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LIST COF SYMBOLS
coefficient multiplying rooftop distributions
semi-chord of the duct
sectional list coefficient
pressure coefficient (= p/% ol2)
see Equation (23)
height of rooftop pressure distribution
see Equation (20)
see Equation (5)
see Equation (24)
kernel function for calculating & (see Equation (29))
kernel function for calculating ym(x) (see Equation (34))
number of rooftop distributions used
pressure

Legendre function of the second kind of order m=-1/2

radial coordinate

radius of the duct

Descarte distance

dummy radial coordinate (also radius of the duct)
axial perturbation velocity (= 34/3x)

forward speed of ship

axial coordinate

point at which rooftop pressure distribution begins to descend to zero
ordinates of camber line

argument of Legendre functions - see Equation (6)
pitch angle of section

tangential coordinate
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. A jump
€ a small quantity
€ see below Equation (3)
8 dummy tangential coordinate
Z dummy axial coordinate
o mass density of fluid
) velocity potential
SUBSCRIPTS
7 c calculated
i index to distinguish different unit rooftop pressure distributions
j index to distinguish different unit rooftop pressure distributions
m harmonic order
me measured




INTRODUCTION

It is proposed, and an analysis is developed, to design a non-

axially-symmetric duct intended to shroud a propeller. One of the first
l experimental indications of the possible benefits to be secured from
b ducts having non-axially symmetric distributions of camber was given by
| Shpakoff and Turbal at the Twelfth ITTC in Rome, 1969). Unfortunately,
% the official proceedings give only three curves which compare the varia-
‘ tion in axial blade bending moment at the root of a model propeller operating
behind a model of a tanker with a) no duct; b) symmetrical duct; c) non-
symmetrical duct. The results show that the bending moment variations
were much larger with the symmetrical duct than with no duct, and were
greatly reduced by the duct with circumferentially distributed camber.
This experience surely refutes the oft-repeated conception that a duct
homogenizes the inflow. This trend is confirmed by calculations employ-
ing a program developed by Tsakonas, et al? which showed that vibratory
thrust was predicted to be increased by 20 percent by a simple duct as

compared to the ductless case.

In 1973, Turbal3 advanced a theoretical method for calculating the !
shape of ducts which, in his terms, '"rectifies' the wake flow. Turbal |
attempted to calculate a duct which annuls the total axial and tangential
velocity nonuniformities. This is unnecessary if one desires merely to
reduce the blade rate shaft thrust and torque as well as the transverse
and vertical forces and moments about the horizontal and vertical axes.

It is also unnecessary if one merely wishes to inhibit the onset of in-

termittent blade cavitation. With the first objective in mind, it is

y only necessary to calculate additive camber distributions which induce
opposing spatial flows inside the duct at the n-1, n and n+] harmonics
(n being the blade number). With the second objective in mind, it is

. only necessary to calculate additive camber distributions which induce

spatial flows opposing the lower order harmonics, say |, 2 and 3.
Since the Fourier harmonics are linearly independent and the theory pre-
sented is a linear one, it is possible to design a duct to achieve both
objectives simultaneously. Turbal's analytical method does not allow

any insight into the physics of the problem and appears to suffer from

numerical instabilities.
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In the next section, an analytical method, using linearized theory,
is presented for calculating the circumferential camber distribution of
a non-axially symmetric duct and to assess the amount by which the axial
velocity which is present in the absence of the duct is reduced by the
duct.

THEORY OF NON-AXTALLY SYMMETRIC DUCTS

We imagine a duct without a propeller immersed in the wake of a
single screw ship or submarine, and 1imit our attention to wakes which
have port-ctarboard symmetry (i.e., the ship is on a straight course;
the submarine could be trimmed up or down, but not yawed). We seek to
calculate a duct camber distribution which will induce axial flow compo-
nents opposing those of the given wake over the locus of the disc of
the propeller at spatial frequency m. (The frequency m may take on
values of 1, 2, n-1, n, n+l, etc.) The camber distribution must be such
that the kinematic boundary condition on the duct surface is satisfied.
The unknowns are the camber distribution, as well as the pressure distribu-
tion on the duct, as functions of the chordwise and circumferential co-

ordinates.

We begin by expressing the pressure field in cylindrical coordinates

in terms of a pressure jump .p on the cylindrical surface s = ro*'

sd£d6 (1)

~0 I
W

1 21 ¢
P(X,"vY =r f f
o ~C

where R is the Descarte distance between the fixed point (x,r,y) and the
dummy point (£,s,8). |In other words

- ‘ (2)

{(x-£)2 +r2 +52 - 2rs cos(8-v)} /2

1
R

By expanding 1/R into a Fourier series in 9-y, it can be shown that

o 21 ¢
oy 5 ap 3 . | (x-£)2 +r2 +52 _
pix,r,) =37 mzo n ! _fc —Br Ere [—/S_ Q. /¢ re )lcosm(y 6)5:22316

)
Because the only value of s in which we are interested is §=r ;s the
two symbols will be used interchangeably.
2
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where € = 1 form =20

= 2 otherwise

Q _y/; is the associated Legendre function of the second kind of half
odd integer order. The properties of the Legendre function are given,

for example, in Ref. 4,

Upon carrying out the indicated differentiation with respect to s,

the field pressure becomes

£ 2m c
= m . (
p_EnTZ»/E J;)cosm(y 5)de )’Ap(e’g)lmdg (4)

~C
where
brs(m+9) [s2 = r2 = (x = €)2]

| = {- + Q -2Q } (5)
" e [(x-£)2+(r-s)2] [(x-5)2 + (rs)2] ™17/2 m=1/2

and the argument of all the Q functions is

(x=£)2 +r2 +52

Z= 2rs e
If the pressure jump Ap is expressed as a Fourier series in 2,
po= ) ipn(i)cosne (7)
n=o
and the field pressure is also expressed as a Fourier series in v,
p= 7 pm(x,r)cosmY (8)

