with respect to t,

we have © B . .
COSF(u,m,24i) = "Zﬂm(é}(-‘-u : dt
.t’)"L
i
=B 1 G ‘ff * CTGium) & |
- 24 - zb - 2
2L m T ‘ "-3 ¢ ._,j./f__".m‘m
o 3 e_;zj' -'( Sxtrut)
OSF(m2%-1) = | & it
_t'ﬂ-

a2t~ .

A
B
iz az Ci- CI((za- ‘)u' ﬂ) 8(2}")/3 (A-22)

2 3

where CI is the generalized cosine integral defined as

w

. et i

Cl(am) = j 5 dt (A-23)
|

Asymptotic expansion of CI(a,n)

Applying integration by parts to Eq. (A-23), we obtain (33, 1957)
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Nt 20|
CL(a,2n) = H a {M&P (0-3%- Q ("') +/1«"~'("‘)} (A-24
(2n-1)! Q

n-2

N2 .
CL(a2))= e a';.); {%&Qa ()~ 2 —= P ) + C“'(ﬁ)} (A-25)

where
‘&
i Cﬁ)—°-j T gt ---—- + $: @) “'-— Sw’df-é“f (A-26)
o
a-. -
Si@)= 5 ’#.gf at (A-27)
;S
a,mt
C; (&) = dt (A-28)
e
‘  enfeol
P;.(a'} = > S _(::}' (A-29)
k=i &
¢ oF 2K+1) |
Qﬁ’@‘) = Z = Ciﬁ:ﬂ . - (A-30)
k=x

The asymptotic representations of Ci{a) and %“ Si(a) may be found in
those books which deal with special functions. The following are taken from

Ref. 34, with some change in notation

Ca(@) =222 pa &:& 0 () (A-31)
T Coa) - ___._..........
F - Sy = 22 + Q a) (A-32)
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where
: K | -2n-2
P,w(a) = "‘}% D Ci:) — O (la} ) (A-33)
K=o a
N enf J ~2n-3
Q?@*—) = Z D i:::l) + O ( {a] ) . (A-34)
K=0

Using these expansions in Eqs. (A-24) and (A-25), we obtain

CIcazn)..C'> o {“’““ P.(a) + M"’“ R (]

n-)! (A-35)
Ci?ﬁz o
G Al
CI(@,m) = (CO Y { e R () = B (9 } (A-36)

where

Pata) = B
Q@) = Q%)

For convenience of numerical computation, we define

* S| (2n) (2n+1) (_ (an+2)(an3) (zne) @N+5) )
)= ] - CRED (- g (e b

* an nl) Lj_y\-u_) {2.“1‘3)(.2“1'4") ) (2)‘\.1-5) C2h+6) vee A-38
Sm(“)=E'{l— Chd (l‘-T" (- ))} (A-38)
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e L
‘f;&(&) - ’al: {!_ @nﬁi}:-:m (!__ @n+;fﬂﬂ} (I"" g:ﬂ'i"ﬁ;ifiﬂ'{‘u‘} ”‘t‘"')) } (A-39)

* 21l ) an2) (3N13) 4) (2n+5) A—r;o
D e U e ) T

Then,
* * .
CI(a2n) = Sp(e) eoete ~ Ry (o) Aem B (A-41)
¥ * . a2
CI(&20-1) = [Jp (¥ condl — T, (&) pam O (A-42)

With a proper choice of L and e, this alternate method will yield induc-
tion factors to any desired accuracy. It is noted that this method can be

extended to the evaluation of both the tangential and radial induction factors.
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APPENDIX B

EVALUATION OF COEFFICLENTS h?:j AND hE.

To evaluate the coefficients hzj and h j° we give two backward recur-

rence formulas for evaluating polynomials in Chebyshev form

LOP® = AT = B
i=0

where

Bt = Basa =0

B = 2% B~ Br2z A K=m, -1, 0 50 (B-D)
m
2. PQ@) =j§°(323+1'133+x &8

__;%(BO-B{)

where

Bmy = Bmra = O

K=m,me,ees O
By = 2 Bin - Brra F Capn T e
= 2 %?2‘ l
To evaluate the coefficients h?j’ we put
-(n+1) (n+Y)
Crs - Ia(%;— ? oS ) (B-3)
and
onen B-4
Ry =t Ty (37 0.
S—
so that Eq. (119) becomes
oneod (B-5}
};}:"' TR EE -r ‘%P )
470w &
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Define
79‘*": 4
3 2(n+D
‘Then,
(n+0) {ntn)
Ty (Gos ) = Tasn (25 ) (8-6)
and
W (1) )
(‘6 ) = Tapm (%) -7

Upon substituting Egs. (B-6) and (B-7) into Eqs. (B-4) and (B-5), re-

spectively, we have

Pf'& Z Crs Tasn ( Xy fne ) (B-8)
“_ 4 x5 |
hid C‘ﬂﬂ) o P}-& _rzr-r; ) (B-9)

The advantage of Eqs. (B-8) and (B-9) is that Prj and hzj can be

evaluated by using the backward recurrence formula (B-2)

The coefficients h:J are obtained by replacing I (q_l(‘n 1), Ay (n+1}

(n+1))

. - (n+1)
in Eq. (B-3) by I, (q, » Qge
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EVALUATION OF RETARDED DISTANCE R

et R ! coo ®
) = f- i {-MF

+J MF mz@ + (- M‘:f'—) ( l“\'%}-z— 2 *';f—M@ M(QB,’P;;:*MFR))} (C-1)

fRya L M im@/m(cmsw MpR)
- X

[MEczo+m) (14 5 -2 Lai0 cav.(wg,(mf,ﬁ))( 2)

Ry = T-%]:r {—MFWG) + r_l—MJ-f,a,@f‘@ }

Then, R is found by the Newton method:

£(Rn)
£'( R

€-4

Ein =Kpa ™
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APPENDIX D

'FORTRAN LISTING OF COMPUTER PROGRAH
PROGRAM PROPEL(INPUT,0UTPUT,COSGRA,PKDATD,
$ TAPE1=COSGRA,TAPE2=PKOATD,TAPE6=QUTPUT)

PURPOSE

TO SOLVE PROBLEMS I THROUGH IV LISTED BELOW
BASED ON THE TECHNIQUE DEVELOPED IN PART 2.7

I

DEFINITIONS:

VP=REFERENCE VELOCITY (USUALLY,
¥P= ADVANCE SPEED OF -PROPELLER)
NBLADE=NUMBER OF PROPELLER BLADES
RP=REFERENCE LENGTH (RADIUS OF PROPELLER)
T (N,0) =CHEBYSHEV POLYNOMIAL OF THE PIRST KIND
OF DEGREE ¥ (=1+GE. Q0 +LE.7)
U (N,Q)=CHEBYSHEV POLYNOMIAL OF THE SECOND KIND
OF DEGREE N
RHE=HUB RADIUS OF PROPELLER
RC=RADIAL COORDINATE OF BLADE SECTION
BH oGTs RC +LE. RP
OMEGA=ANGULAR VELOCITY OF PROPELLER
RAMDAI=HYDRODYNAMIC ADVANCE COEFFICIENT
0={(2*R~-HUB-1) / (1=HUB) (=~1.GE, ' Q .LE, 1)
WHERE HUB=RH/RP, HUB »GEs "R=RC/RP +1E.1)
T=TGTAL THRUST
P=TOTRL POWER
MSP=ENSEMBLE MEAN SQUARE OF ACOUSTIC PRESSURE
RAMDAP=REFERENCE ADVANCE COEFFICIENT
(RAMDAP=VP/ {RP*OHEGA})
VP=ADVANCE SPEED OF PROPELLER/VP
FM=ADVANCE HACH NUMBER OF PROPELLER
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TH=TIP HACH ﬁUMBER
CT=TERUST COEFFICIENT=T/{0.5*DENSITY*
VP**2*PATHRP **2)
CP=POWER COEFFICIENT=P/ {0, 5*DENSITY*
VP#*3%PATRRD¥%2)

ETAI=IDEAL EFFICIENCY=CT¥*VF/CP
ERSHSQ=NON-DIMENSIONAL ENSEMBLE MEAN SQUARE

REMARK:

‘QF

THE ACOUSTIC PRESSURE

=MSP/ (DENSTTY*VP*%2 / (4%PAT))

XDISTA=NON-DIMENSIONAL DISTANCE BETWEEN THE
OBSERVER AND THE CENTER OF PROPELLER
AZIMUT=AZIMUTH ANGLE OF OBSERVER(IN DEGREE)

{G

-

«GE, AZINUT ,LE. 90 {(DEGREE) WHEN

THE OBSERVER IS BEHIND THE PROPELLER

DISK

UA=NON~DIMENSIONAL AXIAL COMPORENT CF

INDUCED VELOCITY=AXIAL INDUCED VELCCITY/VP
! UT=NON-DIMENSIONAL TANGENTIAL COMPONENT OF
INDUCED VELOCITY=IANGERTIAL INDUCED
YELOCITYI/VP

GAUMA=NON-DIMENSIONAL CIRCULATION=CIRCULATION/

(2,

*PAT*VDP*RP)

=SQRT(1'Q**2)*SUHHETIONG&I)*U{I'?,Q},
‘I=11; 2,, C RO

1n

2a

3.

ALL INPUT AND OUTPUT ARE IN NON-DIMENSIONAL
FORHKS

"INPUT DATA ARE ADE IN

A. MAIN PROGRAH

Be SUBROUTINE COMPLEX .

C. SUBROUTINE JCNST1

D. SUBROUTINE NOPTIMNL

E, SUBROUTINE INDA12

THIS PROGRAY CONSISTS OF A4 HAIN PROGRAM AND
49 SUBPROGRAMS:
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6n

B

0.
12,
14,
16.
18.

20

22,
24,
26,
28,
36,
32,
34,
36,
38s
4o,
42,
44,
46,
ag,

PROBLEM I:
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1, "SUBROUTINE COMPLEX,

SUBROUTINE MEANSQF, 3. SUBROUTINE JFUKC,
SUBROUTINE AECOEF, 5, SUBROUTINE JCNST1,
SUBROUTINE JCONSX, 7.SUBROUTINE JCEK1,

SUBROUTINE JCENT, 9, SUBROUTINE AERODIN,

"SUBROUTINE
- SUBROUTINE
SUBROUTINZE
.SUBROUTINE
- SUBROUTINE
SUBROUTINE
SUBROUTINE
.SUBROUTINE

NOPTINML, 11. SUBROUTINE CTPiZ, .
AEROCF, 13. FUNCTION RAIJKH,
CIRCU, 15, .SUBROUTINE UATCHBY,
HATIJ, 17. FPUNCTION RAMDAF,
RAMCOE, 19, SUBROUTINE DOUCHB,
CHEBCF, 21. SUBROUTINE SUMODD,
SUMCHB, 23. SUBROUTINE ZEROS,
DOUSUHM, 25, SUBROUTINE FACTOR,

-FUNCTPION CIRCLF, 27, .SUBROUTINE INDVEL,

"SUBROUTINE
SUBROUTINE
.SUBROUTIRE
- SUBROUTINE

VELOCIT, 29« SUBROUTINE TCHERY,
UCHEBY, 371. .SUBROUTINE INDPACT,
INDA12, 33, FUNCTION 6QUZ25,

GQUDAD, 35. . SUBROUTINE I¥DA3,

-FUNCTION AIND3, .37. SUBROUTINE INDAGL,
PUNCTION AIND4, 39. SUBROUTINE COEAX,
FUNCTION FAXIAL, 471. _FUNCTIOY DLGAHA,

SUBROUTINE
SUBROUTINGE
SUBROUTINE

¥RENF, 43, SUBROUTINE MEZNSQ,
PRESUF¥, 45, SUBROUTINE FKOQAT,
RETARD, 47, SUBROUTINE PEKOAT,

FUNCTION FEWTON, 49, SUBROUTINE ABSIAS,

GIVEN: NBLADE, HUB

¥F

RAMDAP( OR FM AND TH)
RAMDAT

DETERMINE:

AERODYNAZMIC OPTIMUM CIRCULATION
DISTRIBUTION
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INDUCED VELOCITY COMPONENTS
CT, CP, AND IDEAL EFFICIENCY
ENSMSQ (OPTIONAL)

FROBLEM IT:

GIVEN: NBLADE, HUB
vF
RAMDAP (OR FM AND THM)
CT {(OR CP)

DETERMINE: AERODYNAMIC OPTIMOH CfRCULATION
DISTRIBUTION
INDUCED VELOCITY COHMPONENTS
CP (OR CT) AND IDEAL EFFICIENCY
ENSMSQ(OPTIONAL)

PROBLEM TIII:

GIVEN: NBLADE, HUB
VF
RAMDAP (OR FM AND TH)
CT (OR CP)
THE TYPE OF CIRCULATION FUNCTION

DETERHINE: NON—-CPTIMUM CIRCULATION DISTRIBUTION
INDUCED VELOCITY COMPONENTS )
CP (OR CT) ANC IDEAL EFFPICIENCY
ENSHSQ {OPTIONAL)

PROBLEN IV:

GIVEN: NBLADE, HUB
FH, TH, AND VF
HUB
UPPER BOUND AND LOWER BOUND OF CT
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UPPER BOUND AND LCKER BOUND OF CP
UPPER BOUND AND LOWER BCUND OF RAMDAT

DETERMINE: AEROACOUSTIC OPTIMUM CIRCULATION
DISTRIBUTION
INDUCED VELOCITY COMPONENTS
¢T, CP, AND ETAI
MINIMON ENSEMBLE MEAN SQUARE OF
ACOUSTIC PRESSURE

USAGE:

1.

2a

PROBLEM I:
A, ENSMSQ IS NOT DESIRED

INPUT: NBLADE,HUB
VF, RAMDAP
NTRY=1
TRYRAM (1) =REMDAZ
IPRBLE=1
IMNEAN=0

B. ENSMSQ IS DESIRED

INPUT: NBLADE, HUB
VF, PM, TM (RAMDAP=PFN/ (TH*V?)
XDISTA, AZIMOT(IX DEGREE)
¥TRY=1
TRYRAM (1) =RAMDAI
IPRBLH=1
IMEAN=1

PROBLEM II:
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Be ENSHSQ IS HOT DESIRED

INPUT: NBLADE, HUB
VP, RAMDAP (OR FX AND TH)
CT {(OR CP)
IPRBLN=2
IMEAN=0
NTRY=NUMBER OF PRESET VALUES OF RAMDAT
TRYRAM (I)=RANDAT, I=1{7)NTRY
CTP=CT IF CT IS SPECIFIED
CTP=CP IF CP IS SPHECIFIED
NTP=1 IP CTP=CT
NTP.NE.1 IF CTP=CP

B. ENSHSQ IS DESIRED

INPUT: NBLADE, HUB
VF,PH, T8
XDISTA,AZINOT (IN DEGREE)
NTRY=NUMBER OF PRESET VALUES

OF RAHDAI '
TRYRAM (I) =RANDAT, I=1 (1) NTRY
CTP=CT IF CT IS SPECIFIED
CTP=CP IF CP IS SPECIFIED
NTP=1 IF CTIP=CT
NTP,NE,1 IF CTP=CP
IPRBLM=2
IMEAN=1
PROBLEM III:

A, .ENSMSQ IS NOT DESIRED
INPUT: NBLADE, HUB

VF, RAMDAP (OR FHi AND THM)
CTP=CT IF CT IS SPECIFIED
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CTP=CP I¥ CP IS SPECIFIED
NTP=1 IF CTP=CT

NTP (NE., 1 IF CTP = CP
IPRBLN=3
INEAN=D
GG(I)s I=1,2,3,00s"

(SEE SUBROUTINE NOPTIML)

HHERE

GAMMA=K * SQRT(1.-0%¥%*2) *
SUHMATION GG(I)*U (I-1,Q), I=1,2,ees"
K: TO BE DETERMINED '

Be ENSMSQ

INPUT:

4 _PROBLEM IV,*

Is

DESIRED

NBLADE, HUB

VF,

F¥, THM

XDISTA, AZIMUT

CTP=CP IF CT IS SPECIFIED
CrP=CP IF CP IS SPECIFIED
NTP=1 IF CTP=CT

NTP +HE,T1 IF CTP=CP
IPRBLHE=3

IMEAN=1

GG [T), I=1, 2, 3, sesa

(SEE SUBROUTINE NOPTIML)
WHERE

GANMHE=K * SOQRT (14=Q%*2) *

Kz

SUMMATION GG(I)*U{I-1,Q)

I=1, 2, 3, sscasese.

