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ABSTRACT

The potential problem is solved for the circulation distribution of an
optimum propeller with finite number of blades when operating in a cylindrical
duct. The effects of the duct on both the, circulation and the thrust increase
have been calculated for specific cases, showing that they become important
for propellers operating in a duct having a diameter which approaches the pro-
peller diameter. The effect of the duct increases with decreasing number of
blades and with increasing pitch. The percentage increase in thrust which has
been computed is additive to the Wood and Harris correction resulting from the
contraction of the slipstream. .

INTRODUCTION

The increasing use of propellers operating within circular ducts has indicated the need
for a better understanding of the effect that fixed boundaries have on propeller operation, par-
ticularly regarding their circulation distribution and total thrust. Furthermore, the investiga-
tion of propeller characteristics and cavitation phenomena in ‘‘closed throat’’ propeller
tunnels requires also a knowledge of the magnitude of such effects.

A large amount of effort has been devoted to the in.vestigation of ‘‘slotted wall”’
tunnels for axial bodies of revolution in order to decrease the ‘‘blockage’’ interference, but .
little work has been done in this field regarding the operation of a propeller in a circular duct.
The duct walls, whether ‘‘slotted’’ or continuous, will affect the local flow near the tips, . )
thereby altering the radial distribution of circulation and the cavitation characteristics. The
present investigation has been limited to the effect of a continuous wall.

Correction factors pertaining to the increase in thrust for a propeller operating in a
duct were given in 1920 by Wood and Harris.! They considered the propeller as an actuator
disc and determined the “blockage’ interference due to the contraction of the slipstream.
This correction is, therefore, applicable to moderately heavily loaded propellers when the
contraction of the slipstream is appreciable. The presence of the walls will also affect
lightly loaded propellers with finite number of blades, and it is for such propellers that the
following theory has been developed. A similar investigation has been made by Goodman, 2
who, however, assumed the propeller slipstream to be identical with the Prandtl model; i.e.,
the helical vortex sheets were replaced by parallel lines.

The analysis which follows is conducted for a propeller having a minimum energy loss
and operating in a circular duct of constant diameter and of infinite or semi-infinite length.
The theory is applicable to the case of ducted propellers even where the clearance from the

1 peferences are listed on page 23.



propeller tips to the walls is small, giving the optimum distribution of circulation for such
propellers when they have a finite number of blades. A circulation distribution factor relat-
ing the circulation for a propeller operating within a duct to the circulation for the same
propeller operating in open water, has also been derived and can be used in the design of
ducted systems. This theory might possibly be extended also for propellers operating in
relatively short ducts.

The potential solution given is not dissimilar to the solution already published3 for a
propeller having a finite hub. The boundary conditions in this case are changed.

The mathematical analysis is followed by curves showing the effect of the tunnel walls
on the circulation distribution, as well as the percentage increase in thrust for 3-, 4-, and 5-
bladed propellers over a range of propeller-tunnel diameter ratios. Tables are also given for
the change in circulation distribution for 3-, 4-, 5-, and 6-bladed ducted propellers when

operating in a tunnel whose propeller-tunnel diameter ratio is unity.

STATEMENT OF PROBLEM

The potential problem is analogous to that of a propeller with finite hub3 but with
modified boundary conditions. Laplace’s equation for this type of flow can be reduced to

2 2
(—a—) b+ (teut) 20 (1]
au 842

where ¢ is the velocity potential,
@

= r
F=yse "

V is the velocity of advance of the propeller,

w is the velocity of advance of the vortex sheets,
w is the propeller angular velocity,

r is the distance from axis of rotation,

{=6-

v » = angle measured on helical surface, and
+u

7, 0, z are the cylindrical coordinates.

The boundary conditions which have to be satisfied on the vortex sheets are derived from the

velocity of the sheets, and can be written as

2 2
96 __ _H on {=Oor—-ﬂ—for0<r<Ror0<u<p0 (2]
4

¢ 1+ p2




where p is the number of blades,

? is the propeller radius, and

® k.

“°_V+w

Additional boundary conditions are necessary at the slipstream radius and at the propeller

axis, thus

1,
¢ and . are continuous at r = B or p = (3]
u n=Hy

and

¢ is finite at r=0o0rpu=0. [4]

The presence of the duct also requires that the radial component of the velocity be
zero on the duct. By this condition

o¢
-a—#=0 at r=r ot p=p, forr,>R {51
w . »
where p,= T r, and 7, is the duct radius.