Then, upon substituting (7) into (4) and carrying out the ¢-integral,
it can be shown, as a consequence of the orthogonality between the trig-

onometric functions, that

*hkerzz’=s d L =x, I bezomes unity d the 5 functions are lojarithmiczlly
infinite. Althoush this singularity is integrable, it offers vroblems in
the nwnerical evaluation of the integrals which can be woided altogether b
taking the maximum value of r *to be s-c where ¢ 1~ a small quantity.
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p o) = _ " fap (2) 1 de (9)

8nvrs
As a consequence of the linearized Bernoulli equation

=y 2
P =0l 5, (10)

Equation (9) can be restated:

ALY, I S (1)
U 3x m m
m 16wvYrs -c¢

where Cp is a pressure coefficient. Equation (11) gives a relationship
between the axial flow inside the duct and the pressure jump across the
duct sections for every Fourier component. |If the pressure jump were
known, the axial velocity could be calculated. It is our desire to choose
a pressure jump such that the induced axial velocity nullifies, as much

as possible, the nonuniformity of one or more Fourier components of the
ship wake and that has shockless entry at the leading edge. Thus, Eg.

(11) is, in fact, a Fredholm integral equation of the first kind to de-

m

termine ;Cp in terms of (1/U “3/%x) . Examination of the corresponding
m
two-dimensional integral equation has disclosed that the solution is not

unique. Presumably, the three-dimensional equation given here has the
same property. |f so, the property is advantageous because it means

that there is more than one pressure distribution that will do the job.
The following method was originally proposed to solve Eq. (11):

We define a rooftop pressure distribution for the mth harmonic as

follows:

: (12)

v
o
i
1}
s
—_
O
\
-—
x
'
(8

The lift coefficient on the section is then
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C _h XO (]

When h = 1, the resulting distribution is said to be a unit rooftop. We
now consider several unit rooftops that differ only in the numerical value
of X and distinguish them using the subscript i. The correct pressure

distribution will consist of a linear sum of M of these unit rooftops

weighted by unknown coefficients a,. Thus,
M
AC_ = a, AC 14
pizllpi ()
Corresponding to each unit rooftop is a radial distribution of axia poosity
at a specified station x designated as u,- Thus
uér)=2ai%(r) (15)

where the subscript ¢ means that the velocity is calculated. We now con-

sider a penalty function

-
| = fe rdr [ume - uc]2 (16)

(o]

where the subscript me means that the velocity is measured. The weighting
factor r is introduced to emphasize the outer radii of the duct where the
propeller is most heavily loaded. We wish to determine u_ so that it
equals u. as best it can. We, therefore, minimize | with respect to each
of the ai's and set the minimum equal to zero. Upon substituting (15) into
(16) and carrying out these operations, we are led to the following system

of equations for the ai's.

s-€ M
frdr ujum = .Z ai
o i=1

S~¢
f u.u, rdr 1 <« j <M (17)
o !

The coefficients Sfsujuirdr forma symmetric matrix. Calculations of the ui‘s
and the matrix coefficients were carriedout using Eq. (11) for five different
unit rooftops with x=Oandxo=-l.0, -0.6, -0.2, +0.2, +0.6 leading to a five-
by-five matrix. It was found that the matrix was highly ill-conditioned.

This means that the axial flow in the duct is unable to distinguish one

P
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unit rooftop from another or, put another way, that the shape of the
axial velocity profile in the duct is virtually the same regardless of
the shape of the pressure distribution on the duct. For this reason,

the concept of representing the pressure distribution on the duct by
several unit rooftops had to be abandoned. It was recognized that the
velocity profile in the duct is primarily dependent on the magnitude of
the total sectional 1ift and is insensitive to the shape of the distribu-
tion. Thus, we selected only one unit rooftop to represent 1C . The one
chosen was for Xo = +0.6 and, in this case, the matrix equation (17) re-

duces to a single equation for a. =h. The result is

S-‘:
jrdr u _u,
5 me -

h s ————————— (18)
b“h. R

iordr u.-

5 1

Once h is determined in this way, the 1ift coefficient on the duct section

can be calculated using Eq. (13).

It is stated on page 529 of the paper by Van Manen and Qosterveld®
that the sectional lift on an axially symmetric duct should not exceed
unity at the risk of inducing stall. In our case, the lift varies circum-
ferentially, alternating between positive and negative values since it is
proportional to cosm .. Because the maximum lift is only experienced
locallv as we proceed around the circu~fererce, the Van Manen and
OQosterveld limitation may be too restrictive. However, it is certainly
a conservative limitation and, in the absence of any other criterion, we

will use it.

Mow, the 1ift coefficient calculated using Lqs. 118) and (13) may
be smaller or greater than unity. |[f it is greater than unity., it must
be reduced to unity in accordance with our criterion and the value of h
must be correspondingly reduced. This means that the duct can be expected

th . . . .
to cancel the m harmonic of the measured axial velocity mnnly partially.

We present now an example of how a duct may be expected to affect
the axial flow. For the example, only the first harmonic of a wake will

be considered. The data is taken from Figure 27 of Hadler and Cheng®

which is reproduced here as Figure 1. Only the data for the first harmonic
and Model 4602, indicated by circles, will be considered. The chord of
6
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the duct is taken to be equal to the radius (s =2); the section where

the first harmonic is to be rectified is the midsection (x=0); the roof-
top distribution begins to fall off at 0.8 of the chord (xo =.6). Then

Cl , as calculated using Eqs. (18) and (13) becomes c2 = .9766, which is
within the Van Manen and Oosterveld limitation. A plot of the data from
Figure 1 is reproduced in Figure 2, together with the modified wake harmonic
to be expected with the duct in place. It can be seen that the large
velocities at the outer radii have been significantly reduced. At the
inner radii, the negative velocities have become more negative. On the
other hand, it is well known that intermittent cavitation occurs primarily
at the outer radii where the bulk of the blade loading takes place, and

so the beneficial effects of reducing the axial velocity at the outer
radii should more than compensate for the deleterious effects of increas-

ing the axial velocity at the inner radii.