TO BE DETERMINED
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INPUT: NBLADE,HUB
VF, FM, TH
XDISTA,AZINOT
UPPER BOUND AND LOWER BOUND OF CT
UPPER BOUND AND LOWER BOUND OF CP
UPPER BOUND AND LOWER BOUND OF RAMDAI
AT THE ZEROS OF T (JRAMDA+1,Q)
(FOR DETAIL, SEE SUBROUTINE CONMPLEX)
CTP=CT (OR CP) USED FOR FINDING
THE FIEST APPROXIMATON,
{CTP MUOST SATISFY CONSTRAIN)
NTP=1 IF CTP=CT
NTP .NE. 1 IF CTP=CP
NTRY=NUMBER OF RSSUMED VALUES OF RAMDAT
TRYRAM (I) =RAMDAI ZI=1(1)NTRY
IPRBLH=4
IHEAN=1

PRECISION: SINGLE PRECISIOW
REQUIRED DAT& FILES

COSGRA (SEE PROGRAM CGECOS) NEEDED ONLY WHEN

THE ALTERNATE METHOD DEVELOPED IN APPENDIX A

IS APPLIED TO COMPUTE THE INDUCTICN FACTORS
PKOATD CONTAINS THE COEFFICIENTS, PR{, PKa,

AND PKT, OF THE CHEBYSHEV EXPANSICONS OF

THE KERNELS OF ACOUSTIC PRESURE

NEEDED ONLY WHEN NTAPE .EQ. 2

COMPUTED BY PROGRAM ITSELF IF NTAPE,NE.2

DESCRIPTION OF PARAMETERS

HUB HUB RADIUS OF PROPELLER(INPUT)
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NBLADE
TH
FH
VF

cT

cp

cTP
ETAI
JRANDA

MCIRCU

ORAMDA (I)

OQZERO (I)

QCIRCU (1)

XDISTA

AZIEUT

IDEG

ICHEBY
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NUMBER QF PROPELLER BLADES (INPUT)
TIP MUCH NUMBER CF PROPELLER (INRUT)
PORWARD MUCH NUHBER (INPUT)
¥CN-DIMENSIONAL FORWARD VELOCITY OF
PROPELLER W. R.T REFERENCE VELOCITY
Ve, IF VP IS CHOSEN TO BE THE FORWARD
VELOCITY OF PROPELLER, VF=1 (INPUT)
THRUST COEFFICIENT

POWER COEFFICIENT

'SPECIFIED CT OR CP (INPUT)

IDEAL EFFICIENCY

JRAHDA+1: NOMBER OF THE FUNCTION VALUES
OF RAMDAI AT THE ZEROS OF T (JRAKDA+1,Q)
THAT IS, . THE NUMBER OF EXPLICIT
INDENPENDENT VARIABLES (INPUT)

NUMBER OF TERHS IN CHEBYSHEV EYPANSION OF
THE CTRCULATION (INPUT)

RAMDAI (Q) AT ZEROS OF T (JRAMDA+1,0)
I=1(1) JRAKDA+1

ZEROS OF T(JRAMDA+1,Q) THAT IS,

CQZERO {I)=COS({2%I+1)*PAI/ (2% (JRAMDA+1))

ZEROS OF T (MCIRCU,Q)

USED IN CALCULATION OF THE COEBFFICIENTS
OF THE CHEBYSHEV EXPANSION OF CIRCULATION
NO¥-DIMENSIONAL DISTANCE BETWEEN THE
PROPFLLER AND THE OBSERVER (INPUT)
AZINUTH ANSLE OF THE OBSERVER IN DEGREE
{INPUT) _

DEGREE OF THE DOUBLE CHEBYSHEV EXPANSION
OF BOTH AXIAL AND TANGENTIAL INDUCTION
FACTORS (INPUT)

ICHEBY+1: NUMBER OF POINTS USED IN THE
COMPUTATION OF THE COEFFICIENTS OF THE
DOUBLE CHEBYSHEV EYPANSION FOR INDUCTION
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QIND (I¥

EPSIND
LUPIND

KWENH

YNOISE

NOSCHB

QNQISE (I)
ETA (T)

SOMEAN
THEAN
ITPRBLM
NZERO
KOR
NTAPE

ENS {I)
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- FACTORS {INPUT)

ZEROS OF T({ICHEBY+1,Q), THAT IS

QTND (I)=COS ( (2*%I+1) *PATI/ (2% (ICHEBY+1))
=0 (1) ICHEBY

LOWER LIMIT OF IA12 AND THE UPPER LINIT
OF IA3 (INPOT)

2*PAT#LUFIND: UPPER LIMIT OF IA12 AND
LOWER LIMIT OF IA4 (INPUT)

CONTROL PARAMETER

IF KWENH=1, THEE PROPELLER INDUCTION
FACTORS ARE COHPUTED BY WRENCH'S
FORMULA

IF KWENE »NE.1 THF PROPELLER INDUCTION
FACTORS ARE COMPUTED BY ALTERNATE METHOD
(INPUT)

DEGREF OF THE CHEBYSHEV EYPANSIONS

OF KO, KA, AND KT (INPUT)

NOSCHB+1: NUMBER OF POINTS USED IN THE
EVALUATION OF THE COEFFICIENTS OF THE
CHEBYSHEV EXPANSIONS OF KU,Ki, AND KT
(INPUT) -

ZEROS OF T (NOSCHB+1,Q)

ABSCISSAS OF THE 25~POLINT GAUSS-LEGENDRE
FORMULA

MEAN SQUARE OF ACOUSTIC PRESSURE
PROBLEM CONTROL PARAMETER (INPUT)
PROBLEM CONTRCL PARAMETER (INPUT)
LENGTH OF ARRAY ZERO (INPUT)

LENGTH OF ARRAY ORANDA (INPUT)

INPUT CONTROL PAREMETER (INPUT)

ITAPE=0 IF DATA FILE PXOATD IS FOT
PROVIDED

NTAPE=2 IF DATA FILE PKDATD IS PROVIDED
BY USER

ENS (1) =ENSHSQ CORRESPONDING TO
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AERODYNAMIC OPTINUM PROPELLER
ENS {2) =EBSHSQ CORRESPONDING TO
NON=-OPTIMUM PRGPELLER

GT {I) “GT (1)=COMPUTED CT CORRESPONDING
AERODYNAMIC OPTIMUM PROPELLER
GT (2) =COKPUTED CT CORRESPONDING TO
. NON~-OPTIHUM PROPELLER
GP(I) GP (1) =COMPUTED CP CORRESPONDING TO
AERODYNAMIC OPTIMUX PROPELLER
GP (2) =COMPUTED CP CORRESPONDING TO
) NON=-0PTINUM PROPELLER
CTRAIN HIN(GT (I))
CPRAIN MAX (GP {I))

DIMENSTION ZERO(51) ,ORAHDA (15) , TRYRAM (5)

COHMOXN
COMMON
COMMON
COMMON
COMMNON
COMMON
COMHON
COMMON
COMMON
COMMON
COMHON
COMMON
COMMOR
COMHON
COHMON
COMMON
COMMON
COMMON
COHNMON

/CONST/PAI

/DATA1/JRAMDA

/DATA2 /AORAMD,ARAMDR (18)
/DATA3/IDEG,ICHEBY

/DATAL sHA (31,31) ,HT{31,31)
/DATAS/0QIND (51)

/DATAG /JHUB
/DATA8/NBLADE,KYENE,LUPIND
/DATAS /EPSIND

/DATATS /QCIRCU(15)
/DATA11/MCIRCU
/DATR12/FM, TM,VF, RAMDAP
/DATAYL/G (15)
/DATA15/CT,CP,ETAY
/DATAT16/0QZERO(15)

/DATAV7 /XDISTA,AZIHUT,ANGLE, SANGLE, CANGLE
/DATAYS/QNOISE(51)

/DATA2G /NNOISE, NOSCHB
/DATA21/ETA {(25)



108

COMMON /DATA22/PKD {25, 31),PKA {25,31),PKT (25,31)
COMMON /DATA24/SQHEAN

COMMON /DATA31/IVELDG,IVELCHB
COMMON /DATA32/QVEL ({51)

COBMON /DATA33/UACHB (51) ,0TCHB(51)
COHMON /DATA34 /CTRAIN,CPRAIN
COMMO¥ /DATA35/CT1,CT2,CP1,CP2
CONMON /DATA36 /INEAN,IPRBLH
COMMON /DATA37/ENS (2}

COMMON /DATA38/YX(2,15)

COMMON /DATA39/GT(2) ,GP (2)
PAT=3,141592653589793

it 0

L4
C¥%* INPUT DATR
c
PROPELLER DATA:
NBLADE=2
HUB=G, 2
c
C AERODYNANIC DAT2:
c
VE=1, :
FH=0, 2
TH=D, 7426
RAMDAP=FH/ (TH*VF)
c
C ACOUSTIC DATA:
¢

XIDISTA=4,272
RZINUT=69, 44
ANGLE=PAT*AZIMUT/180, .
SANGLE=SIN (ANGLE)
CAXGLE=COS (ANGLE)
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PROBLEM CONTROL PARAMETER

IMEAN=1
IPRBLM=4

WRITE OUT THE PROPELLER DATA

1

FORMAT (///, 5%, "Wk ok ok ok ok ke ook ook ok kol sk 3ok ok X 1)

FORMAT (5%, " ¥kkkk ook ok My
FORMAT (S5X,"**k*x*x% DEFINITIONS QOF Fokak K )
FORMAT (5X, Wxkk®* SYHBOLS ek kK 11

FORMAT (5, Widoksoksoiokk ok ok ok okok kok ok R kskkokokkekok 1t/ /)

WRITE (6,60) '

WRITE (6,61)

HRITE (6,62)

WRITE (6,63)

WRITE{6,61)

WRITE {6,64)

WRITE (6,65) .

FORMAT {5X,"NBLADE=NUMBER OF PROPELLER BLADES"/,5X,
"HUB=NON-DIXENSIONAL HUB RADIUS"/,SX, o
"YF=NON-DIMENSIONAL ADVANCE SPEED OF PROPELLER"/,5X,
"MF=ADVANCF MACH NUMBER OF PROPELLER"/, 5X,
"MT=TIP MACH NUMBER OF PROPELLER"/,5X,

"RAMDAP=MWF/ (MT2*VF)}, REFERREHCE ADVANCE COEFFICIENT"/,SX,

"YDISTA=DISTANCE OF OBSERVER FROM THE PROPELLERM/

¢5%,"R=RADIAL COORDINATE OF PROPELLER BLADF SECTIONW/,

5%, "Q= (2¥R-HUB-1) / (1-HUB) , =1 »GEe Q »LE. 1"/,5%,
"CT=THRUST COEFFICIENT"/,5X, ‘
"CP=POWER COEFFICIENT"/,5X,

"G (I) =COEFFICIENTS OF THE CHEBYSHEV EXPANSION"/,5Z,
"QF CIRCULATION, I.E, GAMMA"/,5X,

"OgA=AYIAL COMPONENT OF INDUCED VELOCITYM/,SY,
"T=TANGENTIAL COMPONENT OF INDUCED VELOCITY"/,5X,
WRAMDAT=HYDRODYNAMIC ADVANCE COEFFICIENT"/,S5YX,
#GAMEA=NON-DIMENSIONAL CIRCULATION"///)
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FORMAT [/// ¢ SXK, Whionkk sl slesie e e st e sie ek ok ok ok o ok e okl sk ok sk AR kR kR T

FORMAT (’;—3,‘;{," s ki e ok *****H}
FORMAT {5X,"*%%%* PROPELLER DATA AND kAR 1)
FORMAT {5X,#%k&k¥%k PROGRAHM CONIROL PLRAHETERS dokckokkny |
FORHAT (SX, 70 2 s ok ook o ek ook ek sk sk ok ek skok Rk Tk ok ok ok ek kokRok kR 11/ /)
WRITE (6,50)

WRITE (6,51) -

WRITE (6,52)

WRITE (6,53)

WRITE(6,51)

WRITE (6,54)

WRITE{6,19) NBLADE,HUB, VF ,Fd,TH,RANDAP,

$ IDISTA,AZINMUT '
FORMAT({//,5X,"NBLADE=",12/,5%,"HUB=",F10,5/5%,

§ WYF=n,P10.5/5%,"HP=", P10. 5/5%, "8 T=", P10. 5/5%,

$ YRAMDAP=",F1).5/,5%,"XDISTA=",F10,.5/5%,
$ ®AZIMUTH ANGLE=",F18,5,2%X," (DEGREE} "//}

PARAMETERS USED IN THE COMPUTATION OF
INDUCTION FACIOR

KWENH=1
EPSIND=0,
LOPIND=H

PREAMETERS FOR NUMERCIAL SOLUTIOR OF
OPTIMAL CIRCULATION

TRYRAH {1} =0. 315
TRYRAH {2)=0.32
TRYRAH {3) =0, 325
NTRY=3

NTP=1
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CTP=0, 3556
NRAM=5
JRAMDA=9
IDEG=10

" ICHEBY=10

HCIRCU=10

NNOISE=10

NOSCHB=10
IVELDG=2*IDEG+MCIRCT =1
IVELCHB=IVELDG

PRINT OUT THE PROGRAM CONTROL PARAMETERS

WRITE (6,2() JRAH#DA,IDEG,ICHEBY, NCIRCT,
$ NNOISE,NOSCHB

20 FORMAT (5X,"JRAMDA=",6I3/5%,"*IDEG=",I3/5%,

. CkEk

1

& "ICHEBY=",I3/5X,"MCIRCU=",I3/5X,
$ M"NNOISE =",I3/5%,"NOSCHB=",I13//)

PROGRAM PARAMETERS

NTAPE=2
NZERO=51
NOR=15

END OF INPUT

, COMPUTE QIND(I} THE ZEROS OF T {(ICHEBY+1,Q)

NDEGRE=ICHEBY+1

CALL ZEROS (NDEGRE,¥ZERCQ,ZEROQ)
DO 1 I=1,NDEGRE

QIND {I)=ZERO (I)

CONTINUE
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COHMPUTE QCIRCO({I), THE ZERCS OF T (MCIRCU,Q)

NDEGRE=MCIRCU

CALL .ZEROS(NDEGRE, NZERO, ZERO)
DO 2 I=1,NDEGRE

OCIRCU (I) =ZERO (I)

CONTINUE

COMPUTE OQZERO({I), THE ZEROS OF T (JRAMDA+1,Q)
NDEGRE=JRAMDA+1
CALL ZEROS {NDEGRE,NZERO, ZERO)

DO 3 I=1,NDEGRE

OQZEROQ {I) =ZERO (1)
CONTINUE

COHPUTE THE ZEROS OF T (NOSCHB+1,Q)

NDEGRE=NOSCHB+1

CALL ZEROS (NDEGRE,NZERO, 2ERC)

DO 4 1=1,NDEGRE
ONOISE(1) =ZER0O (1)
CONTINUE

COMPUTE THE ZFROS.OF T (IVELCHB+1,0)
NDEGRE=IVELCHB+1

CALL ZEROS (NDEGRE, NZERO, ZERO)

DO 12 I=1,NDEGRE

QVEL (I} =ZERO (I)

CONTINUE

IF (IHEAN +NE. 1) GO TO 5

CALL SUBROUTINE ABSIAS TO ORBRTAIN ETA (I)

CALL ABSIAS
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CALI SUBROUTINE PKOAT TO OBTAIN PKO {I,J),
PKA{I,J), AND PKT(I,J), I=1(1)25, J=1{1)NNOISE+1?
IF NTAPE=0

IF (NTAPE.KFE.D) 60 I0 8
CALL PROAT
GO 20 5

READ IN PKG (I,J), PRKA{I,dJ), AND PKT (1,d)
FRO¥ DATA FILE PRDAID

REWIND2

JEND=NNOISE+1

Do 9 1=1,25

DO 10 J=1,JEND

READ (2,11) PKO(I,J),PKA(I,J),PKT (I,J)
CONT INUE

CONTINUE

FORMAT (3 (2X,F23. 16))

CALL SUBROUTINE AERODYN TO OBTAIN TEE

INITTIAL SET QF POINTS UBED IN THE
SUBROUTINE COMPLEX

IF {IPRBLH, ¥E. 3)

$ CALL ABRODYN (TRYRAM ,NRAM,ORAMDZ,NOR,NTRY,NTP,CTPR)

IPR=(IPRBLH-1}* (IPRBLY~2)
IF(IPR.NE. ()} CALL NOPTIML{ORAMDA,NOR,NTP,CIP)
IP {TPRBLM ., NE., 4) STOP

CALL COMPLEX TO -OBTAIN TEE AERCACOUSTIC
OPTIMAL CIRCULATION DISTRIBUTION
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g
41
42
43

31

32

33

ga

35

36

CALL

CALL

CALL

CALL

CALL

FORMA
FORMA
FORMA
FORMZ
WRITE
ARITE
WRITE
WRITE
WRITE
WRITE
FORMA
$ YGAM
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COMPLEX(ORAMDA, NGR)
RAMCOE (ORAMDA,NOR)
HATIJ

CIRCUL

UATCHBY

T (/)¢ 5 X, Mook ok ok sk ook sk dokokokok ok ok SRk ko 11)

T (5K, 12wk

T (5X,"Wxkkk% AFROACOUSTIC SOLUTION **kikkxkn)
T (SX, WohF koK dkokakok dok ok ok kot ok dokok kb oskokokokkokk 1 / /)

(6,40)
(6,41).
(6,42)
(6,41)
{6,43)
(6,31) HCIRCU

T{5%,"NON-DIMENSIONAL CIRCULATION"//,5X,
HA {(Q) =SQRT (1= Q**2) * SUMMATION G (I)*d(I~-1,0), I=1,"

$ ,I2//,5Z,"WHERE G(I):"//)

WRITE
FORMA
CALL

{6,32) {I,G6({I) ,I=1,4CIRCY)
T(5Z, "G (",12,")=",F25,10)
AERQOCF

WRITE(6,33)CT,CP,ETAI

FORMA

T (//rSXrNCT=“:?1905//:ngncp=“rl"13i 5//.5%,

$ "IDEAL EFFICIENCY=",F1d.5//)

WRITE
FORMA
$ 11X,
R=HUB
IF(Rs
0= (2.
CALL
RAN=R
WRITE
R=R+{
G0 TO
FORMA

(6,44)

T{/// 10, M++R++", 12X, W04+ 0 11X, Me+UR++T,
"++UT++", 9% ,"++ RAMDAI +4¥, 8%, "++GANNA++1 //)

GTots) GO TO 37
*R=~ (1 +HUB) )/ {1+~ HUB)
VELOCIT (UA, U7,Q)
* (VF+UA)/ (R/RAMDAP+UT)
(6,36) R,Q,UA,UT,RAM,CIRLF{Q)
» 1
35
T{6(2X,F15.7})
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STQOP
EWD
sksfe s el o ok ok e he e o ek e koK ek ok R sk ke X o skeok 3ok ok ok
e e e koK FAk XK
*kkkx  COMPLEX HETHOD HE KK
ok ek ste s e e e

e e seakeok sk dke sk dekok e e sie sk e ook ok skesk sk ek st ok kol ol ke ok

SUBROUTINE COMPLEX{ORAMDA,NOR)

PUEPQSE

T0 FIND THE AEROACOQOUSTIC OPTIMAL
CIRCULATION

DESCRIPTION OF PARAMETERS

SEE SUBROUTINE JCONSX AND HAIN PROGRAH

DIMENSTION ORAMDA (NOR)
DIMENSION Z{15,15),R{15,15),F (15)
DIMENSION G (15),H (15),%C (15)
COMMON /DATA12/Fl, TH,VF, RAADAD
COMMON /DATA16/0ZERC {15)
COMMON /JTRAIN/JYES

COMMON /DATA1/JRANDA

COMMON /DRTA6/HUB

COKMON /DATA15/CT,CP,ETAT
COHMON /DZTA30/ENSMSQ(15)
COMHON /DATA34 /CTRAIN, CPRAIN
COMMON /DATA37/ENS (2)
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COHMON /DATA38/X%(2,15)
COMMON /DATA3S/GT (2) ,6P(2)
INTEGER GAMMA

INPUT PARRMETERS

Ko=6

KX=15
LX=15
MX=15
NX=15
N=JRAMDA+1
M=N+1

L=H

K=8+2
ALPHA=1,3
BETA=1.E~-8
GRUMA=4
DELTA=0G.0001
ITHAX=140

END OF INPUT

FORMAT (//, 5%, 1 dkdok dok sk ook ok ok ek ook ook ke sk ok ool ok ook s ok skoke 1)
FORHAT (SX  Mkkik L))
FORMAT {5X,"*xx%%* BEGIN COMPLEY METHOD *k¥xXkxkf)
FORMAT {SX, Mksokakkskkk sk ok bk ddokkkikkptokiokkkk® i / /)
WRITE (6,21).

WRITE (6,22)

WRITE {6,23)

WRITE (6,22)

WRITE(6,24)

INPUT THE INITIAL SET OF POINTS
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po 1 I=1,8 .
X(1,I)=%X¥{1,I)
X{2,1)=X% (2,I)
CONTINUE

X (1,8+1)=6T (1)
X (1, N+2)=GP {1)
X (2,8+1)=GT {2)
X{(2,8+2)=GP (2)

CORSTRAINT ON CT OR C?