SOLUTION OF POTENTIAL PROBLEM

The generalized solution which satisfies Equation (1] and the boundary condition
given by Equation [2] hasalready been derived in Reference 3 and is given by:

for the external field, r> R

(2, K,, (pnw) 24, I, (pnp) p
¢ = + ————psin pnd + ¢ log — (6]
lert P Kpp (Prmg) P I, (Prug) Mo

<o and for the internal field, 0<r<R



2 w4 Iy, w0 I, (vp) K, (vu) p
¢ =— 2 -+ e, ———+ b, ———| cosy{+Dlog — (7]
p T (2m + 1)2 I (vig) K, (vug) Mo

m=0

~

where v =—(2m + 1),

o

Ipn (pny), Kpn (pny) are the modified Bessel functions of the first and second kind, and

a ,b d,, ¢, d are arbitrary constants.

m? “m? cn’

Ty,,(ve) = Lommel function

W2 421 - 2) (81
= + +

Bl s dEnae——— R R O

1+ p2 v2(1 + u2)4

As ¢ has to be finite at i = 0, the coefficients of K, (vu) and of the log term in Equation [7]
have to be zero; then b, = D = 0. In order to evaluate the additional arbitrary constants, it
is first necessary to express ¢ for the internal field in terms of sin pn { in the interval

0 <¢ <2n/p. In this range we write

coeug=8 .._n___sinpn§ [9]

4n2-(2m+ 1)2

n=1

Substituting Equation [9] in Fquation [7] .and equating to Eaustion [6] for u = y; and all ¢, we
satisfy the boundary condition {3] when

4 TI,V(V/‘)
“'*d:"_)_; - ———+a, [10]
4n2-(2m+ 12 |7 (2m +1)2
and ¢ = 0. Also,
K gn (Prg) 175 (Pnug)
¢, +d,
Kpn (prug) Ipn (pnu)
oo [11]
4 (2m + 1) I ) I (vpg)
== - +a
Mol gn2—(2m+ )2 |7 (2m+1)? ™1, ()



where primes denote differentiation with respect to the argument.
For zero radial velocity on the duct, from Equation [5], we get

- Ko (muy) 17, (pruy)
2 n e, — +d, =0 [12]

n=1

Equations [ 10], [11], and [12] can be solved for the coefficients @,,¢,, and d,. We obtain

4 1y, (vig)

,p'n (7”“‘0) [pn (pnu2) Kpn P’“‘o Z’ ’
- + a
lpn (Pnuy) Ipn (pnuo) I\Pn pnu 4n2_(’)m+1)2 T (2m + 1)2 m
. Ion (Pruy) Koy (proug) 2 (om+1) 4 T1(vip) I (vuy)
= _— +a
Ton (i) Ky (prug) [t 472 (9ms )2 |7 (2m+ 1)2 " L (i)

The coefficients @, can now be determined from Equation [13] by a method of successive

[13]

approximations. It is expected, however, that such a method would result in slow convergence
T

particularly near { = 0 and— where singularities exists. If the solution is restricted to values
p

of 1o Which are not too small, we can write

gk
Ty, veg)= [14]
1+ “02
and
2u,
v TS (vpy)———— [15]
Lv 0 (1 + u02)2
From Nicholson’s expansions,4 we know that
Kro (o) (14 pd)% e
Kpn (p"“o) Ho
and
lpa (rug) (141 ?) %
(17]
Ipn (pnl"-o) Ho



and we can, ‘therefore, write

Io; (Pnug) . lon (Prug) Ko (prng) | (1 +ul)” lon (Prug) K (Prusg)
and also

[19]

Ipn (pnuo) I\,’;n (pnuz)

2 (o) K, (pnuo)}_ {hr,,,, (prug) K (prag)
B I

pn (Pnuo) Kpn (pnu-z)

Substituting Equations [14], [15], [16], [17], [18], and [19] into Equation [13], we get

had am Ipn (pnu‘ 2) Kpn (pnu'o)
E —_ <% -(2m+ 1)~ [2n+2m+1]
4n2- (2m+ 1)2 ’pn (prusy) Kpn (Pnu )

m=0

0 2
4 1 Bg 4
— omn- ——— [20]
7 &= [4n2-(2m+ 1) 2] (2m+ 1)2 1+pd p(14p2)3/?