it is the ultimate purpose of this project to design and build a
duct according to the precepts set forth here. Consequently, a series
of wind tunnel measurements taken behind a wake screen were carried out
at the Princeton wind tunnel by Professor R. Hires. The screen was designed
to simulate the flow in a ship wake. Details of the experiments will be
presented in a subsequent report. For present purposes, we present only
the result of the amplitudes of the first harmonic of the measured wake*.
This is shown in Figure 3. The results of carrying out the computations
indicated by Egqs. (18) and (13) show that c, =3.0. Since this exceeds
the Van Manen and Qosterveld limit, C? was reduced to unity and the modified
wake with the duct in place is also shown in Figure 3. It can be seen
that the modification created by the duct is a smaller percent of the
total in this case than it was for the Hadler and Cheng wake previously
analyzed. This is because the lift coefficient had to be reduced to

unity in accordance with the Van Manen and Dosterveld limitation.
Tun AEOMETRY OF TEE DUCT SECTICNS

Up to this point we have examined the effect of a duct rooftop

load distribution on the flow inside the duct. At this juncture, we

ERSRS N

* - - - S . - .,
The rigge varies sitohsly from radius to raiius even though the wake
3

.
wrmetric.  The duct cannot be exrected to Joilow

.
sereen ia rresumib’ .
thie radici vurdcion Tu nhese.
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determine the geometry of the duct for the same load distribution.

The starting point for our investigation of the geometry is Egq.

(11). Upon differentiating with respect to r and simplifying, we find

_ 1 52 *m/2 S .
| (G 3m) = Lo, () 0, 0e) @ (19)

where

I 25}
Hy(x=2) = srgy (55 Qo0 ¥

- - (73 -
(2-3)Q /o = (27 -42410Q

2(m+1/2) [ 77 -] * 6.m+l/2 -26%-1/2]}

(m +%) (20)

Qv = 77 Queiza "2 Q)]

(m+3)
= ___.JL_ [Q -2Q ]
m+1/2 Z+1 m+3/2 m+1/2

(=]

We let ¢ = 1 so that the unit of measure is the half-chord of the
duct, and integrate Eq. {19) with respect to x from far upstream where

all disturbances vanish.

1 o em/Z X +1
G359 =g [ oax' [ oaC (&) W (x-gsr)de @1
m -0 -] m
Let t = x-x'. Then
36 em/Z ® 1
G37 =5— [ dt [ ac) H (x-t-£)de (22)
m o) -1 m

On interchanging the order of integration,

¢ /2 +1
(LIJ— %})m S _f' Acpm(g) J_(x-£)dg =g _(x) (23)
where -
Jm(x) = f H (x-t)dt (24)
o




Now consider the linearized boundary condition on the duct. This

'

e othat 1L tr/sr o= slope of the duct at r = 5. Now, the slope consists

S wC parts, are Jdue to the pitch, » , of the section, and the other due
m

’.J

the siope of the camber line. Thus, if the camber line is defined as

LN L lme mouncary condirtion s

S IRV P (25)
Then £ T3 hecores
vinY = o+ g ) {(26)

Joon integrating with resvect to < from the leading edge where, bv defini-

tion, viQ) = 0, we obtain

vy = ‘ql\+}\ v J“(\'\dxl (27)
T --l “

We detine v to be zero at the trailing edage also, so that, upon settinag
m

« = 1, we abtain the following expression for
-
| |
coo= - = g () d! (28)
" 27 N

Substitnting for ww”') from £g. 123) and interchanging the order of

integrat ion

- - LA Voo (29)

3 ~Z: N C”. SRARE 9
1

T R Y (30)

Sor gLl tma deSinirine of j , Eq. (24), and letting u=t -x, we find

EV 4ﬁ(u)du (31)
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This double integral can be manipulated into two single integrals as

shown in Appendix A. The result is

1+ ®
K (&) =_(lf_g)(1+u-g) H (u)du + 2 ].{gHm(u)du (32)

The point u=0 must be excluded because the integrand is singular in the

Mangler sense. The final result, ready for numerical computation, is

- ]+E =
K (€)= [(0+u-2)H (u)du + [ (1+u-2)H (u)du+2 [ H (Wdu -2 (1-£)
m -(]'E.) m c m ‘+E m €

(33)

where ¢ is a small quantity.

To summarize the computation of 4 it is determined from Eq. (29)
with K(Z) given by Eq. (33) and Hm(u) given by Eq. (20) with Z=1+u2/2s2,
Moreover, the kernel K(£) is logarithmically singular at £ = + | and, al-
though these singularities are integrable, they present problems in numer-
ically calculating the integral in Eq. (29). The problems can be avoided
by changing the limits on the integral in Eq. (29) from :1 to #(1-¢) where

£ is a small quantity.

[n a similar manner, from Eq. (27) we can obtain an expression for

the ordinates of the camber line with & considered to be known.

e /2 1
= £
(1) = = ] ac, (2t k(@) (34)
- m m
where
X
K () = ~I1 J_(x -5)dx, (35)
or, using the definition of Jm, Eq. (24), and letting u = t - x
X £
K (5) = [ dx, ,f H (u)du (36)
m -1 Z-x

1

In a manner similar to that presented in Appendix A, the order of integra-
tion can be interchanged, the x, integral can be carried out, and the

final result is

10
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1+€ w
K. = [ H (u)Ix+u-gldu + (1+x) [ H (u)du (37)
X E=x m 1+£ m
£ > x
-€ 1+£
K = | H (u) [x+u=€]ldu + [ H (u)[x*+u-£]du
/(m -(X-E) m e m
+ (00 [ W ()du-2 (x-5) (38)
1+£ € E < x

where, again, ¢ is a small quantity.

To summarize, the ordinates of the camber line are given by Eq. (34)
where me is defined by Eqs. (37) and (38) and Hm(u), Z, a. are defined
as before. Once again, the kernel Kx is logarithmically singular at
g=-1 and £ = x. The singularity can be avoided by changing the lower
limit in Eq. (34) to ~(l-¢) and surrounding the point £ = x by a small

interval which is excluded from the integration scheme.
%
THE RESULTS OF SOME NUMERICAL COMPUTATIONS

The value of a for several values of m were calculated for the
case s=1, x=0, x°==0.6. The results, together with one isolated case

with s=2, are shown in Table .