IF (GT {1) - LE,GT (2).) CPRATN=GT (1)
IF (GT{1)+ GE. GT {2)) CTRAIN=GT (2)
IF (GP (1)« LE. GP (2) ) CPRAIN=GP (2)
IF (GP (1)« GE, GP (2)) CPRAIN=GP (1}

CHECK THE INITIAL SET OF POINTIS

DO 4D IW=1,2

I0=I¥

JYES=1

CALL JCKST1(N,M,XK,%,G,H,I0,L,K¥,L¥,HY,N3)

Do 2 I=1,H

IF ((X (IH,I)=G(I))oLT.{ls} GO TO 3
IF((H(I)=-X(IN,I)).LT«0.) GO TO 3

CONTINUE

CONTINUE

GO TO &4

WRITE (6,5)

FORMAT (//,5X,"*** EXECUTION IS TERMINATED¥*"//)
WRITE (6,6)

FORMAT (5%, "THE INITIAL SET OF POINTS THAT"/,S5X,
$ YDOESE NOT SATISFIES CONSTRAINTS"//)

DG 8 I=1,M

WRITE(6,9)IW,I,X(1,I)
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CONTINUGE
FOBHAT (SX' "X (";I2,“,“ '12 '") =1 3F1537}
S5TOP

GIVE ENSMSQ (1) AND ENSHSQ(2)

ENSMSQ{1) =ENS(1)
ENSHMSQ (2)=EES (2)

INPUT THE RANDOM NUMBERS R (K,N)

UES SUBPROGRAM FUNCTION RANF (A) TO GENERATE
RANDON NUMBERS.

Dc 3¢ I=1,K

DO 31 J=1,%
R{I,J}=BRANF (R})
CONTINUE
CONTINUE

CALL SUBROUTINE JCONSX TO OBTAIN THE
AERQACOUSTIC SOLUTION

CALL JCOWSX (W,¥,K,ITMAX,ALPHA,BETA,GAHNHA,
$ DELTZ,%X,R,F,IT,IEV2,K0,G,H,%C,L,KY,LX,H X, NX)
no 10 I=1,% - )
QRAMDA (I)=Y (IEV2,I)

CONTINUE

CT=X (IEV2,H+1)

CP=X(IEV2,N+2)

. SQMEAN=-F (TEV2)

ETAT=VF*CT/CP

WRITE(6,1T)

FORMAT (// 5, "Wkl dak ¥k kg oot ook e 30 ook s o e e ofe e koo ok 19 )
FORMAT {5X, W¥dkex ) * ok dox )
FORMAT (SX,"**%*% QUTPUT FROM COMPLEX **%¥kN)
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FQRHAT{53,n**************#***%*******#****")

RRITE (6,12)

WRITE (6,13)

WRITE (6,12)

WRITE {6,18)

IDG=JRAMDA+1

HRITE (6,14)

FORMAT (//,5%,"HYDRODYNANIC ADVANCE COZFFICIENTS"//)
WRITE {6,20) '
FORMAT {//, 15X, " ++R++" , 12X, ++0++7 ,9X, "++RANDATI++1/ /)
D0 15 I=7,IDG.

ROU=0,5% { {1.~HUB)*0ZERO (I) +1. +HUB)

WRITE (6,16) ROU,0ZERO{I) ,ORAMDA(I)

CONTINUE

FORMAT (5%,32 (2X,F15.7) )

WRITE-(6,17) -CT,CP,ETAI,SQUHEAN

FORMAT (//,5%,"CT=",F15.7//,5%,"CP=",F%15.7//,5%,

$ "IDEAL EFFICIERCY=",F15.,7//,5%,"ENSEMBLE MEAN SQUARE=",

$ E25.12//)
RETURHN
END

SUBROUTINE MEANSQF (X,I,Y¥,EKX,LX)
PURPOSE

TO0 COHPUTE THE OBJECTIVE FUNCTION

BY CALLING SUBROUTINE MEANSQ AND STORE
THE RESULT IN ARBAY ENSMSQ(I) FOR THE
ITH SET OF POINTS

DIMNENSION X (KX,LX)
COMMON /DATA3D/ENSMSQ(15)
COMMON /DATAZH4/SQMEAN
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CALL MEANSQ
ENSMSQ (I) =SQMEAN
RETURN ‘
END

SUBROUTINE JFUNC{N,M,K,X,F,Ll,L,KX,LX, NX,HNX)}

PURPOSE

TQ SUPPLY THE FUNCTIONAL VALUE
OF THE OBJECTIVE FUNCTION THAT IS
TO BE HAZIMIZED

DIMENSION X ({KY,LX) ,F(KY)
COMHON /DATA30/ENSMSQ{15)
F(I) ==ENSMSQ (I)

RETURN

END

SUBROUTINE AECOEF(N,#,K,X%,I,KX,LX)
PURPOSE
T0 COMPUTE CT AND CP FOR A GIVEN SET OF POINTIS

DIMENSION ORAHDA (15) ,¥ (KX,LX)
COMMON/DATA1 /JRAMDA

NOR=13

JX=JRAMDA+1

Do 1 J=1,3%

ORAMDA {J)=X {I,J)
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1 CONTINUE
CALL RAMCOE (ORAMDA,NOR)
CALL HATIJ

CALL CIRCUL
CALL UATCHBY
CALL AEROCF

RETURN

END
c
C

SUBROUTINE JCNST1 (N,4,K,%X,G,H,I,L,KX,

$ LX,HX,NX)
c
c
c PURPOSE
™
c
c TQ PROVIDE THE CONSTRAINTS
C
o

DIMENSION X {KX,LX),G(MX) ,H{#X)

CONHON /DATA15/CT,CP,ETAL

‘COMNON /JTRAIN/JYES

COMMON /DATA34/CTRAIN,CPERAIN
c
c
CH¥* TINPUT THE CONSTRAINTS
C
c EXPLICIT CONSTRAINTS (COWSTRAINTS ON RAMDATL)
<

DO 1 ITAB=1,N

G(ITAB) =0, 1

H{ITAB)=0.6

1 CONTINUE

C

C**x END OF INPUT OF EXPLICIT CONSTRAINTS
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IF (JYES .KE.1) RETURN

TO PROVIDE THE VALUES AND CONSTRAINTS
OF THE IMPLICIT VARIABLES

CALL AECOXZF TG OBTAIN CT AND CF

CALL AECOEF (N,M,X,X,T,KX,LX)
X(I,N+1)=CT

T{I,N+2)=CP

INPUT THE IMPLICIT CONSTRAINTS
{CONSTRAINTS ON CT AND CB)

G(N+1)=CTRAIN~1s E=6
H(N+1)=CT+1,
GN+2)=0,35

B{¥+2)=5.

END OF INPUT OF IMPLICIT CONSTRAINTS

END OF INPUT OF CONSTRAINTS

RETURWN
END

SUBROUTINE JCONRSXI{N,H,K,ITMAX,3LPHA,BETL,GANNE,
$ DELTA,X,R,F,IT,IEV2,K0,6,d,%C,L,KE,1X, X, NE)
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THIS IS A MODIFIED PROGEAM OF RICHARDSON AND
KUESTERS' ORIGINAL PROGRAM (COHN. ACHM 16,

- AUG, L973, PP, u487-489)

THIS MODIFIED PROGRAM USES THO INITIAL

FEASIBLE SOLUTIONS (AERODYNAMIC OPTIHUM SOLUTION
AND NON-OPTIMUM SOLUTION) AS INPUT AND

COMPUTE THE IMPLICIT VARIABLES ONLY WHEN THEY ARE
NEEDED

PURPOSE

T0 FIND THE CONSTRAINED MAXIMUM OF A FUNCTION OF

SEVERAL VARIABLES BY THE CONPLEY HETHOD OF M, J,.BOX,_

THIS PROGRAX IS WRITTEN BY JOEL A. RICHARDSON AND

Js L. KUESTER, COHMM,.ACM16{AUG,1973), {487-489)

THIS IS THE PRIMARY SUBROUTINE AND COORDINATES THE

SPECTAL PURPOSE SUBROUTINES (JCEK1, JCENT,

JFUNC, JCNST1)..INITIAL GUESSES OF THE INDEPENDENT

VARIABLES, RANDAON NUMBERS,

SOLUTION PARAMETERS, DIMENSION LIHITS AND PRINTER CODE

DESTYNATION ARE OBTAINED FROM THE MAIN PROGRAH

(SUBROUTINE COMPLEX) .

FINAL FUNCTION AND INDEPENDENT VARIABLE VALUES ARE

TRANSFERRED TO THE MAIN PROGRAM FOR PRINTOUT, .

INTERMINATE PRINTOURS ARE PROVIDED IN THIS SUBROUTINE.

THE USER MUST PROVIDE THE MAIN PROGRAM AND THE

SUBROUTINES THAT SPECIFY THE FUNCTION {JFUNC)

AND CONSTRAINTS (JCNSTT).

FORMAT CHANGES 'MAY BE REQUIRED WITHIN THIS SUBRGUTINE

DFPENDING ON THE PARTICULAR PROBLEM UNDER CONSIDERATION, .

USAGE

CALL JCONSY (N,M,K,ITAX,ALPHA,BETA,GANMA,DELTA,X,R,F,IT

,IEV2,K0,6G,H,¥C,L,KZ,L%, NI ,NX)

SUBROUTINE REQUIRED

JCEK1(N,4,X,X,G,H,I,K0ODE,XC, DELTA,L,K1,KX,LL, X ,NX)
CHECKS ALL POINTS AGAINST EYPLICIT AND IMPLICIT
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CONSTRAINTS AND APPLIES CORRECTION IF VIOLATIONS ARE

FOUND

JCENT (¥,M,K,IZV1,I,XC,X,L,K1,K%, LY, X, %)

CALCULATES THE CENTROID OF POINTS
JPUNC (N,H,K,%,F,I,L,KX,L%,HX,5Y)
SPECIFIES THE OBJECTIVE FUNCTION {(USER SUPPLIED)
JC¥sT1(¥,®,%,%,6,8,7,L,KY,LY,HZ,NX)

SPECIFIES EXPLICIT AND INMPLICIT CONSTRAINT LINITS

{(USER SUPPLIED), ORDER EYPLICIT CONSTRAINTS FIRST
DESCRIPTICH OF THE PARAMETERS

KX

LX

juye

NX

ITMAX

ALPHA
BETA

GANHA
DELTA

NUMBER OF ROWS IN THE DIMENSION STATENENT

FOR X, F, AND R,KX,GE,K-DEFINE IN MAIN PROGRAH
(USER SUPPLIED) o

NUMBER OF COLUMYS IN THE DIHENSION STATENENT
FOR X, 1X.GE, L-DEFINE I¥ MAIN PROGR2X {USER
SUPPLIED)

DAIHENSION OP G AND H,MX.GE.H4=DEFINE IN HAIN
PROGRMA (USER SUPPLIED)

DIMENSION OF XC AND THE NUMBER OF COLUMNS

N¥. GE«N-DEFINE IN MAIN PROGRAHX {(USER SUPPLIED)
YUMBER OF EXPLICIT INDEPENDENT VARIABLES=-
DEFINED-IN THE MAIN PROGRAM

SUMBER OF SETS OF CONSTRAINTS -DEFINED IN

THE MAIN PROGRAH

NOMBER OF POINTS IN THE COMPLEY —-DEPINED IN

THE HBAIN PROGRAM

MAXINUM NUMBER OF ITERATIONS ~DEFINED IN MAIN
PROGRAM

REFLECTION FACTOR - DEFINED IN MAIN PROGRAM
CONVERGENCE PARAXETER -DEFINED IN MAIN PROGRAHN
CONVERGENCE PARAMETER - DEFINED IX MAIN PROGRAN-
EXPLICIT CONSTRAINT VIOLATION

~DEFINED IN HAIN PROGRAHM

INDEPENDENT VARIABLES - DEFINED IN MAIN PROGRAM
RANDOM NUMBERS BETWEEN O AND 1 ~ DEFINED IN HAIN
PROGRAHY
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F OBJECTIVE FUNCTION -DEFINED IN SUBROUTINE JFUNC
IT ITERATION INDEX ~DEFINED IN SUBROUTINE JCONSX
IEVZ INDEY OF POINT WITH MAXIMUN FUNCTION VALUV
=~DEFINED IN SUBROUTIINE JCONSX
IEVt INDEX OF POINT WITH HINIMUHM FUNCTION VALUE
~DEFINED IN SUBROUTINE JCONSX
KO PRINTER UNIT NUMBE¥R -DEFINED IN MAIN PROGRAM
G LOWER CONSTRAINT ~DEFIHNED TN SUBRCUTINE JCNSTH
H UPPER CONSTRAINT ~DEFINED IN SUBROUTINE JCNST?
XCc CENTROID -DEFINED XY SUBROUTINE JCENT
L TOTAL NUHBER OF INDEPENDENT VARIABLES (EXPLICIT +
IHRLICITY =~DEFINED IN MAIN PROGRAY
I POINT INDEZ ~DEFINED IX¥ SUBROUTINE JCONSE
KODPE KIEY USED TO DETERMINE IF IMPLICIT CONSTRAINTS
ARE PROVIDED <-DEFINED IN SUBROUTINE
JCONSX AND JCEKY
K1 DO LOOP LIMIT -DEPINED IN SUBROQUTINE JCOKRSX
JYES IF JYES=1, IMPLICIT VARIABLES ARE COMPUTED
IN SUBROUTIFE JCHSTH
IF JYES . NE, "1 IHMPLICIT VARIABLES ARE ¥OT COMPUTED

DIMENSION X (KX ,LX) ,R {KX,¥X),F(KX),G(8X) ,H{HX),XC (¥Y)
INTEGER GAMMA
COMNON /JTRBAIN/JYES
JYES=2

I7=1

HRITE {K0,99995) IT
RODE={

IF {M=-¥N) 20,208, 10
KODE=1

CONTINUE

DO 40 ITXT=3,K

Do 30 J=1,X
I(IX,J)=0.
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CONTINUE
CONTINUE
CALCUOLATE COMPLEX POINTS AND CHECK AGAINST CONSTRAINTS
DO 64 II=3,K
DO 50 J=1,H
I=II
CALL JCNST1(N,#,K,%X,6,H,I,L,KY,LX, NI, NX)
(I, =G(J)+R{II,J)*(H(I) -G (J})
CONTINUE
K1=II
CALL JCEK1(N,4,X,X,6,H,I1,KODE,XC,DELTA,L,K1,
$ XX,LX,MX,NX)
WRITE (KO, 99999) 11, (X (II,J) ,J=1,N)
CONTINUE
K1=K
DO 74 I=1,K
CeLL JFUNC(N,M,K,%X,P,I,L,KX,LX,%X,NX)
CONTINUE
KOURT=1
“IA=D

" FIND POINT WITH LOWEST FUNCIION VALUE

WRITE (KC,99898) (F(I),I=1,K)

WRITE (KC,99993) (X(T,8+1) ,I=1,K)

WRITE (K0O,99994) (X(X,N+2) ,I=1,K)

IEVI=1

DO 100 ICH=2,K

IF (F{IBVY)~F(ICH)) 100,100,990

IEV1I=ICH

CONTINUE

FIND POINT WITH HIGHTEST FUNCTION VALUE
IEVZ=1

" DO 120 ICM=2,K

IF(F(IEV2)~-F(ICH)) 110,118,120
IEV2=ICHK

CONTINUE

CHECK CONVERGENCE CRITERIZ
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IF(F(IEV2)~(F (IEV1)+BETA)) 144,130,130
130  KOUNT=1
GO TO 150
148 KOUNT=KCQUNT+1 .
IF (ROUNT-GAMMA) 150,240,240
REPLACE POINT BY LOWEST FUONCTION YALUE
150 CALL JCENT (N,4,X,IEV1,I,XC,X,L,K1,KX,1X,H%,NX)
DO 160 J=1,H
X (IEV1,J) = (1. +ALPHA) *(3C (J)) ~ALPHA* (¥ (IEV1,J))
16Q CONTINUE )
I=IEV1 ,
CALL JCEX1(W,4,%X,¥,5,9,I1,K0DE,XC,DELTA,L,K1,
$ KIX,LI,HIX,NX)
CALL JFUNC(XN,4,K,X,?F,I,L,K%,LX,HX,NX)
REPLACE NEW POINT IF IT REPEATS AS LOWEST FUNCTION VALUE
170 IEV2=1
DO 190 ICH=2,K
IF(F{IEV2)-F(ICH)) 190,198C,180
183 IEV2=ICM
190 CONTINUE
IF (IEV2-IEV1)220,200,220
206 no 2108 " 3J=1,%
X(TEV1,J3)={X(TEV1,3d)+XC({3d)) /2.
210 CONTINUE
I=1IEV1
CALL JCEK1(¥,%,X,X,6,H,I,KODE,{C,DELTA,L,K1,
% KX,LY,MY,NX)
CALL JFUNC(¥,M,K,X,F,I,L,K%,LX,NX,¥NX)
G0 TO 178
220 CONTINUE
WRITE (K0,99997) (X (XEV1,JB),JIB=1,N)
WRITE (K0,99998) (F{I),I=1,K
YRITE (KO,99993) (X (I,¥+1) ,I=1,K)
WRITE (KO, 99994) (X (I,N+2) ,I=1,K)
WRITE (K0, 99996) (XC (J) ,J=1,K)
IT=IT+1
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IF (IT-ITHAY) 230,230,240
230 CONTINUE
WRITE (K0,99995) IT
GO TO 80
240 RETURN
99999 FORMAT {1H , 15%, 21H COORDINATES AT POINT,
$ IL/5(F15.7,2%))
99998 FORMAT (1H , 20X, 16H FUNCTION VALUES, /5(E15.7,2X))
99997 FORMAT(1H , 20X,16H CORRECTED POINT, /5 (F15.7,2%))
99996 FORMAT (1H , 21H CENTROID COORDINATES, 2X, 5(F15.7,2X))
99995 FORMAT(1H , //1CH ITERATION,4%,I5)
99994 FORMAT (1H , .20%, "POWER COEFFICIENTS",/5(F15.7,2%})
99993 FORMAT (1E , 20¥, “THRUST COEFFICIENTS™,/5(F15.7,2%))

END
c
14
SUBROUTINE JCEK?(W,4,K,X,G,H,I,KODE,XC,DELTA,L,K1,

c
c

$ KX,LX,MX,NYX)
C PURPOSE
C T0 CHECK ALL POINTS AGAINST THE EXPLICIT AND IMPLICIT
¢ CONSTRAINTS AND ©C APPLY CORRECTIONS IF VIOLATIONS
C ARE FOUND
c
C
C USAGE
c
C
o ¢aLlL JCEK1(W,®,X,X,6,H,I,KODE,XC,DELTA,L,K1,KX,1Y, N, NY)
c SUBROUTINE REQUIRED
c JCENT (¥,H,K,IBV1,I,%C,L,K1 ,KX,LX,HX,83)
o JCcwsT1(¥,M,X,%,6,H,I,L,KX,LX, MY, NX)
c DESCRIPTION OF PARAMETERS
c PREVIOUSLY DEFINED IN SUBROUTINE JCONSX