- on 4 —
Ip" (pnuo) Kpn (pnu2) p(1+ u02)3/2
- . 4 ,
For the usual values of g it is possible to neglect the second term —————— in com-
P (1+ny?3/2

parison with 2n and also noting that

hd 2

on "
E - 7 [21]
[4n2-(2m+1)2] 2m+1)2 16n

m=0

Equation [20] finally becomes

«© 2
1 Fpn 7 Mo
a, - =— (Fpn=1 [29].
e om-(2m+1) 2n+(2m+1) 4n 1+p,2




where

1 (nug) K, (97u) o
pn Ipn (pnllz) Kpn (Pnllo)

forn=1,2,8.....

The solution of the infinite system given by Eauation [22] .can he found by the standard method
of successive approximations.

It will be noted that as the duct diameter tends to infinity, i.e., #, tends to infinity,
then Fpn tends to zero and Eaquation [22] degenerates into a system of equations given by
Goldstein® for a propeller operating in open water.

If we now examine the case when the duct diameter equals the propeller diameter; i.e.,

when u, equals u, then Fpn = 1 and Equation [22] becomes

[~ <]

am
2 2n-(2m+1) 0 [24]

m=0

forn=1,2,3....and By = no Which is satisfied only when a, =0.

In order to simplify the expressions for the circulation it is convenient to define now

arbitrary coefficients 4 and B, as

2
Ho
a, =~ (A, -B,) [25]
1+ u02
and such that 4, satisfies the equation
[ -}
A
E - " [26]
2n~(2m+1) 4n

m=0
We know5 that the solution to Equation [26] is given by

(2m)!

4, =
22™ (m1)2(2m + 1)

(27




Then Equation [22] becomes

©0
= 1 Fon i A,
2 B, - =F |- 2 — | [28]
on-(2m+1) 2n+(2m+1) PR 4n 2n+(2m+ 1)

forn=1,2,3....

An approximate solution for the coefficients B, as determined from the above equation is

given in Appendix A.

DETERMINATION OF BOUND CIRCULATION

The circulation distribution is proportional to the change in potential [¢] on the vortex

2
sheets at {=10 and—pl, then from Equation [7]

y (vu) 2 I, (vu)
[Q)] = 2 "'0 (Am-Bm) 2
T (2m+ 1)2 1+p,2 I, (vuy)

0

where 4, and B, are given by Equations [27] and [28], respectively. If I, denotes the cir-
culation of a propeller operating within a tunnel, then

po, p 2 |4 Ty, 0wy’ 1, (vn)
SRR '\ — — - (4, -B,)—| [29]
2Qrw(V+w) 2n n&= |7 (2m+ 1)2 1+u°2 I, (vig)

m

If T is the circulation for the same propeller operating in open water, we know that

poT w2 2 o |4 Ty, ug 2 I, (vu)
_ =K =— 2 - - A [80]

0
2aw (V + w) 1+p? naTe [m(@m+ 2 1epy? mlv(uuo)

where «, is the circulation distribution factor for a propeller having zero hub diameter
(Goldstein Factor). Cenoting by AT the increase in circulation at any radius due to the pres-

ence of the duct, such that

AT =L -T [31]

AT
and defining a new factorf:—I;—, then



(- -]
[-T 2 (1+2%ud) I (v )
r - - B, ——— [82l]
r = x0m2(1+y02) m =0 I, (vug)

Calculation of the factor r will show the effect that the number of blades, pitch ratio,and pro-
peller-tunnel diameter ratio have on the circulation distribution.
The increase in thrust for a propeller operating in a duct can now be determined in com-

parison with the same propeller operating in open water

[, (veg )
I Z %
I
AT ToT 2w’ v ()

- . (33]
T T  nlepy? Jd PRFS
K

0
2,2
1+2%ps

dz
0

The numerator of Equation [83] has been integrated and the expression is given in Appendix B.

NUMERICAL RESULTS

Through the use of Equations [28], [29], [32], and [33] and the coefficients computed
in Appendix A, calculations were performed showing the effect of propeller-duct diameter ratio
over a range of values from 0.85 to 1.0. The circulation distribution is shown in Figure 1 for
a four-bladed propeller operating at 1/); = u, = 8.0 for open water and various propeller-duct
diameter ratios. The factor r has been computed and is shown in Table 1 for 8-, 4-, 5-, and 6-
bladed propellers over a range of 1/A; from 1.5 to 6.0 for a propeller-duct diameter ratio of
unity. In practice, this is equivalent to an infinitely small tip clearance (less than 10~ 4 of
the propeller diameter). The variation of T along the radius is shown in Figure 2.

It is noticed from Figure 1 that the optimum load distribution shifts towards the pro-
peller tip as the tip clearance to the duct decreases. This condition is undesirable from the
point of view of tip vortex cavitation and will be aggravated by the boundary layer of the duct
when viscous flows are considered.