Tabie I. Values of %,

a /€, (s-1) a /€, (s=2)
1 0.2912 0.1563
2 0.5607 N.A.
3 0.8322 N.A,
4 1.1038 N.A.
5 1.3356 N.A.

It can be seen that, as m increases, the angle am increases, and
this means that the duct section must work harder and harder to produce
the necessary axial flow to cancel a unit wake inflow. Fortunately, the

magnitude of the wake inflow as the order of the harmonic increases tends

—

4 subroutine for calculating the Legendre functions was developed based
on a series jiven in Reference 4 For 1 <2 <1.09 and based on a standard
hypergeometric series for 221.09,

11
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to get smaller and smaller so that, in practice, the higher harmonics
can usually be dealt with without exceeding the Van Manen and Oosterveld
limit.

The cases m=1, s=1,2 indicate that a greater value of C2 is re-
quired for the case s =2 (chord - radius) than for the case s =1 (chord =
diameter) to achieve the same axial flow in the duct, and this is intuitively

correct.

Points on the camber line for the case m=1, s=2 were calculated
and are shown in graphical form in Figure 4 and in tabular form in Table
1. These points were fitted to a polynominal passing through the points

(1,0) and (-1,0) using a least square fit, and the resulting polynomial is

zcl-:= (1-x2) [a, +ax+ azx2 +a,x’ +a x'] (39)
where a, = 0.15577

a, = -0.01669

a, = 0.05212

a, = -0.05540

a, = -0.03812

It should be pointed out that, because we are dealing here with the
first harmonic,Eq. (39) must be multiplied by cos8, and also that a, must
be multiplied by cosg. Thus, both the camber and pitch angle vary circum-
ferentially. Since the sections are at 1, cosd, this effect can be achieved

simply by tilting the complete duct at angle a For all higher harmonics

<
no such simple recourse is available, and the local pitch angle must be

built into the duct.

It is because of the relative simplicity of the first harmonic that
the Princeton tests and the computations carried out thus far have con-
centrated on this case. The ultimate purpose will be to build a duct
based on the camber line of Eq. (9), to tilt it at the angle ay =.1563,
according to Table |, and to mount it in the Princeton tunnel behind the
same wake screen as used in the preliminary tests and then, by taking
measurements inside the duct, to prove the efficacy of a non-axially

symmetric duct by demonstrating a reduction in the first harmonic of the

12
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wake as shown theoretically in Figure 3. Such a duct is shown sche-

matically in Figure 5.
CONCLUSIONS

A theory for the behavior and design of non-axially symmetric ducts
intended to shroud a propeller is presented. Measured wake data is also
presented, together with the modification of the wake caused by an appro-
priately designed duct. Moreover, the shape of such a duct is calculated
for one case. It remains to build a model of such a duct and measure
the modified wake inside it to demonstrate the tenets of the theory, and
also to show that non-axially symmetric ducts can be expected to be useful
in ameliorating transient propeller cavitation and vibratory shaft forces.
The results of this ongoing program will be presented in a subsequent

report.
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TABLE II*

POINTS ON THE CAMEER LINE OF THE DUCT

TO BE USED IN PRINCETON WIND TUNNEL TESTS

x

CO O £ W N O NW s Oy oW

. .
Re Sorral

- -

R

y/C2

.0280361
.0564023
.0847943
.109061
.126248
. 138521
. 146653
. 153209
.156918
. 150040
143592
134574
. 107941
.0682754
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APPENDIX A
REDUCTION OF THE DOUBLE INTEGRAL

1 o
Km(a) = f dx f Hm(u)du
-1 £-X

In the u,x plane, the integral is carried out over the shaded re-

gion defined by the sketch below:

...... Y S — ._:__ — . y —————e - X
l
1
!

If the order of integration is changed, we must integrate on x

first. Thus, we integrate over the triangle defined by the lines u=¢ -x,

u=:I+1, x=+1, and then add the integral over the semi-infinite rectangle

defined by the lines u=5+1, u==, x= -1, The result is
(1+£) 1 © +1
K () = [ H{uwdu [ dx+ [ H (u) [ dx
" -(i-g) " e T2

After the x-integrals have been carried out, the result is Eq.

———

(32).
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APPENDIX B
COMPUTER PROGRAMS

The five computer programs that were used in the numerical computa-
tions are presented herein, together with descriptions of what they do
and with a dictionary for each, relating Fortran variables to analytic

variables for input and output statements.

-~
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PROGRAM 1
Calculates CI./CL for given m, s, X
FORTRAN ANALYTIC
VARIABLE VARIABLE DESCRIPTION
S S i
M m 1
X0 b
o
A Lower limit of outer integral
Input B Upper limit or outer integral
AERR Absolute error tolerance for outer intrgral
RERR Relative error tolerance for outer integral
EPSK € Lower limit of certain inner integrals :
AERRK Absolute error tolerance for inner integral
RERRK Relative error tolerance for inner integral
ALPHA JL/CL
Output CK Value of outer integral
B-2




371

IYZ

983

EXTTENAL £N2

CoM¥OY S5,¥,3

COMMOM/CT¥R1/CL(5¢3,3),42(3),42Q,3G(3),G2(3),
A1Q(3),833(¢3),564(3),81G(3),33Q(3),FAC(3)

COMMON/COMQ2/A2322(6,3),84622(6,3)

CCMMOYN/COMFT/DA(3),S3,A48

COMMOYM/COMX2/X4,C,CL,EPSK,AERRK ,RERRK

COMMON/COM1/LCL,LC2,LC3,LC4,LCS

LCl=J

LC2=v

LCc3=2 3

LC4=J

LCS=.

READ(5,951) 5,4,X

TORMAT(F,I,F)

KRFAD(5,932) A,5,AERR,RZRR

FARVLT(4F) b

XxTAD(5,942) ITP5K,AIRRK,RERRK

CALL YERSET(1,LzZVL)

5Q=5*S

r1=3.1415927

A=l

CL=1.