DIMENSION X (XKX,LX) ,G (MX) ,H (MX) ,IC (BX)
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COMMON /JTRAIN/JYES

18 KT=0
JYES=2
CALL JCNST1(¥,M,X,X,G,H,I,L,KZ,LX, N, NT)
CHECK AGAINST EXPLICIT CONSTRAINTS
DO 508 J=1,W
IF(X(I,d)=G(d)) 20 ,20, 30

20 ¥ (I,J)=6G{J)+DELTA
G0 TO 50

30 IF(HE{I)-X(I,J)) 40,40,50

40 X {I,Jd)=H(J)-DELTA

50 CONTINUE
IF (KODE) 110,110, 60
CHECK AGAINSTTHE IMPLICIT CONSTRAINTS

60 CONTIKUE '
NN=N+1
JYES=1
DO 100 J=NN,H
CALL JCNST1(N,M,K,X,G,H,I,L,K{,LX,HY, %)
IF(X(I,d)-G{J)) 80,79,70

70 IF{H{J)}-X(I,d}) 8¢,120,120

8¢ IEVI=I
KT=1
CALL JCENT (¥,H,%,IEV1,I,XC,%,L,K1,KY,LX,HZ,NT)
DO 90 JJ=1,H
X (I, 33)={Z (T,3T)+LC(IT)) /2

90 CONTINUE
JYES=1
GO T0o 180

120 JYES=2

100 CONTINUE
IF(RT) 110,110,10

110 CALL MEANSQF (¥,I,N,KX,LY)
JYES=2
RETURN
END
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SUBROUTINE JCENT(N,M,K,IEV1,I,XC,%X,L,K1,KX,LX,HX,NX)

PURPOSE

TO CALCULATE THE CENTROIL OF ROINTS
USAGE

CALL JCENT({N,M,K,IEV1,I,%C,%,L,K1,KX,L%,H%,N%)
SUBROUTINE REQUIRED

RONE

DIMENSION X (KX,LX) ,XC {(N¥)

DO 20 J=1,N

XC (J) =0,

D0 10 IL=1,K1

IC{IH=XC{H+I{IL,d)

CONTINUE

RR=K1

XC {J) = (XC (J) =X (IEV1,J)}) / (RK=14)
CONTINUE

RETURN

END

e ek ek o ok ook ok 30 ok 3ok o ke ok skl sk ek ke
Fk ko ok ek ek ¢
¥%k¥%¥ AFERODYINANIC MODEL *%¥¥X
ok kodeok ok ke ok
e s e ok e o ok Sk ek ook o e ok ok sk Skl ok

SUBROUTINE AERODYN (TRYR2 M, NRAM,ORAHNDA,
$ NOR,NTRY,NTP,CTP)

PURPOSE
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TO ESTIMATE THE FIRST APPROXIMATION OF THE
HYDRODYNAMIC ADVANE COEFFICIENT BY
SOLVING AFRODYNAMIC OPTIMAL PROBLEM

DESCRIPTION OF PARAMETERS

TRYRAN {I) THE GUESSED VALUES OF RAMDAI
NTP NTpP=1 IF CT IS SPECIFIED

NTP .¥E. 1 IF CP IS SPECIFIED

CTP CTP=CT IF NTP=1
CTP=CP IF NTP ,NE.1
NTRY NUMBER OF ELEHENTIS GIVEN IN TRYRAH (I)
NOR LERGTH OF ORAMNDA (I)
LORAMDA (1) HYDRODYNAHNIC ADVANCE COEFFICIENT AT
THE ZERCS OF T(JRAMDA+1,Q)
RRAH LENGTH OF TRYRAH (I)

DIMENSTON TRYRAM (NRAM) ,ORAHDA (NOR) ,Z (5}
COHMOK /DATA1/JRAMDA ’

COHMOR /DATAG/HUB

COMMON /DATA11/MCIRCU

COMMOX /DATA12/FM,TH,VF,RAHDAP

COMHON /DRAT214/G (15}

COMMON /DATA15/CT,CP,ETAX

CCNMON /DATA2Y4 /SQMEAN

COMMON /DATA36/IMEAN,IPRBLH

COMMON /DATA37/ENS(2)

COMMON /DATAR3B/XX(2,15)

COHMON /DATA39/GT (2} ,6P(2)

JX=JRA MDA+

IZY=NTRY+?

FORMAT (//,5X, MhkFspk kb dok akockokof deskokakokok Kok Kook s ook ok oo ko 1)
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FORMAT (BX, EXkEkk FokdekEk M)
PORMAT (S5X,"*%%*kx QUTPUT FROHN ATZRODINAKIC xdskikkit)
FORMAT {(SY, W**x¥k QPPTINUM PROBLEH . Ak 1)

FORHMAT (53X, " ¥kaokiohon ki dokdkknkkokk dkkosdeodoh sk dook ki ok 1)
RRITE {6 ,4¢0)

HRITE (6,41)

WRITE (6,42)

WRITE {6,43)

WRITE(6,41)

WRITE (6,44)

DO 51 II=1,IXX

COEPUTE THE FIEST GUESS OF RAHMDA {0QZERC (I))
THAT IS, ORAMDA(I)

DO 52 J=1,J%

ORAMDE {J)=TRYRAH (II)

CONTINUE

WRITE (6,56) ORAKDA (1)

FORMAT (//,5X,"RAMDAT=", P15, 10 /)
CALL RAMCOR {ORAMDA,NOR)

CALL HATIJ

CALL CIRCUL

CALL UATCHBY

WRITE (6,5) {I,6{I),I=1,MCIRCY)
FORMAT {5X,"G {",I2,") =4 ,F25, 1)
CALL AEROCF

WRBITE (6,6)CT,CP, BTAT

FORMAT (//,5X,"CT=",FP 10, 5//5%,"CP=n",F10. 5//, 5%,

5 ®IDEAL EFFICIENCY ETAI=¥,F1(,5//)

HRITE (6,57}

57 FORMAT{//, 10X, " ++R+4" 12X, W40+, T1X M+ +TA++",

$ 11X, "++0T++", 9%, " ++RAUDAT++1, 8%, "++GANNA+4" //)

R=HUB

7 IF({ReGTale)y GO TO 9

Q= {2, *R= {1s +HUB} )}/ {14~ HUE)
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CALL VELOCIT(UA,HUT,Q)
RAM=R* (VF+UA)} / (R/RANDAP+UT)
WRITE(6,8)R,Q,U2,UT,RAH,CIRLF(Q)
R=R+04 1

GO TQ 7

FORMAT {6 (2X,F15, 7).}

IF (NTBY, EQ. 1) GO TO 55
IF(IT.EQ0.IXX) GO TO 55
IF(NTP,EQa1) X {II)=CT
IF(NTP.NE. 1) X(II)=CP

IF (1I.L1T. BTRY) GO TO 51

INTERPOLATE THE OPTIHUYM EYDRODYNAHIC
ADVANCE COEFPICIENT
Y=CTP
SUN=0. .
PO 53 I=1,NTRY
A=1,0
B=1..
DO 54 J=1,N¥TRY
IF (3« EQ. I} GO TO 54
A=l* (Y=X (J))
B=B* (Y (I)=Z% {J)}
CONTINUE
SUM=SUM+ (A/B) *TRYRAM (I)
CONTINUE
TRYRAY (NTRY+1) =SUHK
CONTINUE
IF{IMEAN.NE. 1) RETURN
CALL MEANSQ
ENS (1) =SQMEAN
WRITE (6,60) BENS (1)
FORMAT (//5X ,"ENSEMBLE MEAN SQUARE O0OF%"/,5X%,
$ YTHE ACOUSTIC PRESSURE:"/,5X,E25.12//)
IF (IPEBLY . ¥Eo -4) .RETURN
LG ()Y =CT
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GP (1} =CP

DO 61 J
X {1,3)

=1,3J%
=QRA MDA {J)

CONTINUE

RETURN
END

SUBROUT

PURPOSE

TC OBTA
HYDRODY
NON-QPT
FORCTIO

REAL KT
DIMENST
COHNMON
COMMON
COMMON
CCOHHON
COMHON
COMMON
COHMON
COMEON
COMMON
COHMON
COMMON
COMMON
COMHMON
COMMON
COMMOE
FORMAT (

I¥E NOPTIML {ORANDA,NOR,NIP,LTR)

IN TEE SECOND FEASIBLE SCLUTIQON OF

NAMIC ADVANCE COEFFICIENT BY SOLVING THE
IMUM PROBLEM WITH GIVEN CHARACTERISING

N

P

O¥ ORAMDA {HOR} GG {15) ,RAM{1D)
JDATRT/FRAMDA

/DATAB/HURB

/DATAB /HBLADE,KY¥ENH,LOPIND
SCORST/PAL

/DATAT1/HCIECT
/DATAI2 /FM,TH ,VF, RAMDAP
/DATAY4/6{15)

/DATA15 /CT,CRP,ETAT
/DAT216/00%ERO (15)
/DATA35,CT1,CT2,CE1,CP2
/DATR2U4/SQKEAN

/DRATA3G /INEAN,IPRBLH
JDATA3 T /ENS (2)
/DATA3B /XX (2,15)
/DATA3S /GT (2) ,6P{2)

/7 2 SN p ok skt ok e ke oteok decde s ke sk sk ok e de e 1)
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FORMAT (5%, "akkk% ) Kok Kk 1)
FORMAT (5X,"&&kk*x QUTPUT FRON NON=- *kkiokn)
FORMAT (5X, " #¥k** OQPTINUM PROBLEM *t¥**n)
FORMA'T (5X, " ko sk o ok R 2k R K Kk kok 0t 7 0
WRITE {6,2C)

WRITE (6,21)

WRITE (6,22)

WRITE (6,23)

WRITE (6,21)

WRITE (6,28)

INPUT. . DATRA

INPUT THE MAXIMUN NUMBER OF ITERATIONS
IMAZ=3C
INPUT THE COEFFICIENTS OF CHARACTERISING FUNCTION

GG (1) =0, 03267
GG {2) ==U, 64083
GG (3) ==D. 00467
GG () ==0, 80243
GG (5) ==0.00027
IF (HCIRCULLE,5) GO TO 1
DO 2 M=6,MCIRCU
GG (M) =0,
CONTINUE

DO 3 H=1,MCIRCU
G (M) =GG {N)
CONTINUE

E¥D OF INPUT
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FPIRST APPROXIMATION

JMAX=JRAMDA+1
DO 4 J=1,JMAX
ORAMDA (J) =RAMDAD*VF
4 CONTINUE
I=1
WRITE {6,5)I
FORMAT {/5%,"ITERATION",2X,I3/)
CALL RAMCCE (ORAHDA,NOR)
CALL HATIJ
CALL UATCHBY
CALL CTP12
IF (NTP.NE.1) GO TO 7
KTP= (~CT1+SQRT (CT1*CT1+4,*CTP*CT2}) /
$. (2a%CT2)
60 TO 8
7 KTP={=CP1+SQRT (CP1*CP1+4,*CTP=CP2)") /
$ (2+%CP2)

COMPUTE NEW RANDAI AT OQQZERC(I)

TCHE=2
8 DO 9 J=1,JHAX
Q=0Q2ZEROC {J)
R=0.5% { (1.~HUB) *0+1, +HUB)
CALL VELOCIT (Ua,UT,Q)
RAHM (J) =R* (VF+KTP*UA) /(R/RAHDAD+
$ KTP*UT)
9 CONTINUE
DO 11 J=1,JHAX
IF (ABS (RAM {J)~ORAMDA (J)) «GTe 1.E-6) GO TO 12
11 CONTINUE
DO 13 J=1,JMAX
GRAMDA (J)} =0.5% (ORAKDA {J) +RAM (J))
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CONTINUE

GO TO 10

D0 14 J=1,JMaX

QRAMDA (J)=Co5% {ORAKDA (J) +RAM (J))

CONTINUE

I=T+1

IF(I.GT. IM¥AX) 60 TO 10

HRITE {6,5)1

HRITE({6,15) kTP

FORMAT (5%, "KTP=",F15.8/)

RRITE (6,16} (ORANDA (J) ,J=1,JHAZX}
FORMAT(5X,"VALUES OF RAMDAIM,/5(F15.8,20))
GO TO 6

DO 17 M¥=1,MCIRCU

G (M) =KTR*GE (#)

CONTINUE

CALL UATCHBY

CT=KTP*CT 1+ KTPXKTD*CT2
CP=KTP*CP1+KTP*EKTP*CP2

BTAI=CT*VF/CP
WRITE{6,35) (I,G{1} ,I=1,HCIRCD}

FORMAT (5X, %G {"*,I2,1) =",P25, 10}

WRITE (6,36)CT,CP,ETAT .

FORMAT {//,5X,1CT=" ,F10,5//5%,%CP=4 ,Fi18.5//,5X,
$ “IDEAL EFFICIERCY ETAI=",F1{.5//)

WRITE (6,57)

FORMAT (//, 10X, "+4R++7 12X, D440+ 1 11, "+ +T2++1,
$ 11T, "4+UT+4+" , 9%, "4+ RANDAT ++1, 8Y , "+ +GANNA+4M /)
R=HUB '

IF{R.6Te 1) 60O TO 39

Q= (2. ¥R= (1, +HUB) } / {1« ~HUB)

CALL VYELOCIT({UZ,U2,Q)

RAND=R* (VF+UR} / (R/RAHDAP+UT)
WRITE{6,38)R,Q,UA,UT,RAMD,CIRLF(Q)

R=R+{0, 1

GO0 TO 37
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FORMAT (6 (2% ,F154 7))
IF (INEAN.NE. 1) RETURN
CALL MEANSQ

ENS (2) =SQHEAN

WRITE (6,40) ENS (2)

FORMAT {//,5X ,"ENSEXBLE MEAN SQUARE OF"/,5X,
$§ "THE ACOUSTIC PRESSURE:",2Y,E25.12//) --

I¥ (IPRBLY o NE.-4) BETURN
DO 41 g=1,JHAX

XX (2,J)=0RAMDA (J)
CONTINUE

GT {2)=CT

GP {2) =CP

REETURN

END

SUBROUTINE CTP12
PURPOSE
TO COMPUTE CT1, CT2, CP1, AND CP2

COMMON /CONST/PAI

CCMMOX /DATAG6/HUB

COMMON /DATA8/NBLADE,KWENH,LUPIND
COMMON /DATAT1/MCIRCU

COMMON ,/DATAY2/FMH,TN,VF,RAMDAP
COMMON /DATAT4/G(15)

COMMON /DATA15/CT,CP,ETAI

COMMOY /DATA31/IVELDG,IVELCHB
COMMON /DATA33/UACEB(51) ,UTCHB (51)
COMMON /DATA35,CTY,CT2,CE?1,CP2
NB=KELADE

CALCULATE CT1 AND CP1
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FACT={ , 5*PA T* (1, ~HUB) *FLGAT (NB)

CT1=FACT* (G (1) * (1. +HUB)} +G {2) ¥0,5 * (1,=HUB))/

$ RAMDAP

CPI=FACT* (G (1) * (1, +HUB) *VF+G (2)* (.5 *(1,«HUB) *

$ VF)/RAMDRP

COMPUTE CT2 AND CP2

cT2=0,

CP2=0,

FY=0,5% (1, +HUB)

FY=0, 25* (1, ~HUB)

DO 1 H=1,MCIRCU
CT2=CT2+6G () * (ULCHB (M) ~UTCHB (8+2))
CP2=CP2+G (M} * ( {JACHB (M) -UACHB (M+2) ) *PX+
$ (UACHB(IABS (H=2)+1)-UACHB (M+3)) *FY)
CONTINUE )
CT2=FACT*CT2

CP2=FACT*CP2/RAMDAP

RETURN '

END

SUBROUIINE AEROCF

PORPOSE

TC COMPUTE THE THRUST AND POUWER COEFFICIENTS

COMMON /CONST/PAIL

COMMON /DATAG/HUB

COMNMON /DATA8/NBLADE,KWENH,LUPIND
COMMON /DATAT1/MCIRCU

COMMON /DATAY2/FM,TH,VF,EAMDAP
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COMHMON /DATA14/G (15)

COMMON /DATA15/CT,CP,ETAL

COMMON /DATA31/IVELDG, IVELCHB
COMMON /DATA33/UACHB (51) ,UTCHB (51)
NB=NBLADE
FACT=(,5%PAT* (1. ~HUB) *FLOAT (NB)
FX=0. 5% (1. +HUB)

FY=0.25% (1. -HUB)

SOMT=G (1) * (1, +HUB) /RAMDAP
SUMT=SUMT+G (2) * (1o =HUB) / (2+ *RAUDAP)
SUBP=G (1) * (1s +HUB) ¥VF
SUMP=SUMP+G {2) * (1, ~HUB) *VF/2,

DO 1 M=1,MCIRCU
SUMT=SUNT+G (M) * (UTCHB (4) ~UTCHB (¥+2))
SUMP=SUMP+G (M) * (FX* (JACHB (M) ~UACHB (M+2)) +

$ FY* (UACHB(IABS (M=2)+1)~UACHB (4+3)))

CONTINUE
CT=SUMT*FACT "
CP=SUMP*FACT/RANDAP
ETAY=CT*VF /CP
RETURN

END

FOUNCTION RAIJKN(I,Jd,K,H)

PURPOSE

TO COMPUTE RAMAD (I) (J) (K) (M)

COMMON /CONST/PAI
ISou=0
MJ=Hd=~J
KIi=K~I
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TABSHJI=IABS (4J)

IABSKI=IABS (KI)

IF (MJ. NE.Q) MI=MJI/IABSHJ

IF (KI.NE.H) KI=KI/IABSKI
IP{(T+K~J=-M).EQ, Q) ISUM=1

IF ((I+K~IABSHJ) +EQ. Q) ISUM=ISUN+MJI
IF{(IABSKI~J-¥) +EQe0) ISUM=ISUM+KI
IF (IABSKI,EQs IABSHJ) ISUM=ISUN+KI*HJ
RAIJKH=PAI?FLOAT(ISUM}/Bo

RETURN

END

SUBROUTINE CIRCUL

PURPOSE

TO COMPUTE THE COEFFICIENTS OF THE CHEBYSHEY

EXPANSION OF THE CIRCULATION

CIRCULATION (Q) =SQRT(1-Q%*2) *SUMMATION G (K)*

U{¥=1,0), #=1{1)MCIRCD

DESCRIPTICN OF PARAMETERS

NT LENGTH OF TF
NU LENGTH OF UF

COMMON /CONST/PAI

COMMON /DATA3/IDEG,ICHEBY

COMMON /DATA4 #HA (31,31),HT (31,31)
COMMON /DATA6/HUB

COUMON /DRTA10/QCIRCT (15)
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COMMON /DATA11/MCIRCU

COMMON /DATA12/FH,TH,VF,RAMDAP
COMMON /DATR14/6 (15)

DIMENSION & (15,15),B (15,1} ,RAMDAL (15)
DIMENSION WK (300),TF (31) ,UF(31)
CONPUTE RAMDA AT QCIRCU(L)

DO 1 IL=1,HMCIRCU

Q=QCIRCU (L)

RAMDAL (L) =RAMDAF (Q)

CONTINUE

CONSTROUCT THE COLUMN VECTOR B

DO 2.1=1,4CIRCD

B (L) =RAMDAL (L) /RAKDAP~-VF

CONTINUE

CONSTRUCT THE COEFPICIENT MATRIX 2
IF (MCIRCU. GB, IDEG) IMAX=MCIRCU

IF (MCIRCULLE.IDEG) IMAX=IDEG

DO 3 1=1,MCIRCT

Q=QCIRCU (1)

INPUT DATA

NT=31
NT=31

CELL TCHEBY (TF,IMAX,Q, NT)
CALL UCHEBY (UF,IM2X,Q,NT)
FA=2,*%RAMDAL (L) / { (1. =HUB) *QCIRCU (L) +1. +HUB)
DO 5 ¥=1,MCIRCO
FAAM=PAT*FLOAT (M) / (1. ~HUB)
SuM=0,

1=0

HI=1

IF (I, 6T IDEG) GO TO 7
IF(T.EQ.0) HI=2,

Sa=0, "
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J=0

HI=1.