Figure 8 shows the effect of the propeller-duct diameter ratio on the percentage increase
of thrust for 8-, 4-, and 5-bladed propellers. It is noticed that the increase in thrust increases
with decreasing number of blades, and agrees with the fact that the equalization of pressure
at the propeller tip is inversely proportional to the number of blades.



TABLE 1

Computed Values of Circulation Increase Factor 7 for /7, = 1.0

AN
e 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.85 0.9 0.95 |0.975
» Three-Bladed Propeller
L5 0.2161) 0.2607 | 0.3186 | 0.3977 |0.5117 10.6890 | 1.0043 | 1.2822| 1.7657| 2.9190 | 4.6878
2.0 0.1165 { 0.1464 { 0.1874 | 0.2446 |0.3304 [0.46€3 |0.7146( 0.9318| 1.3201| 2.2029 | 3.5657
2.5 0.0635| 0.0837 | 0.1129 | 0.1564 |0.2236 [0.3343 [0.5397 0.7236| 1.0483 | 1.8080 | 2.9250
3.0 0.0348 | 0.0485 | 0.0694 | 0.1022 | 0.1554 |0.2468 | 0.4228 | 0.5839| 0.8681| 1.5414 | 2.5317
3.5 0.0192 0.0283 | 0.0432 | 0.0678 {0.1098 [0.1858 | 0.3383| 0.4811 0.7364 | 1.3458 | 2.2425
4.0 0.0106 | 0.0166 | 0.0270 | 0.0454 {0.0787 |0.1420 | 0.2750 | 0.4029| 0.6349 | 1.1949 | 2.0200
4.5 0.0058 | 0.0098 { 0.0170 | 0.0306 [ 0.0569 |0.1097 | 0.2262| 0.3416| 0.5542| 1.0739 | 1.8434
5.0 0.0032] 0.0057 | 0.0108 | 0.0208 {0.0414 {0.0854 [ 0.1878| 0.2923| 0.4884| 0.9743 | 1.6982
5.5 0.0018 | 0.0034 |} 0.0068 | 0.0142 10.0303 [0.0669 | 0.1570| 0.2520| 0.4335| 0.8903 | 1.5757
6.0 0.0010 | 0.0020 | 0.0043 | 0.0097 |0.0222 10.0527 | 0.1319| 0.2184| 0.3871| 0.8182 | 1.4701
Four-Bladed Propeller
1.5 0.0816 0.1130 | 0.1544 | 0 2123 | 0.297® |0.4343 | 0.6828{ 0.9047; 1.2938| 2.2296 | 3.6764
2.0 0.0384 | 0.0567 0.0825| 0.1212 {0.1813 [0.2843 | 0.4757| 0.6521| 0.9619| 1.7045| 2.8180
2.5 0.0180( 0.0283] 0.0446| 0.0710 | 0,1155 [0.1950 | 0.3526 | 3.4995| 0.7627| 1.3920 | 2.3241
3.0 0.0083| 0.0142]| 0.0243 ] 0.0421 [ 0.0746 [0.1369 | 0.2684| 0.3951| 0.6254 | 1.1821| 2.0046
3.5 0.0038{ 0.0071| 0.0133| 0.0252 | 0.0488 {0.,0977 | 0.2080 | 0.3187| 0.5243| 1.0297 | 1.7806
4.0 0.0018{ 0.0036] 0.6073| 0.0152 | 0.0322 |0.0705 | 0.1634| 0.2607| 0.4459 0.9099 | 1.6054
4.5 0.0008{ 0.0018 [ 0.0040 | 0.0092 |0.0214 |0.0513 | 0.1297{ 0.2155] 0.3834] 0.8128 | 1.4628
5.0 0.0004 | 0.0009 | 0.0022| 0.0055 [ 0.0142 10,0375 { 0.1036| 0.1796| 0.3324| 0.7322| 1.3437