CALL QCQONST

CK=FCADRE(FX2,4%,5,AERR,RERR,ERR, IER)

PX=1./(16.*P1*Q)

LLPHA=PX*CK

~RITE(6,983) ALPHA,CK 4

FORMAT(1X, "ALPHA = °,S£14.6,2X,°CX = °,S14.6)

oy
-t

B-3
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TU\kaul r!2(’)
”X*-?JAL ?A,”TI,FT2
ALY S’ ,UJ.
CC’"C‘/CJV 1/Cq(5“3 3),AQ(3),422,83(3),G3(3),
A1G(3),A3Q(3),c (3)/51«(3),33u(3),t§€( 1)
COMMOMN/COMO2/A322(06,3),8322(6,3)
CCHMON/COVYFT/DR(3),54Q,Avd
CCMM(CN/COMK2/%X2,C,CL,EPSK,AERRK ,RERRK
cGM¥oN/COMLIY/LCL,LC2,LC2,LC4,LCE
LC5=LC5+1
Gl=gG
Al=ErsSX
51=1.-G
J=EPSK
§2=1.+3
A3=1,.+G
53=12.5*5
AERR=2ERFX

IF (S.2G.1.) G2 TC 11
Cl=CCATFzZ(rTl,ALl,01,AERR,RECK,2RRIR,IER)
C2:DCAD.::‘(¢T2,A2’~2 APQ'KIR QQ,:RROQ,I )
C3=DCADFE(t T,A3,53,AERR,RERR,ERROKR,IER)
F¥1=C1+C2+2.*C3=-4.*(1.=-G)/EPSK

CONTINUE

H=4.*CL/(3.+X43/C)
IF(-C.LT.53.AND.G.LE.X3) DP=H
IF(X0eLTeGeANDsGeLT.C) DP=H*(C~-G)/(C-XY)
FK2=FK1*DP

RETURN

£Nb

B-4
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CUNCTION FT(T)
CUMVEN S,4,GG35
) COMMIN/CUMIT/DI(3), 3., AN
coumoy/Ccetl/Lci,Lc2,Lc3, Li,uso
LC2=LC2+1
D) UEL=T*T/(2.%5Q)
Z=DEL+1.
21=7+1.
2Q=2*7
DEL2=DZL=*D:L
IF(DIL.GE.¢ed9) GO TO 11
IS(CZL.LT.1.5=7) G2 T3 9
Gl=Qu2(DEL, 1)
W2=Ge2(PZL,2)
$3=0.2(25L,3)
WPR1=D2(2)/(2.4D7L)*(52=-(1l.+DIL)*Q1)
GPR2=DG(3) /(244 2EL)*(53-(1.+UEL)*G2)
FT=1./(S3d"(2.4DZL))*((2.+DZL)/2.%G1+
1 2.%DG(2)((=2.+0FL) %0 2+(2.+DFL=-DEL2*(3.+DEL))I*QL)/
1 ((2.40EL)*CZL)+00R2=(1,+0F5L)*u2K1)
EETURY
3 CNNTINCE
FT=1o/(2.%533)%((Fy=fi-,75)"ALCS(DEL)+2./07L)
RETU=xN
11 CONTIWUE
G1=qu1(Z, 1)
Q2=G6Q1(Z,2)
Q3=QQ1(Z,3)
GP1=DQ(2)/Z1*(uw2=-2%udl)
GP2=DR(3)/21%(a3-2%22)
FT=1./(SR%Z1)*(Z1/2.%Q1+2.*D3(2)*(((Zi=3.)*y2-
1 (ZQ*Z=4.%2Z+1.)*31)/(73=1.)+3P2-2"3P1))
KETURN

parn
e

FUNCTIOGN FTI(T)

COMMCN S,4,3
COMMON/CO%1/LC1,LC2,LC3,LC4,LCS
LC1=LCl+1

FT1=(1.=T-G)*FT(T) 1
RETURY
END

C

O 0

FUNCTION 7T2(T)
CTUMDN S, M,0
cecMMOoN/COVI/LCL,LC2,LCS,LC4,LES ‘
LCl=LCl+1
FT2=(1a+T=0)*77(7)
FETUPN

-/

v
-

B-5




PROGRAM 2
Calculate Y(x)/CL for given m, 3, xo,a/CL
FORTRAN ANALYTIC
VAR I ABLE VARIABLE DESCRIPTION
s
M m
XX X
X0 Xo
Input ALPA J/CL
A Lower limit of first outer integral
B Upper limit of second outer integral
AERR Absolute error tolerance for outer integral
RERR Relative error tolerance for outer inteqgral
EPS S Integrate from A to XX-EPS and from
XX + EPS to B
Qutput YY Y/CL }
ALPA 1/CL ;
CK Sum of Ist and 2nd integrals j
K1 Ist Integral ;
CK2 2nd integral
B-6
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LXTErNaAL FH2

CoMN»OYN S,4,5

CLMVON/CUMLl/Cu(sdd,3),Au(3),425,340(3),35w(2),
218(3),A3C(3),82(3),513(3),832(3),F4C(3)

COMMON/COMG2/4422(5,3),5G22(5,3)

CCM¥PON/CIAMTT/DL(3),52,AY0

ce#MncysCcovMe2/%3,C,CL

commeM/CaMl/LCL,LC2,LC3,LC4,LCS

COMMON/COMAX/XX

LCl=2

LC2=u

Lci=<¢

LC3=2

LcsS=2¢

2TAD(S,941) S5,4,XX,¥%0,ALPHA

FORMAT(F,T,3F)

READL(S5,902) A,3,ASRR,RERR,EPS

FORMAT(S)

CALL UERSTT(1,L=ZVL)

S5G=5*S

P1=3.1415927

a=1.

Al=2A

Rl1=X¥X-LtPs

A2=XX+ZPS

B2=8

C=1.

CL=1.

CALL QCONST

CKi=FCADRE(FX2,41,B1,AZRR,RERR,ERR,IER)

WRITE(6,94433) CK1

FORMAT(1X,E14.0)

CK2=FCADPRE(FK2,42,E82,AERR,KERR,ERR, IER)

Ck=CKX1+CK2

PX=1./(8.*PI*Q)

YY=PX*CK-ALPHA®(XX+1l.)