IF (J» 5T« IDEG) 60 TO 9

IF (J. EQ. Q) HJI=2,

IF (Js GT. M) GO TO 10
Sk=SA+{HA(I+1,J+1)-FA*HT(I+1,J+1}}*TF(I+7}*
3 TF(S+1)*UF (M) *FAA N/ (HI*HJ)

J=J+1

GO TO 8

SA=SA+ (HA (I+1,J+1) -FA*HT (I+1,J+1)) *TF (I+1)*
3 TF(H+5)*UF{J)*FAAH/(HI*HJ)

J=J+1

GO TO B8

SUM=SUM+SA

I=I+1

GO TO 6

A(L,M)=SUHM

CONTINUE

CONTINUE

SOLVE THE SYSTEN OF EQUATIONS A (L,HM)*G (H)=B(L)
FOR G (H) ,L,M=1(1) MCIRCU
BY USING THE LIBRARY SUBROQUTINE LEQT2F OF U COF I

IER=500

IDGT=0

¥=1

N=HCIRCU

IA=15

CALL LEQT2F (A,4,N¥,IA,B,IDGT,WK,IER)
Do 20 HM=1,HCIRCOD

G{M)=B (K,

CONTINUE
IF(((IER=34)* (IER=-129) * (IER=131) )+ NE.0)} RETURN
WRITE (6,24).
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24 FORMAT(///,5X,"*** ITERATION IS TERMINATED "/,

$ BX,"DUE TO ILL-CONDITIOKED MATRIX **x%N)
STOP
END

SUBROUTINE UATCHBY
PURPOSE

TO COMPUTE THE COEFFICIENTS OF THE CHEBYSHEY
EXZPANSIONS OF THE INDUCED VELOCITY COMNPONENTS

COMHON /DATA31/IVELDG,IVELCHB
COMMON /DATA32/QVEL(51)

COMMON /DRTA33/UACHB(51) ,UTCHB(51)
DIMENSION A (50) ,UA(S51),0T(51)

COMPUTE THE INDUCED VELOCITY COMPONENTS

JMAX=IVELCHB+1

Do 1 J=1,JdMAX

Q=QVEL (J)

CALL INDVEL (Q,ANSA,ANST)
UA (J) =ANSA

UT (J) =ANST

CONTINUE

COMPUTE UACHB(I),AND UTCHB(I),I=1(1) (IVELDG*1)
NA=LENGTH OF ARRAY A
NA=50

NLETH=51
MCHEBY=Jd4AX
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NDEG=IVELDG

CALL CHEBCF (UA,MCHEBY, NDEG,NLETH,A0,A, Na)
UACHB {1) =20

D6 2 J=1,NDEG

DACHB (J+1) =A {(J)

CONTINOUE

CALL CHEBCF (UT,HMCHEBY, NDEG,NLETH, A0, A,NA)
D6 3 J=1,NDEG

UTCHB (J+1) =A (J)

CONTINTE

UTCHB (1) =43

RETURY

EED

SYBROUTINE HATIJ

PURPOSE
TO COBPUTE THE COEFFICIENTS OF THE DOUBLE CHEBYSEHEY
EYPANSICN OF THE AXTIAL AND TANGENTIAL INDUCTION

FACTORS, HA (I,J) AND HT({I,J) ,THAT I3,

IA{Q,Q0)=SUMNATIOR'! HA(I,J)*7{I,Q) * T{J,00),
I,3=0{1)IDEG

IT{0,00)=SUNMATION'Y HT(I,)*T{I,Q} * 7 (J,00),
I,J=0(1)IDESG

DESCRIPTION OF PARAMETERS

QIND{I) THE ITH ZER0 OF T(ICHEBY+1,Q)
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QIND(I)=COS(({2%I+1)*PAT/ (2% (ICHEBY+1) )
I=0(1) ICHERY

COMMON /DATA3/IDEG,ICHEBY

COMMON /DATA4/HA (31,31) ,HT (31,31)
COMMON /DATAS/QIND{S51)

COMMON /DATAG6/HUB

.COMMON /DATAB/HBLADE,KHENH,LUPIND

COHMON /DATAS/EPSIND

DIMENSION AXIAL([S1,51) ,TANG(51,51)
DIMENSION R({51),R0O(51) ,RAMDA(51)

DIMENSION PRJI(51,51) (HAT (51,51)

COORDINATE TRANSFORMATION R= (({1~HUB)*Q+1+HUB) /2
I¥=1+ICHERY ‘
D0 1 I=1,IX

R{I}=0e5 * ((1e=HUB)*QIND(I)+1.+HUB)

RO {I) =R{I) '
CONTINUE

COMPUTE RAMDA AT B

DO 2 I=1,IX

Q=QIND (I)

RAMDA (I) =RANDAF (Q)

CONTINUE

COMPUTE THE AXIAL AND TANGENTIAL INDUCTION
PACTORS

NB=NBLADE

NPR=IX

NPRO=1X

INPUT DATR

KR,KRO: DINENSION OF AXIAL,TANG

KR=51

KRO=51

KCONT=KWENH

EPSLON=EPSIND
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LUPER=LUPIND

CALL INDFACT (NB,NPR,NPRO,R,RO,RAMDA,AXTAL, .
$ TANG,KR,KRO,KCONT,EPSLON,LUPER)

COMPUTE HA(I,J),AND HT (I,d)

NC=KR R )

NA: THE LENGTH OF HA {(NA, NA) AND HT(NA,KR)
NCHEBY=ICHERY

NDEG=IDEG

NAT=51

NHAT=IDEG+1

CALL DOUCHB (AXIAL,NCHEBY,ND%G,HAT,NAT,NC,PRJI,R)
DO 3 I=1,NHAT )

DO 4 J=1,NHAT

HA (I,J)=HAT(I,J)

CONTINUE

CONTINUE

CALL DOUCHB (TANG,NCHEBY, NDEG,HAT, NAT, NC, PRJ, R)
DO 5 I=1,NHAT

DO 6 J=1,NHAT

HT (I,J)=HAT (I,J)

CONTINUE

CONTINUE

RETURYN

END -

FUNCTION RAMDAF (Q)

PUORPOSE

TO COMPUTE RAMDA AT Q

THAT IS,
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RAMDAF (Q) =AORAND,/2 + ARAMDA{J)* T(J,0) J=1,JREHDA

COMMOK /DATAY/JRAMDA

COMMON /DATA2/AORAMD,ARAMDA (14)
DIMENSION & (14)

NLETH=14

N=JRLHDA

AG=A0 RAMD

DO- 1 I=1,JRANMDA

A {I)=ARAHDA (I)

CONTINUE .

CALL SUMCHB (A0,2,NLETH,N,Q,ANS)
RAMDAF=ANS

RETURN

END

SUBROUTINE RAMCOE (ORAMD2,NOR)

PFURPOSE

TO COMPUTE THE COEFFICIENTS OF THE CHEBYSHEY
EXPANSION OF RAMDA,THAT I3

RAMDA (Q) =20RAMD/2 +ARAHMDA(J)*T(J,Q) J=T1,JRANDA.

DESCRIPTICN OF PARAMETERS

ORAMDA VALUES OF RAMDA A ZEROS OF
T (JRAXDA+1,0)
NOR LENGTH OF ORAMDA

COMHON /CONST/PAI
COHMON /DATA1/JRAMDA
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COMMON /DRLTA2/AGRAND,ARAMDA (14}
M=JRAMDA
H=PAI/FLOAT {2* (JRAMDA+1) )
FACT=2, /PLOAT (JRANDA+1)

J=0

IF {J, GT» JRAKDA) GO TO 2

X=COS (FLOAT (J) *H)

CALL SUMODD (ORAMDA,M,NOR%X,ANS)
IF (J.EQ. Q) AQRAMD=FACT*ANS
IF{(J.NE.C) ARAMDA (J)=FACT*ANS
J=J+1

GO TO 1

RETURN

END

SUBROUTINE DOUCHB {C, NCHEBY,NDEG,A,N&,NC,PRJ, WEK)
PURPOSE

TO COMPUTE THE CORFFICIENTS OF A FINITE
BIVARIATE CHEBYSHEV EXPANSION

THAT IS,

F(X,Y)=B{I,d) * T(I,X) * T(J,%), I,J3=0(1)XNDEG

WHRERE T({X,I)=CHEBYSHEV POLYNOMIAL OF DEGREE I

B(C,0)=2(1,1) /8

B(L,0)=R(I+1,1)/2 {I +GTa 1)
B(C,Jy=a(1,J+1) /2 (J «GTa 1)
B(I,J)=A(1I+1,d+1) (I,Jd +G6T. 1)
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DESCRIPTION OF PARAMETERS

NC ’ LENGTIH OF C
HA LENGTH OF 2
C FUNCTION AL VALUES OF F(X,Y) AT THE

DESCRETE SET (NCHEBY+1) (NCHEBY+1) POINTS
{(X(I),¥¢3)), I,J=0{1)NCHEBY
"X (I)=Y (I) THE ROOTS OF T(NCHEBY+1,X)
% {I)=COS { (2*I) *PAI/ (28 (NCHEBY+1)),
I=0 (1) NCHEBY
PRJ YWORK AREA (DIMENSION (NC,N2)
WK WORK AREA (DIMENSION (NC))

DIMENSION C (NC,NC),A (NA,NA},PRJ(NC,NR) ,WK(NC)
COMMON /CONST/PAI
H=PAT/FLOAT (2% (NCHEBY+1) )
TRMAR=NCHEBY+1
ISHAX=NCHEBY+1

IMAX=NDEG+1

JHAX=NDEG +1
COMPUTE PRJ

DO 1 JY=1,JHAX

J=J1-1

=COS (E*FLOAT (J) )

DO 2 IRX=1,IRHAX
CONSTRUCT WX

DO 3 1IS¥=1,ISHAX

K (ISY)=C (IRX,ISY)
CONTINUE

¥=NCHEBY

CALL SUMODD (WK, H¥,NC, X, ANS)
PRJ (IRY,JX)=ANS

CONTINUE

CONTINUE

COMPUTE CORFFICIENTS 2 (I,J)
FACT=4,/{ (NCHEBY+1)%%2)
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DO 4 IX=1,IHAX
I=IX%~1

X=C0S {E*FLOAT (I))
D0 5 JxX=1,JMAX
CONSTRUCT WK

DO 6 IRE=1,IRMAX
WK (IRX) =PEJ (IRX ,JX)
CONTINUE

- M~=NCHEBY

CALL SUMODD (WK,H,NC,X,ANS)
A (1X,JX)=FACT*ANS
CONTINUE

COFTINUE

RETURN

END

SUBROUTINE CHEBCPF({FTHI ,MCHEBY,NDEG,NLETH,AQ,A,N])

- FURPOSE

TQO EVALUATE '~ THE COEFFICIENTS OF THE CHEBYSHEV
EXPANSION OF THE FORM F({X}=20,/2 + A(K) * T(X,X)
USING CHEBYSHEV QUADRATURE

DESCRIPTION OF PARAMETERS

MCHEBY THE NUMBER OF POINTS USED IN
CHEBYSHEV QUADRATURE FORMULA
PTHI FUNCTIONAL VALUES AT THE ROOTS OF

T (MCEEBY, X) ,THI (I) =COS ( (2*I~-1)*PAI/
(2*MCHEBY)}), I=1(1) MCHEBY
NDEG DEGREE OF CHEBYSHEV EBYXPANSION
NLETH LENTH OF THI,ETA,FTHI,FETA
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NA LENGTH CF 2
AQ,a COEFFICIENTS OF CHEBYSHEV EZIPANSION

DINENSION A (Na),FTHI (NLETH)
COMMON /CONST/PAT
HODD=KCHEBY~1

H=PAI/FLOAT (2¥HCHEBY)

K=0

IF (Ke 6T« NDEG)} GO TO 2
COMPUTF ALPHAK

¥=C0S {H¥FLOAT (K))

CALL SUH#ODD (FTHI,MODD,NLETH, X, ANS)
ALPHAK=2, *ANS/FLOAT (MCHEBY)
IF (KeEQe 0) A0=ALDPHAK
IF({K.NE.D) A {K)=ALPHAK
R=K+1

GO0 TO 1

RETURN

END

SUBROUTINE SUMODD(C, M, NLETH,X,ANS)

PURPOSE

70 COMPUTE THE ODD POLYNOMIALS IN
CHEBYSHEY FORH AT X

THAT IS,

ANS=P (X)=C (J+1) *T (2%3+1,%X), J=0(1)

DESCRIPTION OF PARAMETERS

NLETH LENGTH OF C
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DIMENSICN C (NLETH)
K=H

BR1=0. .

BK2=0s

T=2, ¥X*X-1.

BK=2. ¥*T*BK1-BK2+C {K+1)
I (KeEQ.0) GO TO 3
K=K=1

BK2=BEK1

BK1=BK

GO TO 1

ANS=X* (BK~BK1)
RETURHN

END

SUBROUTINE SUMCHB(AQO,A,NLETH,N,X,ANS)

PURPOSE

70 COMPUTE THE VALUE OF POLYINOMIALS IN
CHEBYSHEV FORMS
THAT IS,

-

ANS=P (X)=A0/2+A (K) *T (K,X), K=1 (1) ¥

t

DESCRIPTION OF PARAMETERS
NLETH LENGTH O &

DIMENSICRN A (NLETH)
BK1=0.

BEK2=0,

K=¥
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TF (KeEQ.0) AK=2D
IF (K. HEa0) 2K=R{K)
BK=2, *Y*BK1-BK2+AK
IF (Ke EQs0) GO TO 2
K=K=1

BK2=BK1

BK1=BK

G0 TO 1
ANS=0, 5% {(BK-BK2)
RETURN

END

SUBROUTINE ZEROS (NDEGRE, NZERO, ZERO)

PURPOSE
TO COMPUTE THE ZEROS OF T(NDEGRE,Q)

DESCRIPTION OF PARAMETERS

ZERO (I} ZERO {I)=CO0S ({2*I-1)*PAI/ (2*NDEGRE) )

I=1{1) NDEGRE

NZERO LENGTH QF ZERO

COMMON /CONST/PAI
DINENSION ZERO{NZERO)
H=PAI/FLORT {2*NDEGRE)
DO 1 I=1,NDEGRE
Z=H*FLORT (2*I-1)

ZERO (I)=COS (2)
CONTINUE

RETURN
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END

SUBROUTINE DOUSUM{A,B,M,N,NM, NN,X,Y,2NS)

PURPOSE

TO COMPUTE THE SUM OF A FINITE DOUBLE
CHEBYSHEV SEZRIES,THAT IS,

ANS=SUMMATION'?! B(I,J)* T(I,%) * T(J,Y)
I=C(1) 84, J=0(1)N
WHERE B (I,J)=A (I+1,J+1)

DESCRIPTIICN GF PRRAMETERS

2 COEFFICIENTS OF THE DOUBLE
CHEBYSHEV SERIES

B WORK AREA OF LENGTH Ni

N DEGREE IN X

8 DEGREE IN Y

N LENGTH OF THE ROW OF A

Ny LENGTH OF THE COLUMN OF 2

DIMENSION A (NM,NN),B{8M)
COMPUTE B (I)

IMAX=M+1

JHAX=M+1

DO 1 IX=1,IMAX

I=1%-1

J=N
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DN1=0,

DN2=0,
DN=A(I+1,J+1)+2, *Y*DNT1-DN2
IF (J.EQ.0) 60 T0 3
J=J=-1

DNZ=DN1

DN1=DX

GO TO 2

B(I+1)=0.5 * (DN-DN2)
CONTINUE

I=N

GH1=0,

GM2=0, ]
GM=B (I+1) +2,*¥X*GH1=-GH2
IF(I.EQ.0) GO TO 5
I=1-1

G¥2=GH1

GH1=GH

GO TO &4

ANS=0.5 * (GH=-GH2)
BRETURN

END

SUBRCUTINE FACTOER(Q,Q0,AZIAL,TANG)
PUORPOSE
T0 COMPUTE THE AXIAL AND TANGENTIAL

INDUCTION FACTORS BY USING THE
DOUBLE CHEBYSHEY EXPANSIONS

COMMON /DATA3/IDEG,ICHEBY
COMMON /DATA4L/HA(31,31),HT (31,31)
DIMENSION 2 (31,31 ,B(31)
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N#=31

NN=31

¥=IDEG

N=IDEG
TMAX=IDEG+]

DO 1 I=1,IMAX
DO 2 J=1,IMAX
A {I,Jd)=Ha (I,J)
CONTINUE
COBTINUE

CALL DOUSUX (A,B,H, N, NM, NN, 0, 00,2NS}
AXTIAL=ANS
DO 3 I=1,INMEX
DO 4 J=1,IMAX
A (I,J)=HT(I,d)
CONTINUE
CONTINUE

CALL DOUSUY {A,B,H, N, N#,NN,Q,00,ANS)
TANG=AKS
RETURK

END

FONCTICON CIRLF (Q)

PURPOSE

T0 COAPUTE THE CIRCULATION AT Q

CIRLF (Q)=SQRT {1-Q%**2) * SUMMATION G{M) * U{(¥-1,Q)
COMMON /DATA11/MCIRCU

COMHON /DATA1L /G (15)
¥=MCIRCO-1
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BK1=0, .