5.5 0.0002} 0.0004] 0.0012| 0.0034 | 0.0095 {0,0276 | 0.0833| 0.1506| 0.2900| 0.6638 | 1.2425
6.0 0.0001 0.0002 | 0.0007 | 0.0020 }0.0064 {0.0203 | 0.0672| 0.1268 | 0.2544| 0.6052 | 1.1547
R . Five-Bladed Propeller
1.5 0.0311} 0.0506} 0.0782 0,1194 |0.1836 {0.2908 | 0.4932} 0.6776| 1.0042{ 1.7946| 3.0116
2.0 0.0127 0.0225§ 0.0377| 0.0629 | 0.1059 ;0.1832 | 0.3382| 0.4829| 0.7465| 1.3683 | 2.3206
2.5 0.0051| 0.0098| 0.0181| 0.0334 | 0.0625 |0.1194 | 0.2434] 0.3646 | 0.5859 | 1.1258 | 1.9300
3.0 0.0020| 0.0042| 0,0087} 0.0179 |0.0373 |0.0796 | 0.1793| 0.2818| 0.4751} 0.9555 | 1.6730
3.5 0.0008| '0.0018| 0.0042 0.0096 |0.0224 {0.0535 | 0.1342| 0.2133| 0.3925| 0.8275 | 1.4850
4.0 0.0003( 0.0008| 0.0020 | 0.0052 } 0.0136 [0.0363 | 0.1015| 0.1768| 0.3285| 0.7264 | 1.3357
4.5 0.0001{ 0.0003| 0.0010| 0.0028 | 0.0082 |0.0248 | 0.0774| 0.1421{ 0.2777} 0.6439| 1.2130
5.0 0.0001} 0.0001} 0.0005| 0.0015 | 0.0050 |0.0170 | 0.0594| 0.1150 ] 0.2365| 0.5753| 1.1101
5.5 0.0000| 0.0001} 0.0002( 0.0008 |6.0030 {0.0116 | 0.0458| 0.0936 0.2025| 0.5172| 1.0222
6.0 0.0000| 0.0000| 0.0001| 0.0004 | 0.0019 |0.0080 | 0.0354| 0.0764 | 0.1743| 0.4674 | 0.9459
Six-Eladed Propelier
L5 0.01181 0.0229| 0.0405% 0.0691 |0.1170 [0.2021 | 0.3703| 0.5275| 0.8096 | 1.4983| 2.5623
2.0 0.0042] 0.0089| 0.0175} 0.0334 |0.0633 |0.1223 | 0.2492( 0.3722| 0.6004 | 1.1619| 2.0131
2.5 0.0014| 0.0034] 0.0074| 0.0161 | 0.0346 | 0.0756 { 0.1732| 0.2744 | 0.4661| 0.9605 | 1.6658
3.0 0.0005| 0.0012{ 0.0031} 0.0077 |0.0190 |0.0474 { 0.1233| 0.2072| 0.3723| 0.7963 | 1.4397
3.5 0.0002| 0.0005| 0.0013| 0.0037 | 0.0105 | 0.0300 | 0.0888| 0.1588| 0.3027 | 0.6851{ 1.2747
4.0 0.0001f 0.0002| 0.00606| 0.0018 | 0.0058 |0.0191 | 0,0646| 0.1230 | 0.2490 | 0.5966 | 1.1423
4.5 0.0000 0.0001} 0.0002} 0.0009 |0.0032 {0.0122 | 0.0473 0.0960 | 0.2066 | 0.5245 | 1.0334
5.0 0.0000{ 0.0000} 0.0001} 0.0004 {0.0018 |{0.0078 | 0.0347| 0.0754 { 0.1727 | 0.464€ | 0,9418
5.5 0.0000| 0.0000| 0.0000( 0,0002 |0.0010 |0.0050 | 0.0256| 0.0594 | 0.1450 | 0.4140 | 0.8635
6.0 0.0000{ 0.0000 | 0.0000{ 0.0001 }0.0006 |0.0082 | 0.0189{ 0.0470| 0.1224 | 0.3708 | 0.7955
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CONCLUSION