#RITE(6,923) YY,ALPHA,CK,CK1,CK2

- 343 FORMAT(LX, Y = °,E14.6,2%, ALPHA = °,El4.5,2X,
1 /1X,°CX = 7,3214.0)
o Zh0
Q
)
B-7
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SHNCSTION TY2¢(

SXTTaNAL F7,¢

COMMONM/COYR1/Cw(5c2,3),A3(3),42Q,B2(3),3533(3),
AYG(3),A34(3),%49(¢3),812(3),3323(3),FAC(3)
CCHMON/CU422/A222(0,3),BR22(6,3)

COMMON/COMFT/DGW(I),SQ, AMD

COMVION/CO4K2/%X3,C,CL,EPSK

cov¥MaN/COMl/LC1, LC2,LC3,LC4,LCH

COMMON/COMYY /XY

LCS=LC5+1

sl=3

SINFIN=12.5*3

All=ZP3X

£11=XX-C

Alz=ZPs¥

J1Z=1.+5

A13=1.+G

£13=SIMNFIN

222=3-XX

322=1l.+3

A23=1.+0C

523=SINFIN

ASRE=d.

REIR=.dudl

FY{=1.,+XX

F¥l=y.

IF (G.2Q3.1.) GO TO 11

IF(G.GT.XX) GO TO 111

Cl1=pCaADRE(FT1,A11,811,AERR,RERK,ERROK,IZR)

C2=0CADRE(FT2,412,812,AERR,RERR,ZRROR, 13Zk)

C3=DCADKEZ(FT,A13,E13,AZRR,RERR,EZRRIR,IZR)

FY1=Cl+CR+5XA*C3-4."(XX=-3)/EPSK

30 T0 11

gentTInee

Cl=CCADPE(FT2,A22,822,AERR,RERR,ERRQOR,IER)

C2=DCACREZ("T,A23,823,AFRR,RERR,ERROR,IER)

t¥1=CleFXX"C2

CONTINUE

4. *CL/(3.+4X3/C)

IF(=CelTelANDG.LEL.XS) DP=Y
IF(XdelTeGeANDS.LTC) DP=H*"(C-G)/(C-XC)

FKI=Fv1+*D2P

RETUPRN

N
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FUNCTIOYN TT(T)

CCM¥3Y s,v,GGGG

COAMON/COET/DW(3),54,AM0
COoMM3Ty/COvI/LCL,LC2,LC3,LCa,LCS

LC2=LC2+1

gl

DEL=T*T/(2.75Q)

Z=DEL+1.

21l=2Z+1.

20=2"72

DEL2=DZL=DEL

[F(PEZL.G55.¢.49) 30 TO 11
IF(DEL.LT.1.2=7) GO TO 9

QI=Q&2(DEL,1)

G2=GR2(NIL,2)

23=Q32(2:zL,3)
GFR1=08(2)/(2.+DZL)*(Q2=-(1.+U0ZL)*G1)

GER2=DG(3)/(2.¢DZ0L)*(Q3=(1.+CZL)*22)

FT=1. /(oQ'(Z.*DSL))'((Zo*DEL)/2o*Ql¢
2.*D(2)*((=2.+080L)*Q2+(2.+40CL-DL2*(3.+D=L))*QL)/
((2.+0ZL)*DZ0L)+dP2-(1.+DELY*LPR])

RETUR N

conNTIvUE

FT=1e/(2.%SQ)*((FM*FU-,T75)*ALOS(DEL)+2./0°0L)

RETURN

CONTINUE

Q1=QGl(Z,1)

Q2=QQR1(Z,2)

Q3=Q%1(2,3)

GP1=DQ(2)/21*(Q2~Z*Q1)

«P2=0GQ(3)/241%(d3-2%Q2)

FT=1l./7(Su*21)*(21/2.*Ql+2. ‘Du(’) (((Z 3.)%Q2~
(23*2=3,%2+1.)*& 1)/(Z~ 1.)+3P2-2*QP1))

RETURN

END

#UNCTIUN T' (M

COMMON S, M,
CDHMOV/CCHI/LCI,LC2/LC3,LC4,LC5
CCMMCN/COMXX/ XX

LCl=LC1l+1

FT1=(XX=T=G)*FT(T)

RETURN

END

FUNCTICN £T2(T)

couMaY s,M,6G
COMMON/CO4L/LCL,LC2,LC3,LC4,LCS
COMMON/CUMYX/XX

LC1=LC1l+1

FT2=(XX+T=G)"FT(T)

RETURN

END

B-9
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PROGRAM 3

Computes weighted average at square of calculated axial

velocities.

FORTRAN ANALYTIC
VARIABLE VARIABLE
S
M m
X
Lt
L2
;szt same A
B
AERR
RERR
Output Cl

DESCRIPTION

Location of propeller plane

Determine the two values of x5 to be

[used {both values are same)

Lower limit of outer integral
Upper limit of outer integral
Absolute error tolerance for oyter integral

Relative error tolerance for outer integral

Denominator of Equation (18)




O 0

—

gxTeanal £

Cri'w W 5,Y,353G535

CUMwIN/TUM L/Cu(382, 3, A {3),A2%,84(3),5%(4),

Ala(3),A3202),22(03),214(3),831(3),FAC(3)
CCMMOMN/COMI2/A322(0,3),8422(5,3)
CC‘J"'J"/ D\"'A 4(3)/541;\\4»‘
COMMCM/CO¥F/RIIR,CL, X, X2
CCOMVYON/COMFY/XYXA(4),L1,L2
CCMMQON/CCML/LCL,LC2,LE3,LC4,LC05
DATA XI(G/-I.,-.S,H.,.O/
CALL UzZ33ai(1,LSVL)

xRZAD(S,971) S,4,X,uLl,L2
FCQN&A(V 1,8,20)

0(5,942) A,2,AZRR,RERR

?CRMAT(4F)
r1=23,1410327

SA=8*3
CALL ualnnsT
Cl=FCADRI(SX,A,3,AZR3,RERR,ERR,IER)

«HITE(O,923) C1
FOIMAT(1X,514.3)
N2

B

11
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FUNCTION &
ER?..:\ 1-\[. F
COnMaM S,V¥%,35350
ceHven/CoYgl/Ce (3&0,3),A“(3) A2QR,8Q(3),53(3),

A13(3),A33(3),22(3),E1Q(3), B3J(3) FAC(3)
CC““OW/CO‘"’/AQZ’(S 3),8&22(6 3)
COMMON/COMET/Dw(3),SurhA
COMMON/CO4F/RRRR,CL, X,XG
CCM"OV/CG'r(/YY@(4),Ll/L2
co¥mON/COML/LCY1,LC2,LC3,LC04,LCS
IF(ABS(P)«CGT.1l.2=2) GO TU 11
FX=u.