BK2=0» -

R=N _

BK=G (K+1) +2, *Q*BK1~BK2
IF (Ke EQa1) GO TO 2
K=K-1

BK2=BK1

BK1=BK

GO TO 1

ANS=G (1) ~BK1+2, ¥Q*BK
CIRLF=SQRT (1,~0*%Q) * ANS
RETURN

END

SUBROUTINE INDVEL (Q, Ua,UT)

PORPOSE

TO COMPUTE THE AYIAL AND TANGENTIAL
COMPONENTS OF THE INDUCED VELOCITY

COMHMOF /CONST/PRI
COMMON /DATA3/IDEG,ICHEBY

COMMON /DATAL/HA (31,31),HT (31,31)

COMMON /DATA6/HUB
COMMON /DAT211/HCIRCU
COMMON /DATA14/G {15)
DIMENSION TF{31),0F(31)

IF (MCIRCU.GE,IDEG} IMAZ=MCIRCU
IF (HCIRCU,.LE., IDEG) IMAZX=IDEG

NT=31
NU=31
CALL TCHEZBY (TF,IMAX,Q,NT)
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CALL UCHEBY (UF,IMAX,Q, NU)
SUMT=0,
SOUMA=0.
DO 2 M=1,HMCIRCU
FM=G (4) *PAI*FLOAT (M) /(1s =HUB)
1=0
SUMAT=0, .
SUMTI=0.
3 HI=1.°
IF (T.GT.IDEG) GO TO 4
IF (Ts Qs 0) HI=2._
J=0
SUMAJ=0,
SUMTI=0x
5. HI=1.
IF (Js GT+ IDEG) GO TO 6
IF (J. EQ. 0) HJI=2,
IF (J. GT. ¥} GO TO 7
SUHAJ=SUMAJ+HA (I+71,J+1) *TF (I+1) *TF (J+1) *
$ UF (1) / (HI*HJ)
SUMTJI=SUNTJI+HT (I+1,J+1) *TF (I+1) *TF {J+1) *
$ UF (M) / (HI*HJ)
J=J+1
GO TO 5
7 SUMAJ=SUMAJ+HA (I+1,J+1)*TF(I+1) *TF {#1+1) *
$ UF (J) / (HI*EJ)
SUMTJ=SUMTI+HT (I+1,J+1) % TP (T+1) *TF (H+1) *
$ UF (J) / (HI*HJ)
J=J+1
GO TO 5
6 SUMAI=SUMAI+SUMAJ
SUMTI=SOMTI +SUHTJ
I=1+1
G0 TO 3
4 SUMA=SUMA+SUMAI*FH
SUNT=SUNT+SUNTI*FH
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CONTINUE
UA=5UM2
OT=SUMT
REETURN
E¥D

-

SUBROUTINE VELOCIT (U&,UT,Q)
PURPOSE

TO INTERPOLATE THE INDUCED VELOCITY COMPONENTS
BY EVALUATING THE CHEBYSHEVY EXPANSIONS OQOF
THE INDUCED VELOCITY COMEOWENTS

COMMON /DATA31/IVELDG, IVFLCHB
COMMON /DATR33/UACHB (51) ,UTCHB(51)
DIMENSION A (50)

NLETH=50

N=IVELDG

DO 1 I=1,W

A (I)=UACHB (I+1)

CONTINUE

A0=UACHB (1)

CALL SUMCHB(AD,2,NLETH,N,Q,ANS)
UA=ANS

D0 2 I=1,N

A (I)=UTCHB (I+1)

CONTINUE

A0=UTCHB (1)

CALL SUNMCHB(A0,A,NLETH,X,Q,ANS)
UT=ANS

RETURN

END
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SUBROUTINE TCHEBY (T, N,X,NT)

PURPOSE

TC COHPUTE THE VALUES OF CHEBYSHEV POLYNOHIALS
OF THE FIRST KIND OF DEGEEES FROM 0-N AT X

DOUBLE PRECISIOW Q,TN1,TNZ,TN
DIMENSION T (NT)

o=X

TN2=1, DO

TH1=Q

T (1)=TKN2

T(2)=TN1

IF (No LE, 1) RETURN
INAY=N+1

DO 1 I=3,I43X

TH=2.,D0 * Q * TN1 = TN2
T{I)=TX

TN2=TN"

TN1=TN

CONTINUE

RETURN

END

SUBROUTINE UCHEBY (U,N,X,N0)

PURPOSE

T0 COWUFUTE THE VALUES OF CHEBYSHEV POLYNOMIALS
OF THE SECOND KIKD, U(I,X), I=0({1)E
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DOUBLE PRECISION Q,UN, UN1,UN2
DIMENSION U (NU)
0=X
UN2=1,D0
UN1=2. D0 * Q
(1) =0¥2
. g (2) =UN1
IF (N»LE»1) RETURN
IMAX=N+1
DO 1 I=3,IHAX
UN=2,D0 * Q% UN1 -UN2
g (I) =¥
UN2=UN1
UN1=UX
CONTINUE
RETURN
END

SUBRQUTINE INDFACT (NB, NPR, NPRO,R,RO,RAMDA,RXIAL,
$ TANG,KR,KRO,KCONT,EPSLON,LUPER)

PURPOSE

TO COMPUTE TABLES OF THE AZIAL AND TANGENTIAL
INDUCTION FACTORS

DATA FILE NEEZDED

COSGRA

DESCRIPTION OF PARAMETERS
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NB NOUMBER OF PROPELLER BLADES

¥ER NUMBER OF ELEMENTS OF ARRAY R
NPRO NUMBER OF ELEMENTS OF ARRAY RO
KR LENGTH OF ARRAY R

KRO LENGTH OF ARRAY RO

AXIAL (XK,T) AXIAL INDUCTION FACTOR AT (R (K),RO(I))
TANG (K,I) TANGENTIAL INDUCTION FACTOR AT (R(K),RO(I))

LUPER OPPER LIMIT OF Ia2
EPSLON UPPER LIMIT OF IA3, EPSLON .GEs ¢
R ARBAY"CONTAINIHG THE RADIAL CCORDINATES
OF REFERRENCE POINTS
RQ ARRAY CONTAINING THE RADIAL COCGRDINATES

OF SOURCE POINTS
R AND RO ARE ASSUMED TO BE EQUAL IF
ABS (R=RO) +LE. 1,E=10
RAMDA {K)  HYDRODYNAHIC ADVANCE COEFFICIENT AT RO (K)
KCONT CONTROL PARAMETER '
KCONT oEQ. .1 IF WRENCH MODIFIED FORMULA IS
USED
KCONT oNE,.1 IF ALTERNATE METHOD
IS USED

REAL R (KR),RC{KRO)} ,AXIAL (KR,KRO) ,TANG (KR,KR0)
BEAL RAXDA (KRO)

IF (KCONT .NE. -1) GO TO 5

COMPUTE INDUCTION FACTORS USING WRENCEH'S
MODIFIED FORMULAS

DO 6 ¥=1,NPRO

ROU=RO {K)

RANDAK=RAHDA (K)

Do 7 J=1,NPR

RR=R (J)

CALL WRENF (NB,RR,ROU,RAMDAK,ANSA,ANST)
AXTAL(J,K)=ANSA
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TANG (J, K) =ANST
CONTINUE
6 CONTINUE
RETURN
5 DO 1 I=1,¥PR
DO 2 J=1,NPRO
AXIAL(I,J)=D.
2 CONTINUE
1 CONTINUE _
CALL INDA12 (EPSLON,NB,LUPER,NPR,¥PRO,R,RO,RAMDA,
$ AXIAL,XR,KRO)
IF{EPSLON .LE. 1,E-10) GO TO 8
CALL INDA3(EPSLON,NPR,XNPRO,R,RO,RAMDA,.
$ AXIAL,KR,KRO) ‘
8 CALL INDAS(NPR,NPRO,R,RO,RAHMDA,AXIAL,KR,KRO)
B=FLOAT (¥B)
DO 2 K=1,NPRO
ROU=RO (K)
RAHMDAK=RAMDA (K)
DO 4 J=1,NPR
RR=R {J)
IF (ABS (RR-ROU) +LE. 1.,E-10) AXIAL(J,K)=ROU/
$ SORT (RAMDAK*RA MDAK+RR*ROU)
TANG (J,K)=RAMDAK* { (ROU=RR) *B/RAKDAK~
_$ AXIAL(J,K))/ER
4 CONTINUE
3 CONTINUE
RETURY
END

SUBROUTINE INDA12 (EPS,NB,LUPER,NPR,NPRO,RE,RO,RAMDA,
$ AXIAL,KR,KRO)
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T0 COMPUTE IA12 BY USING 2 25~POINT
GAUSS-LEGENDREE FORMULA ON EACH SUB~SUBINTERVAL

PRECISION:

DOUBLE PRECISION

DESCRIPTION OF PARAKETERS

NBLADE

NLAST
IBEGIN

IRIFAL

EPSLON
L

ALZ

AUX

N3T

NPT

NOMBER OF PROPELLER BLADES~DEFINED IX
MAIN PROGRAM {USER SUPPLIED)

NUMBER OF SUB~INTERVALS

SUB=-INTERVAL PARAMETER-DEFINED IN MAIN
PROGRAN (USER SUPPLIED) )
SUB~-INTERVAL PARAMETER-DEFINED IN HAIN
PROGRAM (USER SUPPLIED)

EsGs . IBEGIN=1, AFD IFINAL=¥LAST IF ALL
ALL SUN-INTERVALS ARE COFSIDERED

LOWER LINIT OF INTEGRAL Ia12

2 % PAT * L= UPER LIMIT OF INTEGRAL Ta12
~DEFINED IN MAIN PROGRAH (SUZR
SUPPLIED)

LOWER LINMIT OF EACH SUB-INTERVAL-
DEPINED IN MAIN PROGRAM {USER SUPPLIED)
UPER LIMIT OF EACH SUB-INTERVAL
~DEFINED IN HMAIN PROGRAHM (USER SUPPLIED)
NUMBER OF SUB~SUBINTERVALS OF EACH
SUB=INTERVAL (ARLY(I),AUX(I})

BLADE PARAMETER-DEFINED IN MAIN PROGRAN
(ISER SUPPLIED)

BLADE PARAMETER-DEFINED IN MAIN PROGRAHN
(USER SUPPLIED)
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FaGas _NST(I)=1 AND NPI(I)=1 IF ALL BLADES ARE
CONSIDERED IN SDUB~INTERVAL I

ICHK IF ICHK=1, THIS PROGRAM CALCULATES TA12 WHICH
HAS INDEX J.EQ.K AND (I-J).LE.? AND PRINTS OUT
THESE RESULTS (SEE REHARK)

REMARK

THE PARAMETER NHN(I) FOR EACH SUB-INTIERVAL HAY BE
CHOSEN AS FOLLOWS IO OBTAIN DESIRED NUMERICAL ACCURACY

STEP 1: SET ICHK=1

STEP 2: ASSUNE NHN(I),I=1,NLAST

STEP 3: RUN THIS PROGRAM

STEP 4: INCREASE OR DECREASE NHN (I),I=1,NL2ST

STEP 5: RUN THIS PROGRAH '

STEP 6: COMPARE CURRENT QUTPUT WITH ALL PREVIOUS
OUTPUT o

STEDP 7: REPEAT STEPS 4 TO 6 UNTIL DESTRED ACCURACY
IS OBTAINED

IMPLICIT DOUBLE PRECISION (2~H,0-72)

DOUBLE PRECISION ALX {20) ,AUX (20}

REAL R(XR),RO(KRO) ,AXIAL (KR,KRO) ,RANDA (KRO)
REAL EPS

INTEGER NST (20) ,NFI(20) ,NHN (20)

COMMON /BLADE/CB(10) ,SB (19)

COMMON /ADVAN/RAMDAK

COMMON /COORD/RR,ROU

COMMOY ,/GQU2Z5/NH,NSTART, NFINAL

COMMON /GQUZ6 /HLETH

COMMON /GQUZ7/2% (25,5) ,C%2.(25,5) ,S%% (25, 5)
EXTERNAL FAXIAL
PAI=3.141592653589793238462643383279D0
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NBLADE=NB
INPUT DATA

ICHK=2

NLAST=6
EPSLON=EPS
IBEGIN=1
IFINAL=NLAST
L=LUPER

ALY (1) =EPSLON
AUX (1) =PAI/100. DO
NHN (1) =1

NST (1) =1
BFI(1)=NBLADE
ALX (2) =AUZ (1)
AUT (2) =PAI/404 DD
NEN (2) =T
BST(2) =1
NFI{2)=NBLADE
ALX (3) =AUX (2)
AUX {3) =PAI /44 DO
NHN (3) =1

NST (3) =1

NFI (3) =NBLADE
ALX (4) =AUY (3)
AUX (4) =PAT

NEN (4) =1

NST (&) =1

NFT (4) =NBLADE
ALX (5) =AUX (#)
AUX {5) =2+ DO*PAI
NEN (5) =1

NST (5) =1

BFI(5) =NBLADE
ALY (6) =AUY (5)
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FLO=FLOAT (L)

AUX (6) =24 DO*PATI*FLO
NHN {6)=1-1 )
NST (6) =1

NFI (6)=NBLADE

END OF INPUT

FLO=FLOAT (NB)

HH=2, D0 *PAI/FLO

DO 20 I=1,NBLADE

FLO=FLOAT (I-1)

2B=HH%*FLO

CB (I) =DCOS (ZB)

SB (I) =DSIN(ZB)

CONTINUE

DO 105 INTEG=IBEGIN,IFINAL
NSTART=NST (INTEG)
NFINAL=NFI(INTEG)

NE=NHN (INTEG)

EL=ALY (INTEG)

AU=AUX (INTEG)

IF (ICHK «¥Es 1) GO TO 100

WRITE (6,60)

FORMAT (5%, "INPUT DATA:"//)
WRITE {6 ,61) AL

FORMAT (5%, "LOWER LIMIT =%,F25,15/)
WRITE {6,62) AU

FORMAT (5X,"UPER LIMIT =",F25.15/)
WRITE (6,63) NB

FORMAT (5%,"NUNBER OF BLADES:",I4/)
WRITE {6,64) NSTART, NFINAL

FORMAT (5X,"NSTART =",I2,2%,"NFINAL =",I3/)
WRITE (6,65) NH

PORMAT (5%, "NUMBER OF INTERVALS, NH=W,I3/)

WRITE (6,42)
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42 FORHMAT (5X,"BLADE CONSIDERED :"))
WRITE {6,43) (I,I=NSTART,NFINAL)
43 FORMAT{5X,"BLADE ",I2/)
IF (ICHK.EQ, 1) WRITE (6, 26)
26 FORMAT (5Y,'NH",5%,"R",2X,"ROU",2X,"RAMDAK"/)
104 CALL GQUDAD (AL,AU)
DO 76 K=1,NPRO
ROU=RO (K)
RAMDAR=RAMDA (K)
po 71 J=1,¥PR
RR=R (J)
ANS=0.D0
IF (DABS {RR~ROU).LE.T.D~18) GO TO 72
ANS=GQUZ25 (FALIAL)
72 AXIAL (J,K)=AXIAL(J,K)}+ANS
IF (ICHKa BEQ, 1) WRITE(6,15) ¥H,RR ,ROU,RAHDAK ,ANS
71 CONTIHUE ' ‘
70 CONTINUE _
15 FORMAT (5%X,12,5X,F10,7,5%X,F10.7,2X,710,7,2%X,D35.28/)
105 CONTINUE
RETURN
END

FURCTICN GQUZ25 (AUX)
PURPOSE

TO COMPUTE IaA12 FOR A GIVEN INTERVAL BY USING
25-POTINT GAUSS-LEGENDRE FORHULA

IMPLICIT DOUBLE PRECISIOK (A-H,0-%)

DOUBLE PRECISION W (25)

COMMOR /GQUZ5 /NH,NSTART,NFINAL

COMMON /GQUZE /HLETH

COMMON /GQUZT/ZZ(ZS,S),CZi(ZS,S),SZZ(25,5)
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W(1y=0,113937985318026287454795029641132D~1
W (2)=0. 2635 49866150321372619018152953D-1
W{3) =0, 409391567013063126556 23487711601
W {4)=C. 5490 46959758351 919259368915405D=1
¥ (5) =C. 680383338123569172071871856567D-1
W {6) =0.8014€7063350610186132349596691D-1
W(7) =0, 9102826198296364981 1497220702901
W (8) =0. 1005359490670 50 644202206890393 D0
¥ (9)=0,10851962447 42636531160 93957050D0
¥(10)=06,11485825914571164833 932554587000
W (11) =0, 119455763535 784772228178126513D0
H{12)Y=0,12224244299031004168895951839461DD
¥ {13) =0, 123176053726 715451203902873079D0
Do 1 I=14,25 '

¥ (I) =V (26-1)

CONTINUE

E=HLETH

NST=NSTART

NFI=NFINAL

SUM=0, D0

po 9 1=1,25

R=0.D0-

DO 106 =1, NH

2=727 (I,K)

CZ=C2ZZ (I,X)

SZ=S27 (I,K)

R=R+AUX (NST,NFI,Z,CZ,S2)

CONTINUE

SUM=SUMN+H {I) *R

CONTINUE

GOUZ25=0.5D0 *H*SUY

RETURN

END

SUBROUTINE GQUDAD (a,B)
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PURPOSE

TO0 COMPUTE THE COEFFICIENTS USED IN FUNCTION GQUZ25

IMPLICIT DOUBLE PRECISION (A=H,0-Z)

DOUBLE PRECISION T(25)

CONMON /GQUZS /NH,NSTART, NFINAL

COHMON /GQUZ6 /HLETH

COMMON /GQUZT/%Z (25,5) ,CZZ (25,5) ,SZ2 {25,5)
T{11==0. 9955569689790 498097308784346834D]
T (2)==0,976663921459517511498315386489D0
T(3)=-0.,982974571228974339414C11169658D80
T {4)==0, 894991997878275368851042006783D0
T(5)==0,83344262876083400714210211G8694DD
T{8)==0, 759259263037357630577282865204DD0
T(7)==02673566368473468364485120633248D0
T{8)==0.577662930241222967723689841613 D%
T(9)==0,0873502731445714960522182115409DD
T{10)=-0,361172305809387837735821730128D0
T{11)=-0,28386688372098843204515036279700
T{12)==0,122864692610714396387359818808D¢
T {13) =04 DO

DO 1 I=14,25

T{I)=="T (26~I)

CONTINUE

H= {B=1) /FLOAT {NH)

HLETH=H

FORMAT (2X,D31, 24, 2%, I2)