The solution of the potential problem for .the optimum propeller operating within a duct
indicates that the presence of the duct results in an increased circulation near the propeller
tips and in an increase in thrust of the propeller. This increase in thrust should be added to
the correction derived by Wood and Harris and resulting from the slipstream contraction. The
percentage increase in thrust is a function of the number of blades and pitch ratio of the pro-

peller and becomes important for small clearances between the propeller tips and the duct.
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APPENDIX A
CALCULATIO OF COEFFICIENTS

The coefficients B, are calculated by solving the infinite set of simultaneous eaua-
tions given by Equation [28].

o0 o0
B 1 Fpn F 1r Am (93]
2 ‘ml on-(2m+1) 9on+ (2m+ 1) PP B'Z2n+(2m+1) '

where

forn=1, 2, 3 ... and where 4 is given by Equation [27]. e-can write4 approximately for

the I and K functions

1 ¢ 1
I, (pnu) =

Py

and
% 1
K (pnu) =( il ) e~ pPny
pn
2pn | (1+u2)V/4
where
y-Vira?- Lo Visu?+ 1
2 T V1ve?-1
then
-2 P"(yz_yo)
Fpn =e

where y, and y, refer to u, and u,.

The system of Equations [28] was solved by considering the exponential form for Fpn
as twenty simultaneous equations with twenty unknowns, and the values of B, determined.
The first four values of B, i.e., B, . . . B, are given in Figures 4, 5, 6, and 7 as a
function of 2p(y,~y,), which can be determined for any value of advance ratio, propeller-

tunnel diameter and number of blades.

15



9T

0.8

06

o
’s

Coefficient Bo

o
N

-04

0.00I

0.005 00l

005

ol 05 1.0
2ply,- yo)

Figure 4 — Coefficient

0



T

0.20

o.e

o.l12

o
e

Coefficient B,

0.04

-0.04

%

-0.08

‘0001

0005 00l

005 Ol 05 1.0 5 10
2p( Y~ yo)

Figure 5 — Coefficient 1




81

Coefficient Bz

0.08

0.06

004

o
O
)

O

-0.02

-0.04

% "
0.00I

0.005 00l

0.05

0.1 0.5 1.0
2ply,- yo)

Figure 6 — Coefficient B,

50



6T

Coefficient 83

0.06

0.04

0.02

-0.02

-0.04

-0.06

-0.08

0.00I

0.005 00l

005 Ol 0.5 1.0 5 10 50 100
2p (y,—y,). °

Figure 7 — Coefficient £



APPENDIX B
DETERMINATION OF THRUST INCREASE

The percentage increase in thrust due to the presence of the duct is given by Equation

[33] as
I
J 2 Teon
,(Vﬂo)
1+pd 1 2,3

kg T
x, ——— dz
01+:z:2 2
0 Bo

In order to integrate the numerator we use® the relationship

(33]

AT 2 l‘o
T =

J‘zJV(z) dz = vad (2) S, ,1(2) = 2J,_1(2)§, ,(2)

wi

w vmi
If we let 2 = 2¢ 2 and noting that J , (:ce 2 )= e? I,()
then

ifmlv(a:) de = vzl ()8, ., (%) + imlv_l(w)Sl,V(ia:)
where

. . 4 v
$1,(89) = 81, (i2) + T (1 =) D (143) {cos % J, (i) - sin % Yy(ia:)}

vr -”_i (34]
1@+ v T K,

2 sin —
2

=3, (¢2) +

for p # 4, 8, 12, and where

2 4 6
8, V(iz) = —{ ? t— ? + 7 +.. }
’ 92212 (27 -vH(42-0?) (22-1)(42-1?) (62 - 2)

[35]
= - 1,V(:z:)
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similarly we obtain

in vni

So,pm1 (i) = S0,y =y (i8) = ——— 1, (2) —ie 2 K,_,(® [36]
2 sin—
2
where
. 3
So,v-l(i“’)=’:{ -7 + i + }
(1-(v-»2A [-(v-1)2AB2-(v-1)2
(371
='i t o, v~ l(x)
Therefore
J.a: I(z)de = val (2) to,u— (@) - a:lv_ (@)t ()
Performing the integration for the known equation
1 .
1
J‘ x‘]V(Vﬂom)dz = —_— VIV(VP-()) 50,V_1(Vuo) —Iv—l (Vu-o) tl,y(vﬂo)
() Vio
Equation [33] finally becomes
25 [t g - 2
L, b _(vpy) -———m——— ¢ viL ]
AT Ko ) m o,v—1 0 VIV(V”'O) 1,v 0 [38]
r 1+ [102 ! T 3,1,2 »
J Ko 0% 4=
0 1 +932p.02

for p # 4, 8, 12 where ¢, ,,_ (Vi) and ¢, ,(vp,) are given by Equations [85] and [37].

For propellers having four blades or a multiple of four, Equation [88] does not hold and the
following should be used
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2"3 ['s gy + 21 6 e
ml—? 0,v—1 Zvuo B I — 1, vato
AT ko £ ’ ) [39]
T 2
. 1+ Ko 1 “0233
JKO LR
o l+z Ko
forp=4,8,12...., where
1 1-(v-1D2 [1-(r-1DAB2--1?
S _ (B = = 1+ + +ooee
o,v 1 0
(e vo) (vig)? vid
[40]
and
. 22"V2 (22-V2)(42"V2)
S, (Gveg) =1+ [41]
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