GO TG 22

CONTINUE

PRXRR=PR

P1=3.1415327

A‘-lo

[‘-Lc

K...[\p Jo

xERIC=,00471

X?=XXx7(L1)

CGl=DPCACRI(F,As3,AZRK,RERK,ERR, IZR)

S¥1=CGC1*(1l./(d.*F1*5"S2PT(R"3)))
=XX2(L2)

S¥2=CG2*(1./(8.*PI*S*SART(R*S)))

r X=R*SK1*SK2

CONTINUE

RETURN

ZND

X(x)

FUNCTICN F(G)

coMvon S,M,GGGG
COVNO”/CCNFT/DQ(3) SG, M2
CCYMCM/COMF/R,CL,X,XJ
CDMMON/COVI/LCI,LC2,LC3,LC4,LC5
LC1=LCl+1

c=1.

BX=(X=53)*(X=G)

R¥1=(R=S)*(R-S)

RK2=(R+S)*(R+S)
BXP=4*R*S*DQ(2)*(S*S-R*R=-BY)/((BK+RK1)*(3K+RK2))
Z=(BK+R*R+S*3)/(2"R*3)

H=1.

IF ((-C.LT.G).AND.(G.LELXJ)) PM=H
[F ((X2eLTeG)eANDe(G.LT.C)) PM=H*(C=G)/(C=XJ)
IF (2..T.1.¥9) GO TO 51
21=QG1(Z,1)

22=QG1(Z,2)

GO TO 142

CCNTINUZ

DEL=Z-1.

Q1=GQ2(DEL,1)

22=Qu2(BEL,2)
F=PM*(=-Ql+3KP*(N2=-2"ul))

RETURN

£ND
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PROGRAM 4

Computer h using least square fit between measured and calculated

axial velocities.

VARIABLE  VARIABLE DESCRIPTION
M m
X X Location of propeller plane
Ll Determine the two values of X (to be
Input L2 [used (both values are the same
same as 3 A Lower limit of outer integral
8 Upper limit of outer integral
AERR Absolute error tolerance for outer integra.
RERR Relative error tolerance for outer integral
AAAA Denominator of equation (18)(from program3)
Xxo(L1) [Two values of x_ used
XX0(L2) ©
cl Numerator of Equation (18)
Qutput AAAA x/CL
HHHH h h to give least square fit
cCcLL CL computer from H obtained by this

program from Equation (13)




CC‘w “/CJV‘Z/&

CCuMDN/COMTT/Iu(
CCuaMUN/CINT /RRRR,CL, X, XD

CCHuMDYN/CIMFX/XL3(4),L1,L2

COMMOY/CUYIT/RRY(9),U0(9)

ccumMany/cetl/ec1l,Lce,Lec2,Lc4,Les

UATA XXT/=les=a5,24,46/

CATA RA¥/.1111111,.2222222,.3333333,.1444444,
«5555555,.6606666,.7777777,.83888838,1./

GATA UU~/.2731,.1548,.2398,.3437,.3315,

O O

~

111

+349€,.3532,.3256,.2975/
CALL UZRSZIT(1l,LEVL)
REAL(S5,9J1) 3,¥%,¢,LL,L2
FCAMAT(S,I,7,21)
FEZAC(S5,6452) A,2,AER
FOFMAT(4F)
READ(5,541) AAAA
?1=3.1415327
oc 111 1=%,9
RRI(I)=5*RA¥(I)
CCNTINYUE
SQ=S*S
CALL QCONST
C1=FCADRE(FX,A,B,AERR,RERR,ERR, IER)
IF(AS3(AAAR) JLT.1.E~8) AAAA=1.
HHHH=C1/AARA
CCLL=.25*HHHH*(3.+XXW(L1))
WRITE(5,933) XXa(L1),XX3(L2),Cl1
S“PITE(6,9¢3) AAAA,HHHH,CCLL
FORMAT(1X,3E14.6)
NV

R

('l

RR

7)

—— e -
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YTZaNAL 7

cC..vOoN S,V,G5350

CP”‘J"/CQ‘.l/:<(;JL,J),RQ(3),AZQ,3](3),:4(3),
A1Q(3),A3. (7),:4(3),813(3),534(3),'AC(J)

CTavan/CaNz2/ ‘23(5,3),°C22(5,3)

CCHMQu/CULMFT /3](’) SG,pAM
COMMIN/COME/RRRR,CL, X, Xo
CCMMON/CLVFX/XYI(a),L1,L2
copwgNyCcaM1/LCL,LC2, LC3 LCa,LCS
IF(AG3(R)«GT.1.2=-8) CGC TC 11
FX=d.

30 TC 22

CONTINUE

RRRR=F

rT1=3.14159.7

Az=1.

“=zi.

;\:Rn=l'.

FSRR:.JCU&l

CCl DCADn (F 2,2, 2Pr,nERR,EZRR, TER)
S¥1=C31*(l. /(d.'JI'S*S”"*(R'S)))
:‘l{2=r I"“"(Cr\'\&)

=R*SK1*SK2

[P - P e Ia I &
-2 N>

O w3 =
.
0
<

FUNCTION F(G)

COMMON S,M,GGGG

COMMON/COMET/DR(3),SG,AME
COMMON/COME/R,CL, X, XY
couMQy/Ccovl1/LCY, L»a,bC3/LC4ILCS
LC1=LCl+1l

c=1l.