Do 2 I=1,25

DG 3 K=1,NE

Z=A+e S*FLOAT (2¥K=1) ¥ H+, S*E*T (I}

2Z{I,K)=%

CZ2Z (I,K) =DCOS (%)

SZZ (I,K)=DSIN (2)
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CONTIRUE
CONTINUE
RETURN
END

PUNCTION FAXYAL {NSY,NFL,Z2,C%,S57%)
PURPOSE
TO COMPUTE THE INTEGRAND OF Ia12

THPLICIT DOUBLE PRECISION (2~H,0-1%)
COMNON /BLADE/CB (10) ,53B(10)

COMMON /ADVAN/RAMDAK

COMMON /COORD/RR,ROU

SUN=0, DO

DO 1 K=NST,NFIL
C=CZ*CB (K) =SZ*S3B (K)

A= {ROU-RR) *ROU* (RO U~RR*C)
B=ROU*ROU+RR*RE=-2, D) *ROU*RR*C+RAHD AK*
$ RAMDAK*Z¥Z

SUM=SUM+A/DSQRT [B*B*B)

CONTINUE

FAXIAL=SOM

RETURN

END

SUBROUTINE INDA3 (EPS,NPR,NPRO,R,RO,RAMDA,
$ AXIAL,KR,KRO)
PURPOSE

TO COWPUTE 1A3
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IMPLICIT DOUBLE PRECISION(A~H,O=Z)
REAL EPS,R(KR),ROC (K30) ,RAMDA {(KR,KRO)
REAL AXTAL (KR,KRO)

COMMON /COORD/RR,R0OU

CONMON /ADVAN/RAMDAK

EPSLON=EPS

DO 1 X=1,NPRO

ROU=RO (K)

RAMDAK=RAMDA (K)

DO 2 J=1,NPR

RR=R (J)

ANS=0, DO

IF (DABS(RR=ROU) +1E. 1.D=10) GO TO 3
ANS=AIND3 (EPSLON)

AXIAL (J,K)=AXTAL (J,K) +ANS

CONTINUE

CONTINUE

RETURN

END

FUNCTION AIND3 (EPSLON)
PURPOSE
TO COMPUTE IA3

INPLICIT DOUBLE PRECISION (A=H,Q-2)
COMMON /COO BD/RR,R0U

COMMON /ADVAN /RAMDAK

A= (ROU=RR) ¥ (ROU~RR)

B=RR* ROU+RAMDAK*RAMDAK

C=DSQRT (A+B*EPSLON*EPSLOY)
SUM=ROU*EPSLON /C

ATND3=SUH
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IF (DABS (A),LE.1.,D~15) RETURY

P=0, 5D0 *ROT*RR* {ROU= RR)

U==-EPSLON/ {B*C)
?”DLGG{{EPSLGH*QSQET{B}éC}/ﬂBBS{BOH-RR})
SUH=SUM+F* (G+V /DSQRT (B*B*3B) )

ATND3=S5UHM '

RETURN

E¥D

SUBROUTINE INDAY4 (NPR,NPRC,R,RO,RAMDA,AXIAL,KR,KEQ)

EURPOSE

70 COMPUTE Ii4

IMPLICIT DOUBLE PRECISION(2A~H,C-Z)

REAL R(KR),RO(KRO) ,RAMDA {(KRO} ,AXIAL (KR, KRO)
COMMON /IND4/AN(15),C(15,15) ,C083K¢15,14) ,C0531
COMNON /CO0BD/RR,ROU

COMMOK /ADVAN/BAHDAK

REWIND1

READ (1,1)NBLADE NTERHS ,LUPRER

FORMAT (3 (2%, 13)) '

PAI=3, 141592653589793238462643383279D0
READ(1,2)C0531

FORMAT (2%,D21. 18)

DO 3 I=1,NTERHS

KJ=T+1

READ {1,4) (COS3K (I,) ,J=1,KJ)

CONTINUE

FORMAT {5 {2X,D21. 18)}

00 5 I=1,NTERMS

READ (1,6) (C (I,d) ,3=1,I)
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CONTINUE
FORMAT (2 (2Y,D35. 28))
L=LUP ER

FLO=FLOAT (L)

UPER=2. DO*PAI*FLQ
NB=NBLADE
CHK=1£0. D0

DO 7 K=1,NPRO

ROU=RO {K)
RAMDAK=RAMDA {K)

IF (DABS (RAMDAK-CHK). GE, 1aD-8) CALL COEAN (UPER,NTERHS)
DO 8 J=1,NPR

RR=R {J)

ANS=(,D0

IF (DABS (RR~ROU) 2 LEs1sD-10) GO TO 9
ANS=ATINDY [UPER, NTERMS, ¥B)

AXTAL (J,K)=AXTIAL (J,K}+ANS

CONTLHUE

CONTINUE

RETURN

END

PONCTICN AIND4 (UPER,NTERMS,HNE)

PURPOSE

TO COMPUTE IAg

IXPLICIT DOUBLE PRECISION{A-H,O0~Z)

REAL FLOAT i

COMMON /INDU4/ANW (15),C (15,15) ,C0S3K {15,14) ,C0S31
COMMON /COO ED/RR,ROTU
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COMMON /ADVAN/RAMDEK

U=UPER

RAMDAO=RAMDAK

X=RR

I0=ROU

P=0, 25D9% (X *X+X10%*X0)

=G, SDO*X* X0

F=X0%U

B=FLOAT (NB)

CHK=0, DD

SUM=F#* ((, 5DO*X0*B=X#C0S31) / (RAMDAO*U) **3
ANS=SOM* (X0-X)

AINDY=ANS

IF(NTERMS2LE«0) RETURN

NMAX=NTERHS

DO 1 B=1,NMAX

T=F*D*% (N) * (XO*B/FLOAT (2*N+2)-I=COS3K (¥,1))
KMAX=Y

DO 2 K=1,KMAX

T=T+C {¥,K) ¥ Pk (N=K) *Q¥* {K) *F* (Y0O*COS3K (N,K) -~
$ X*COS3K(N,K+1))

CONTINUE

T=T*AN {¥)

SUM=SUN+T

IF {DABS{SUM~CHK).LE. 1, D=16) GO TO 3
CHK=SUH

CONTINUE

AINDU4=SUN* (X0-X)

RETURN

END

SUBROUTINE COEAN (UPER,NTERMS)
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PORPOSE

TQ COHPUTE AN (N)

IMPLICIT DOUBLE PRECISION (2-H,0~ZI)

COMMON /IND4/A¥ (15),C(15,15),C0S3K {15,14),C0S831
COMMON /ADVAN/RAMDAK

RAMDAO=RAMDAK

U=UPER

NUAX=NTERMS

A=DLOG (RAMDAO*U)

STGN==1, .

R=2, *DLOG (2. DO)

S=DLGAMA (1, 1)

DO 1 N=1,NMAX

T=DLGAHA (N+1,1) +FLOAT (N) ¥R~ (FLOAT (2%N+3) *
$ A+S+DLGAMA (N+1,0))

AN (N) =SIGN*DEXP (T)

SIGN=~SIGN

CONTINUE

RETURN

END

FONCTION DLGAMA (H,N)

PURPOSE

TO CALCULATE THE NATURAL LOGARITEM OF
GAMMA FUNCTIGHN
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DESCRIPTICON OF PARAMETERS

M INTEGER
jiof CONTEOL PARAMETER

IF N=1, DLGAMA=LOG (GAMMA{M+1/2)
IF ¥ -NE. 1, DLGAMA=LOG (GAMMA (X))

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
X=FLOAT (M)

IF(N .EQ, 1) GO 0 1

IF (M «GEa 1) GO TO 2

PRINT 3,H

' FORHAT {3X,"*%* AN ERROR GCCURS IN DLGAMA

5 DUE TO H=#,T1] ,Mk*km)
3STOP

DLGAMA=D,D0

IF (M. BEQ. 1) RETURN
SUM=0, D
NMAX=H~1
Z2=0.D0
D0 4 I=1,NMAX
Z=Z+1. D5
SUM=SUM+DLOG (2)
CONTINUE
DLGAMA=SUH
RETURN

NEAX=H

”

B=0.5D0 *1,184729885849400174143427351353D40

SUM=0, DO

=0.D0

DO 5 I=1,NMAX

7=Z+1,

SUU=SUN+DLOG (Z-0.5D0)
CONTINUE
DLGAMA=H+SUHN
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RETURN
END

SUBROUTINE WRENF (¥B,R,RO,RAMDAK,AYTAL,TANG)

PURPOSE
TO CONPUTE THE AXIAL AND TANGENTIAL
INDUCTION FACTORS AT POINT (R,RO)} BY

USING WRENCH MODIFIED FORMULAS

DESCRIPTION OF PARAXETERS

_NB NOUHMBER OF PROPELLER BLADES
X RADIAL COORDINATE COF THE REFERENCE POINT
X0 RADIAYL COORDINATE OF THE SOURCE POIRT

RAMDAQ HYDRODYNAMICAL ADVANCE COEFPICIENT AT X0
AXTAL AXTIAL INDUGCTION FACTOR
TANG TANGENIAL INDUCTION FACTOR

IEPLICIT DQUBLE PRECISIQN (A-H,0=-%)
REAL R,RO,RAMDAK,TANG,AXTAL

i=R

I0=RO

RAMDRO=RAFDAK

IF (DABS {(X=X0)«GTs14D=18) GO TO 2
U=DSQRT {RAMDAO*RAMNDAO+I*X0)
AXTAL=X0/U

TANG=-RAMDAC/U

RETURN

¥=X/RAMDAO

Y0=X0/RANMDAO
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2=DSQRT {1 DD+Y *%2)

B=DSORT (1s DO+YO¥*2)

C={Y0* (A=1, DO) / (¥* (B=1.D0) )} % (NB)

D= (A= B) *FLOAT (¥B)

U=C*DEXP (D} A

A=DSQRT (DSORT( (1. DO+YO**2) / (1. DD +Y*%2})) /
$ (FLOAT (2%NB)*¥0)

B= (94 DO*YO*%242,D0) /DSORT ( {1. DO+ YOF%2) *%3)
C= (3 DOXY**2=2, DO} /DSORT (( 1, DO+V¥%2) %% 3)
D= {B+C) /FLOAT {24 *NB)

E=1, D0/ (1. DO /U~1, DO)

F=1.D8/{0=1, D0}

IF (Y .LT..¥0) Fi==Ak (E+D*DLOG (1, DE+E))

IF (Y .GT. YO} F2=RA*(P-D*DLOG (1.D0+F})

IF {¥.» GTa ¥O) GO TO' 1 '

FLO=FLOAT (¥B)

AZTIAL = FLO¥YO* {1, DU=Y/Y0) * {1.D0=2,D0*¥FLO*
$ YO*F1)

TANG==2, DO* FLO* FLO¥YO* {1,D0=Y0/Y) *F1
RETURN

FLO=FLOAT {NB}

AXIAL=2, DO*FLO¥PLOXYO® T* {1, DO=~Y0/¥) ¥¥2
TANG==FLO* (1. D0=Y0/Y) * (1, D0+ 2. DOXFLO*YO*F2)
RETURY

END

e s v e e e ke ke sk sk ok ke skeokeofe el kool Rk ki e sk ook ik ok ek

e 2T I HkeRdeok
Fgdekk ACDQUSTIC HDDEL He ko e
koK ek *kokok K

ook s kool sk koo ok Kok ok sk dokkok ok ek ok

SUBROUTINE MEANSQ

PURPOSE
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- TO COMPUTE THE ENSEMBLE MEAN SQUARE OF

THE PROPELLER ACOUSTIC NOISE DUE TO
ROTATIONAL FORCES

HEIGHTS OF A 25~POINT GAUSS-LEGENDRE
FORMULA

COHMON /DATAZY4/SQMERN

COMHON /ACOUST/PRESU (25)

DOUBLE PRECISION W (13)
W{1)=0,113937985010262879475(29641132D~1
W(2)=0.263549866150321372619018152953D-1
W {3)=0,409391567013063126556234877116D~1
W{4)=0,549046959758351919259368915405D~1
H(5)=0,68(383338123569172071871856567D=1
W (6)=0,801407003350010180132349596691D-1
W({7)=0.91G282619829636438114972207029D-1
H(8) =0, 1065359490670 5064420226689¢G393D0 *
W{9)=N.10851962448752636531164939574650D¢
W{10) =0, 114858259145711648339325545873D0
W{11)=0.119455763535784772228178126513D0
W(12)=0,122242442990316041688953518946DD
W(13)=0.123176653726715451203902873079D9
CALL PRESUF

SUM=0, .

po 1 1=1,25

Z=PRESU {I)

IF(IoLE«13) SUM=SUN+W (I) *Z*Z

IF (T+GTe.13) SUM=SUN+W (26=T) %2*7

CONTINUE

SQMERN=SUM*Q.5

RETURN

END
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SUBRCUTINE PRESUF
PURPOSE

TO COMPUTE THE PROPELLER ACQUSTIC
PRESSURE

COMMON /CONST/PAI

COMHON /DATA6/HUB

COMMON /DATA11/HCIRCU

COMNON /DETA14/G{15)

COMMON /DATA20/NNOISE,NOSCHB

COMMON /DATA22/PK0 (25,31),PKA (25,31} ,PKT (25,31
COMMON /DATA31/IVELDG,IVELCHB
CONMON /DATA33/UACHB (51) ,UTCHB (51)
COMMON /ACOUST/PRESU(25)

po 1 1=1,25

PRESU (I) =0

CONTINUE

FACT={1.=~HUB) *PAI/8, .

DO 2 M=1,MCIRCU

IF{{t=1).GT,NNOISE) G0 TOC 3
IF((M+1).GT,NNOISE) GO TO 4

DO 5 1=1,25

PRESU (I) =PRESU (I} +FACT*G (M) * (PKO (T,H) -
$ PKO(I,M+2))

CONTINUE

GO TO 2

Do 6 1=1,25

PRESU {I) =PRESU (I) +FACT*G {M) *PKQ (I,H)
CONTINUE

CONTINUE

FACT= (1o =HUB)*PAI/ 164

Do 8 1=1,25

" PRESU {T) =PRESU (I)+3. 25%FACT*G (1) * (PKA (I, 1) *
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$ UACHB {1) +PKT{I,1)*UTCHB (1))
8 CONTINUE
WA=FACT*UACHB (1) /2. .
WT=FACT*UTCHB (1) /2.
DO 9 M=1,MCIRCU
IF (¥, §NEe1) GO TO 18
Do 11 I=1,25
PRESU (T) =PRESU (I) +G (M) * (HA* (PKA (I,H) /24~
$ PKA(I,HN+2))+WT*(PKT (I,H)/2,-PKT (I, H+2)})
11 CONTINUE
GO TO 9
10 IP{(#-1).GT. NOISE) GO TO 12
IF { (+1)+ GTe NNOISE} G0 TO 13
DO 14 I=1,25
PRESU (I}'=PRESU (I)+G (M) * (RA* (PKA (I, H¥) -
$ DPEA(T,M+2)) +WT* (PKT (I,M)~PKT (I,%+2)))
14 CONTIKUE :
GO TO 9
13 po 15 1=1,25 ‘
PRESU {I) =PRESU (IT)+G (M) * (HA*PKA (I, 1) +F T*PKT (I,H))
15 CONTINUE
9 CONTINUE
12 KEND=NNOISE+1
DO 16 M=1,MCIRCU
DO 17 KX=1,KEND
K=KX~1
HK=1,"
IF (Ke EQs D) HK=2. .
IF ((K+M¥-1)2GT«IVELDG) GO TQ 24
BAT=1.
IF((K+M=1)c BEQ.0}) HAT=2,
po 18 I=1,25
PRESU (I) =PRESU (I) +FACT*G (M) * (JACHB (K+H) *
$ PKA(I,K+1)+UTCHB (K+M) *PKT (I,K+1)) / {BK*HAT)
18 CONTINUE '
24 IA=IABS (K-M+1)
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IF (TA.GT. IVELDG) GO TO 19

HAT=1,

IF (T2, EQs0) HAT=2,.

Do 20 3I=1,25

PRESU (I) =PRESU (1) +FACT*G (M) * (UACHB (I2+1) *

$ PRKA(I,K+1) +UTCHB(IR+1)*PKT (I,K+1))/(HAT*EK)

20
19

22
21

23
17
16

CONTINUE

IF ({M+K+1).GT.IVELDG) GO TO 21

Do 22 1=1,25

PRESU (I) =PRESU (I) ~FACT*G (i) * (JACHB (H+K+2) *
$ PKA (I,K+1) +UTCHB (M+K+2) *PKT (I,K+1)) /HK
CONTINUE

IA=IABS (RK=-H=-1)

IF(IA.GT,IVELDG) GO TO 17

HAT=1, .

IF (I2.EQ.0) HAT=2,

Do 23 1=1,25

PRESU (I) =PREST (I)=-FACT*G () * (UACHSB (I3+1)
§ *PKA (I,K+1) +UTCHB (IA+1) *PKT (I,K+1) )/ (HAT*EK)
CONTINUE

CONTINUE

CONTINUE

RETURY

END

SUBROUTINE PKCAT
PURPOSE
TO COMPUTE THE COEFFICIENTS OF THE

CHEBYSHEV EXPANSIONS OF KU,KA, ARD KT

COMMON /DATAG/HUB
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COMMON /DATA19/QNOISE(51)

COMMON /DATA20/NNOISE, NOSCHB

COMMON /DATA21/ETA (25)

COMMON /DATA22/PKO (25,31),PKA (25,31}, PKT(25,31)
COMHON /CONST/PAI

COMMON /DATA8/NBLADE,KWENH,LUPIND
DIMENSION A0 (51),AA(51),AT(51) ,RD(51)
NRD=51

JZ=NOSCHB+1 .

NB=NBLADE

YB=FLOAT (NB)

HB=2,*PAI/XB

HI=PAI/XB

COMPUTE PKO (I,J), PKA(I,J), AND PKT{I,J),
I=1(1) 25, J=1(1) NNOISE+1

Do 1 1=1,25

COCRDINATE TRANSPORMATION
PHIO=HI* (1, +ETA (I))

COMPUTE 'THE FUNCTIONAL VALUES OF PKG,
PKA, AND PKT

Do 2 J=1,J%

AQ (J) =0,

a4 (J) =0.

AT (J) =0.

CONTINUE

DO 3 K=1,NBLADE

DELTAK=HB¥FLOAT {K=1)

CALL SUBROUTINE RETARD TC GET THE
RETARDED DISTANCE

CALL RETARD(PHIO,DELTAK,RD,NED)

DO 4 J=1,3%

RETA=RD {J)

ROU=04,5% { (1, -HUB) *QNOISE {(J)+1.+3UB)

CALL FKOAT (RETA,PHIO,DELTAK,ROU,ANSO,ANSA,ANST)
AD (J) =A0 (J) +ANSO
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3A {J)}=2A{J) +ANSA

AT(J) =AT (J) +ANST

CONTINUE

CONTINUE

COMPUTE THE COEFPICIENTS OF K3, KA, AND KT
HCHEBY=NOSCHB+1

NDEG=NNOISE

¥a=51

NLETH=51

JMAT=NNOISE+1

CALL CHEBCF (AQ,MCHEBY,NDEG,NLETH,R0,RD,NRD)
D0 5 J=1,JHa%

IF{JsEQ. 1} PXRO(I,J)=RD

IF (Je BEe1) PED {I,d)=RD{J-T)

CONTINUE

CALL CHEBCPF (AA,MCHEBY,NDEG,NLETH,RQ,RD, NRD)
DO 6 J=1,JMAX

IF{J.BCQ.1) PKA(I,J}=RD

IF (J.¥E 1) PRA(I,J)=RD{J=1)

CONTINUE

CALL CHEBCF (AT,HCHEBY, NDEG,NLETH,RC,RD, NRD)}
DO 7 J=1,JdMAX

IP (JeEQ>1) PKT(I,J)=RD

IF (Js NE; 1) PRT(I,J)=RD {(J~1)

CONTINUE

CONTINUE

REWIND2

Do 8 1=1,25

Do 9 J=1,JHAY

WRITE (2,10) PKO (I,J}, PKA (I,J) , PKT(I,J)
CONTINUE

CONTINUE

PORMAT (3 (2% ,F23.16))

FORMAT (//, SX, ki kdotok kidiont miorsohi kdonkknk iz i1 / 7)

FORMAT {(5%," REPLACE FILE PXOATD 127%))
FPORMAT {5X , sk ik sk ok koo b ok ok kK dkk 211/ /)
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WRITE (6,20)
WRITE (6,21)
WRITE {6,22)
RETURN

END

SUBROUTINE FKOAT (RETA,PHIO,DELTAK,ROU,
$ ANSO,ANSA,ANST)

PURPOSE

TO COMPUTE KO,KA, AND KT

COMMON /DATA8/NBLADE,KWENH,LUPIND --
COMMON /DATAY2/FM,TM,VF,RAMDAP
COMMON /DATA17/%DISTA,AZINUT,ANGLE,SANGLE,CANGLE
SI=SIN (PHIO+DELTAK+TM*RETA)

CI=COS (PHIO+DELTAK+TM*RETA)
C1=ROU/RETA~- (XDISTA/RETA) *SANGLEXCI
C2=[IDISTA/RETA) *CANGLE =-FH

C3= (XDISTA/RETA) *SANGLE*SI
RM=-FH*C2+ROTU*TH*C3

DRU=ROU*TH*C1
SQM=FM*FM+ (ROU* TH*RO U*TH)
CPLUS=1.=EM

Cl=(1.~SQ0H) /JRETA+TH*DRY

C5=0, 5/ [ZDISTA*CPLUS*CPLUS)

ANSQ=CS* (TM*VF*C1+ (C4/CPLUS) * (ROU*C2/
$ RAMDAP+VE*C3))

ANSA=CH* (~XDISTA*TH*SANGLE*CT /RETA+
$ (CH/CPLUS) *C3) ’
ANST=CSH* (FN/RETA+ (C4 /CPLUS) *C2)
RETURN

END
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SUBROUTINE RETARD(PHIG,DELTAK,RD,NRD)

PURPOSE

TO CCMPUTE THE RETARDED DISTANCE

DOUBLE PRECISION C1,C2,C3,C4,C5,C6,C7
DOUBLE PRECISION €8,C9,TRY,FEWATON
DIMENSION RD (NRD)

COMMOYN /DATAG/HUB

COMMON /DATAS/NBLADE,KWENH,LUPIND
COMMON /DATA12/FX,TH,VF,RAMDAP

COMMON /DATA17/XDISTA,AZINUT,ANGLE,SANGLE,CANGLE
COMMON /DATA19/QNOISE(51)

COMMON /DATA20/NNOISE,NOSCHB

couuoON /RETIME/C1,C2,C3,C4,C5,C6,C7,C8,C9
C1=14 DO=FM* FH

C2=FN*CANGLE

C3=C2*L2

C7=PHIO+DELTAK

C8=1, DO /XDISTA

C9=T4

IX=NOSCHB+1

TRY=XDISTA* (~C2+DSQRT (C3+C1) ) /C1

Do 1 I=1,IX

R=0, 5D0* { {1, DO-HUB)*QNOISE (I)+1. D +HUB)
Cl4=1, D0 +R*R/ (XDISTA*XDISTA)

C5=2. *R*SANGLE/XDISTA
C6=TH*R*SANGLE/XDISTA

RD (I) =FEWTON (TRY)

TRY=RD (I)

CONTINUE
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RETURN
END

FOUNCTION FEWTON (TRY)

PURPOSE

TO COHPUTE THE RETARDED DISTANCE BY USING
NEWTYON METHOD

INPLICIT DOUBLE PRECISION (A~H,O0~7)
CoMMON /RETIME/C1,C2,C3,C4,C5,C6,C7,C8,C9
EPSLON=1.D=16

RN1=TRY

R¥=RN1

C=DCOS (CT+C9*RN)

S=DSIX (C7+C9*RN).

SOT=DSORT(C3+C1* (Ch=C5%C))

U=RN*C8~ (=C2+SQT) /C1

¥=C8=C6%S/SQT

RN1=RN~U/V

IF (DABS (RN1-RN) .GT.EPSLON) GO TO 1
FEWTON=RN1

RETURN

END

SUBROUTINE ABSIAS

PURPOSE

TO SUPPLY THE ABSCISSAS OF
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2 25=P0INT GAUSS-LEGENDRE FORMULA

DOUBLE PRECISION T(13),¥W({13)

COMMON /DATA21/ETA (25) .
W(1)=0.113937985010262879579029641132D-1.
¥ (2)=0.263549866150321372619018152953D—1
¥ (3)=0,409391567013063126556234877116D-1
W (4) =0a 5490469597583 51919259368915405D~1
¥ (5)=0.680383338123569172071871856567D~1
W (6) =0, 801407003350010180132349596691D-1
¥ (7)=0.9102826198296364981159722070629D-1
H(8)=0.100535949067050644202206896393D0 -
W (9) =0. 108519624474263653116893957050D0 .
W{10) =0, 11485825914571 1648 3393255458700
W(11) =0.119455763535784772228178 12651300 °
W (12) =0. 122282442990 3100 41688959518946 D)
W(13)=0,1231760537267154651203932873079D0 .
™ (1) ==0, 99555696 973049809790 8784 946894 DY _
T{2) =~0.976663921859517511498315386480D0 .
7 (3) ==0,942974571228974339414011169658D0
T (4) =~0. 8945991997878275368851042006783D0
T (5) ==0.8334426287608345061421021108694D0
™ (6) ==0. 759259263037357630577282865204 D0
T(7)==0. 67356636 8473468364485120633248D0
™ (8) =-0, 577662930241222967723689841613D0
T (9) ==0, 473002731445714960522182115009D0
T(10) ==0,3611723058)9387837735821730128D0
T (11) ==0, 24386 6883720988 432545196362797D0 |
T(12) ==0,122864692610710396387359818808D0
T {13)=0.DC

D0 1 1=1,25

IF (I, LE.13) ETA (I)=T (I}

IF{T.GTs13) ETA(I)=~T{26=I)

CONTINUE

RETURN

END
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PROGRAM COECOS (INPUT,QUTPUT,COSGRA,TAPEL=COSGRA,

$ TAPE6=0UTPUT)

BFURPOSE

TO COMPUTE THE COEFFICIENTS NEEDED IN
CALCULATING THE LEIFTING-LINE INDUCTION
FPACTORS BY MEANS OF THE ALTEREVATE METHOD
DECELOPED IN APPENDIX A

THESE COEFFICIENTS ARE:

COS31=INTEGRAL OF (G (X,0)/X¥**3)*DX (FROHM 1 TO INFINTY)

COS3K{N,K) =INTEGRAL OF ({G(X,K) /X*% (2%¥N+3))*DX
{FROK 1 T0 INFINTY) )

C{I,a)=(T)/(({T-q ! * (31})

WHERE
G(X,K)=SUHMATION OF COS(Y(I))*¥*K, I=1,2,..NB
NB=NUMBER OF PROPELLER BLADES
Y (I) =X*U+ (2¥PAI/NB) * (I-1)

PRECISION: DOUBLE PRECISION

DESCRIPTION OF PARAMETERS

NBLADE NUH#BER OF PROPELLER BLADES~DEFINED IN HAIN
PROGRAMX (INPUT)

NTERMS NUMBER OF TERMS DESIRED IN CALCULATING IAd
DEFINED IN MAIW PRCGRAM (INPUT)
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c L U=2 * PATI * L LOWER LIMIT OF
C INTEGRAL IA4 (INPUT)
c C CIL,AN=FTH/((ET=-31 * (31)}
C
C
c ALY OUTPUTS ARE WRITTEN ONTO FILE COSGRA
c
c COSGRA CONTAINS :
C
C NBLADE "
c NTERHS
C cos31
C COS 3K (N ,K)
C C{N,I}
c
c
 IMPLICIT DOUBLE PRECISION(A-H,0-~3)
COMMON /BBB/C (15,15)
CONMON /CCC/COS3K{15,16) ,C0S31
REWINDY
PAI=3, 141592653589793238462643383279DC
c
C*** INPUT DATA
C
¥BLADE=4
NTERMS=12
L=4
c
C*** END OF INPUT
c
NB=NBLADE

IL=FLOAT (L)
U=2, DO *PAI*XL
WRITE(6,20)
2{ PORMAT {SX,"INPUT DAT2Y“//)
WRITE {(6,21) NB



183

21 TFORHMAT (5Y¥,"NUMBER OF BLADES: ",I3/)
WRITE (6,22) ’
22 TFORMAT (5Y,"NUMBER OF TERMS USED IN THE POWER SERIES"/)
WRITE (6,23) NTERMS
23 FORNAT(5X,"NTERMS =",13/)
WRTTE (6,24)
24  FORMAT {5X,"THE LOWER LINIT = 2% PAI * L%/)
WRITE (6,25) L
25 FORMAT {5X,"WHERE L ="I3//)
CALL COECHK (NTERMS)
_CALL COESCF (NB,NTERMS,U)-
WRITE (4,6} NB,NTERMS, L
6  FORMAT (3 (2X,13))
€C0S31=C0831
WRITE (& ,4) COS31
4  FORMAT (2X,D21. 14)
Do 1 I=1,NTERMS
KI=I+1
WRITE (4,5) (COS3K{I,J) ,I=1,K3)
CONTINUE
5 FORMAT (5 (2%,D21. 14))
D0 2 I=1,NTERHS
WRITE (4,7) (C(X,3),351,1)
FORMAT (3 {2%,D35.28))
2  CONTINUE
ENDFILES
WRITE (6,77)
77 FORMAT (///)
WRITE (6,8)
WRITE {6,9)
WRITE (6,10)
WRITE (6,9)
WRISE (6,8)
8§ PORMAT {5, Mikkkkiohiok kb 0k K Rk R AR FR R Xk kohodok 1)
FORMAT (5, H k% ek 1)
10 FORMAT (5T,"*#x¥*  REPLACE COSGEA Fo Rk 1
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STOP
END

SUBROUTINE COESCF(NB,NTERMS,U)

PURPOSE

TO COMPUTE COS31 AND COS3K

IMPLICIT DOUBLE PRECISION (A-H,0-=2Z)
comMOoN /CCC/COS3K(15,16) ,C0531
NMAX=NTERHKS

CALL SCNK (¥B,U,1,3,ANS)
CO0S31=2aANS

DO 1 ¥=1,NHMAX

KMAX=N+1

NI=2%¥+3

DO 2 K=1,KMAZ

KI=K

CALL SCNK(N¥B,U,KI,NI,ANS)
COS3K (N,K)=ANS

CONTINUE

CONTINUE

RETURN.

END

SOUBROUTINE SCHNK {N¥B,U,KI,NI,ANS)

PUORPOSE

TO COMPUTE THE FOLLOWING INTEGRAL

ANS=INTEGRAL OF (G(¥,KI) /X**NI)*DY (FROM 1

TO INFINTY)
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WHERE
G(X,KI)= SUMMATION OF (COS (Y (I)**KI),I=1,ss,HB
Y (I)= U*X+2%PAI* (I-1)/NB
U= THE LOWER LIMIT OP IA4
¥B= THE NUMBER OF PROPELLER BLADES

IXPLICIT DOUBLE PRECISION(A-H,0-2)
REAIL FLOAT

ANS=0, DO

IP{NI .LE._?} RETUERN

KT=1

NT=1

IF (((KI/2)*2~KI),EQ.§) KI=2
IF { {(NI/2) *2-NI) »EQ.0) NT=2
R=KI/2

N=NI/2

IF(KT.?Q.1) K= (KI+1) /2

CIF (NT»EQa 1) N=(NI+1)}/2

IF({KT +EQ..2) GO TO 2

S=DLGAHA (2%K,C)

SUM=0. DG

DO 3 J=1,K

IF{{{{2%3=1) /NB) *NB- (2*J~1)) +¥E. 0) GO TO 3
ASU*FLOAT (2*J~1)

CALL SINCOS (N,A,SINE,SING,COSE,C0S0)

IF(NT .EQs 1)} Z=COSD

IF (NT .EQs 2) Z=COSE
SUN=SUM+Z*DEXP (S=DLGANA (K~J+1,0) ~DLGAKR (R+J,0))

.CONTINUE

PLO=FLOAT (NB)
ANS= FLO* (SUH/ ( (20 DO) ** (2*¥K-2)))
RETURY

S=DLGANA (2*K+1,0)

SUM=0. DO

DO 4 J=1,K
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IF (((2*J/NB) *NB-2%J) ,NE. .0} GO TO 4
FLO=FLOAT (2%J) '

A= FLO*U _

CALL SINCOS (N,2,SINE,SINO,COSE,COSO)
IF (NT +EQ. 1) Z=COSO

IP{NT +EQs. 2 )-%=COSE
SUM=SUH+Z*DEXP(S-DLGAMA (K=J+1,0) =DLIAMA (K+J+1,0))
CONTINUE

FLO=FLOAT (NI-1)

ANS=DEXP (S-2.D0 *DLGAMA(K+1,0)) %, 5D0 /
$ FLO+SUH

FLO=FLOAT (¥B)
ANS=ANS*FLO/ ( {2+ DO)** (2%K~-1) )

RETURN
| END

SUBROUIINE SINCOS(N,a,SINE,SINO,COSE,COSO)
PURPOSE

TO CALCULATE THE FOLLOWING INTEGRALS FOR
N +GEs1 AND U 4GT» 40

SINE (N,A) =INTEGRAL OF (SIN (A*X)/X#%% (2%N))*DX
COSE {N¥,A) =INTEGRAL OF {COS (A*X)/X** (2%N))*DX
SINO (N,2)=INTEGRAL OF (SIN (A*X)** (2%N=1))*DX
COSO(N,A)=INTEGRAL OF (COS (A*X)** {2%N=-1))*DX

IMPLICIT DOUBLE PRECISION (&-H,O-Z)
REAL FLOAT

EPSLON=1.D~15

SUMR=1, DO

SUMS=1.D0

STHT=1. DO

CHKR=%,D0
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CHKS=0, DO

CHKT=0, DO

FR=1.D0

FS=1,D0

FT=1, DD

KR=0

KS=0

KT=0

Y= FLOAT (2%N-1)

I={+1a."

IF (KTs EQoQ) FT=-FTHX*Y/L%%2

I=Y

Y=%+1, DO

TF {KRn EQs0) FR==FR*{ *Y /A%%2

1=Y

T=X+1,

IF (RS, EQ.0) FS==FS*L*Y /A%*2

IF {KR. EQ» 0) SUMR=SUMR+FR

IF (KS.EQ, D) SUNS=SUNS+FS

IP (KTe EQa0) SUNT=SUMTHFT

IF (DABS (SUMT~CHKT) /DABS (SUMT) oLE. EPSLON) KT=1
IF(DABS {SUMR-CHKR) /DABS {SUMR) -LE. EPSLON) KR=1
IF (DABS (SUMS-CEKS) /DABS (SUMS) .LE, EPSLON) KS=1
IF ( (KR+KS+KT=3) ,EQ..0) GO TO 2
CHRR=SUMR

CHKS=SUNS

CHKT=SUHT

60 TO 1

R=SUMR /A

FL=FLOAT (2%N)

S=SUNS* FL/A¥*2

T=SUMT/A

FL=FLOAT (2%N~=1)

U=SUMR* FL/A¥%2

SI=DSIN (A)

CO=DCOS ()
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SINE=R*CO+S*ST
SINO=T*CO+U*SI
COSE=S*CO=R*351
COSO=U*CO~T*S3I
RETURN

END

SUBROUTINE COECHNK (NMAX)
PURPOSE

TO COMPUTE C (N,K)
WHERE C{¥,K)=N1/((N-K)! * KI)

IMPLICIT DOUBLE PRECISION {A-H,0-2)

COMMON /BBB/C{15,15)

IF (NMAX.EQ. 0) RETURY

DO 1 N=1,NMAX

A=DLGAMA {¥+1,0)

KMAR=Y¥

DO 2 RK=1,KHAX

C (¥,K) =DEXP (A-DLGAHA (K+1,0) ~DLGANA (N~K+1,0))
CONTINUE

CONTINDE

HETURN

END

FUNCTION DLGAMA {i, N)
PURPOSE
TO CALCULATE THE NATURAL LOGARITHN OF GAMMA

FUNCTION
WHERE M IS AY INTEGER, ¥ 2 CONTROL PARAMETER
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DLGAMA=LOG (GAMHA (M+1/2)) IF =1
DLGANMA=LOG {GAMMA {(M)) IF N,NE,1

IMPLICIT DOUBLE PRECISION (A-H,0-%)
X=FLOAT (M)

IF(¥ »EQe 1) GO TO 1

IF(M +GE., 1) GO TO 2

PRINT 3, M

FORMAT (3X,'"#%* AN ERROR OCCURS IN
$ DLGAMA DUE TO M=",T10,"**xn)
STOP

DLGAMA=0, DG

IF {Ms £Q. 1) RETURN

SgM=0, DY

NMAX=H~-1

Z=0,D0 "

DO 4 I=1,NMAX

2=2+1,D0

SOM=SUM+DLOG (Z)

CONTINUE

DLGAMA=SUM

BETORY

N=1

NMAX=K:

" H=LOG (SQRT (PAI)) =LOG (GAMMNA {1,/2))
B=.5D0 *1,144729885849400174143427351353D0

suM=0, b0

Z=0,D0

DO 5 I=1,NMAX
2=2+1, D0

SUM=SUM+DLOG (2~Q,5D0)
CONTINUE
DLGAMA=H+SUHM

RETORH

ERD