I¥=(X=3)*(X=G)

R¥1=(==S)*(F-3)

R¥2= (1*5)'(R¢o)

KPRz 3*R*S*DQ(2)%(5*5=-R*3=BK)/ {(BK+RK1)*(sK+RK2))
Z=(AK+R*R+5*S)/(2*R*S)

ii=1l.

IF ((=CuolTel)eAND (G LELXI)) PM=H
IF ((X2eLTeG)eANDe(GaLT.C)) PU=H*"(C=G)/(C-X2)
IF (Z.LTe1.39) GJ3 TO 51
@l=Gu1(2Z,1)

223G Ll(Z2,2)

SC TO 1led

CONTINUE

col=Z~1.

wl1=G.2c(Pal,1)

42=2.2(27L,2)
F=PUT(=-Ql+2KPY(22=-2%21))

PETUSRN

eND

'J" Iu' FI TP(Q)
C““"/CCYD”/Q%V(9),UFY(9)
FINTE=3.70UN(Y)

+C1 I=1,3

——— -
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IF(r.GZan®.1(1#1)) GO TC 1
FLITP UL ACI)#(R=RRACI) ) * (UM (T+1) =12 (I))/(RP (I+1)-
1 RR¥(I))

D) GC TC 11
1 CCONTINUE
11 CORTINYZE
AZTURN
D gvd
N
}
)
J

O 0

-
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PROGRAM §

and Z.

Calculates associated Legendre Function Qm-l/£Z) for given m

(Used as subroutine for all foregoing programs.)
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PJTZ CONSTANTS DEPENOING W M AND

SUBRJUTINE TC COM
JNCTIUNS

J— me

Inr o ; F b
SUSRCOUTINE QCON3
CC“”"' 5,4,GG35
COMMCN/COYYL1/CR(5282,3),05(3),42G,8Q(3),63(3),
AlQ(3),A3u(3)/E (3)[51Q(3)/D3u(3) FAC(3)
COMMON/COV2/3422(6,3),BL22(6,3)
COMMON/COMFT/DW(3),5q,Avd

CONSTAUTS FOF 15T Q@ FYNCTIOHN

A2Q=1.7724539

FM=M

0G(l)=Fu~-.5

DR(2)=F¥+ae5

JR(3)=r4+1.5

001 1=1,3

AG(I)=(Du(I)+2.)/2.
Se(I)=(Du(I)+le)/ 2.
SQ(IN=0Q(I)+1.5
AlIG(T)=DR(I)+1.
l3J‘I)=DJ(I)*l S

SR(D)=CLu(l)+

CALL GMmuy A(Al’(l),SA-(I) IZR1)
CALL GMMuA(A3(I),B3G(I),IERT)
FACCI)=812(T)"A25/((2.**EQ(1))*B3Q(I))
CQ(l,IN)=AQC1)/GQ(I)

DO 2 L=2,540

ce(L,I)= CQ(L 1, D)*((AGCI)+L-1.)/(3Q(L1)+L=-1.))
CONTINUE
CONTINUE

g3 L=1,3
£22=20G(L)+.5
cez2=2.

IF(N22.24.¢) 33 TO 21

00 11 I=1,N2C

CQR22=Ca22+1./(2.*1-1.)

CONTINUE

CONTINUE

AG022(1,L)=5./2.*AL0G(2.)-2.*CQ22

Eg22(1,L)=-

CO 49 1=1,5

up=1-1

BQ22(T1+1,0)=0322(¢T,L)*(N22**2:1./4.=-NP*(NP+1))/
(Z,2(NP+1)**2)
AQ22(I+1,0L)=A422CT, L) (N22%*2-1./4.=-NP" (4P+1))/
(2.%(NP+1)*"2)-8Q22(T,L)*(2.%(N22**2~1./4.)+
(NP+1))/(2.%(NF+1)**3)

CONTINUE

CONTINUE

CALCULATION GF A\M3  ,USED RY FUNCTION FT
AMl=d.

0o 3 Kzllv

‘Ul "‘l’l-/(:o';‘:‘lc)

cenTinue

A”d::.:';LQG(2-)-3-'AHl

RETURN
EvD
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COVNDM/CIvET/D ((5),8%, 84
COMM3IN/CI%1/LC1,LC2,LC3,LC4,LE5
LC3=LC3+1

IF=1./(2%2)

F=FAC(L)/(Z**2I(L))
DC=37(L)*F*27

DO 20 1=2,520

FLI=1

T=Ca(I-1,L)*D00

F=F+7T

[F(ABS(T)LTedodudl) GO T0 5
COD=0ND*lF*((35(L)+FLI-1.)/FL 1)

CONTINUE
CONTINGE
Qal=F
RETURN
eMe

SZCuYD 4 FUNCTION

FUNCTION Qu2(nsL,L)
COMMOY/COV a2/ 3422(0,3),8022(0,3)
cCcdvON/COMl/ LCT,LC2,LC3,LC4,0LC05
LC4=LC4+1

syM1=3.

sUMZ=0.

T=STd1=4d.

TEST®2=2.

pC 4c 1=1,5

Wp=1-1
SUMI=SUMLI+#AQ22(I,L)®DEL**NF
SUM2=5U042+8322(T,L)=CEL==YP
TSST1=A88(3U.41)

TEST2=A2353(35UM2)
IF(AES(TESTI-TZ53TE1).GT.8.4038321) GO TO 4¢
IF(ASS(TS3T2-T25T¢€2).LT.8.36385081) GO TO SJ
T=STAH1=TZ35T1

TESTJS2=TEST?2

CONTINUE

cauTIvuE

GQ2=SUMI+ALOG(LEL)Y"SUM2

RETURN

END
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Figure 1. Radial Variation of Shaft-Frequency Wake Harmonic

for NSRDC Model 4602 (from Hadler & Cheng SNAME
Trans., Vol. 73, 1965)
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