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NOTATION

A Area of blade section

D Diameter of propeller

EAR Expanded area ratio

G Nondimensional circulation per blade, = f/2 r r Va

R Blade section length

M Ordinate of the mean line

--- Nondimensional section mean line ordinate
m

x

M Maximum camber of mean line
x

X3 Section camber ratio

MI-
Mx__5 Camber correction coefficient

x2

P/D Pitch ratio

R Propeller radius

r Propeller blade section radius

Va Speed of advance

x Nondimensional chord position

z Number of blades

<i() Angle of attack due to lifting-surface effects, Kerwin's

vortex lattice method, Ci() = (P.F.) (CL) 57.3

Si(2) Angle of attack due to lifting-surface effects, Pien's

i (2) -l Mcontinuous design method, ( 2 ) = tan 1.0

e Angle of attack due to thickness effects, Kerwin's vortex-
lattice method

2D 1.54 CL
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ABSTRACT

This report presents the results of a comparison of lifting-

surface corrections calculated by several numerical methods for

three propellers. Specifically, the camber corrections, radial

and chordwise distribution of camber, and the propeller pitch

ratios are compared. The results of the comparison, presented

in nondimensional form, are shown graphically and through tables.

AIMIXNISTRATVE INFORMAION

This work vas done under BuShips Sub-Project S-R009-01-01, Task 0101,

General Hydromechanics Research Program.

INRODUCTION

For the past twenty years theoretical propeller design methods have

had as their basis the lifting-line theory with more or less approximate

corrections to account for lifting-surface effects. Investigations have

shown that these corrections are not completely reliable and have pointed

out a need for a more sophisticated lifting-surface correction. Before

the advent of high-speed computers, this was considered infeasible due to

the amount of work and time involved in hand-type calculations. Conse-

quently, only recently have several authors1 2 , 3 ,4, 5 developed the theory

and numerical techniques for calculating accurately lifting-surface effects.

This report presents a comparison of lifting-surface corrections

calculated by two different numerical approaches for solution of the linear

lifting-surface theory, i.e., the continuous distribution of vortices

method 3 '6 ' 8 and the vortex-lattice method.4,9, 1 0 Also included for compari-

son purposes are those corrections based on a less rigorous approach.7

References are listed on page 10.



Calculations were made for a five-bladed free-running nonoptimum pro-

peller and a four-bladed wake-adapted propeller. The third propeller of

the comparison is identical to the wake-adapted propeller except that it is

skewed.

SYNOPSIS OF THE PROPELLER LITING-SURFACE CALCULATIONS

The correction described in Reference 7 was based on calculations made

by Ludweig and Ginzel.11 Later, Ginzel12' 13 refined the theory. Ludweig

and Ginzel related the flow curvature induced at the midchord to the downwash

derivative. The downwash derivative, for constant circulation over the

chord, is equal to' the downwash produced by the vortex systems representing

the blade outline. The result is a correction to camber. This camber

correction, which relates the required camber in three-dimensional flow to

the camber in the two-dimensional flow for the same coefficient of lift,

depends primarily on blade shape, area, pitch, and radial circulation dis-

tribution.

In general, there still existed a deficiency in thrust for propellers

designed by this method. Lerbs felt that the deficiency was due to the

limited solution for flow curvature, i e., flow curvature induced over the

entire chord was not defined. As a result of Lerbs' work, an additional

pitch correction was derived but this correction sometimes resulted in over-

pitching of the propeller. Subsequent studies, however, have shown that

this pitch correction is invalid when applied in addition to the camber

correction.

An investigation by Cox2 showed that Ginzel's calculations of the

camber corrections were not correct. Errors in Ginzel's work were mainly

due to the limited numerical accuracy obtained by the use of graphical

methods in performing the calculations. Cox also showed the necessity

of taking into account variations in blade shape and number.

Kerwin49, 10. in his vortex-lattice method, considers the solution of

the lifting-surface problem for a propeller with arbitrary blade outline



and number of blades and constant pitch distribution for a uniform inflow

velocity.

The method has recently been modified to account for a moderately

varying pitch distribution and/or slightly nonuniform inflow velocities.

The interval between the hub and tip of the blade is divided into several

equal spaces, with half spaces at both ends, The radial strips are further

divided in the chordwise direction into several spaces. Bound vortices

are located at midpoints of each space and are connected at each end by a

system of trailing vortices. The resulting network is called a vortex

lattice. Strengths of the bound and trailing vortices are obtained from an

assumed radial and chordwise circulation distribution. The total induced

velocity induced at some point located at the midpoint of the lattice ele-

ment can be found by summing the contributions of each lattice element.

Camber and incidence corrections may then be found by comparing the induced

camber lines with the corresponding results in two-dimensional flow for the

same circulation distribution.

Kerwin found that the maximum camber computed for constant load pro-

peller sections, for one control point located at the 3/4 chord, were in

good agreement with results obtained for several points along the chord. The

same agreement was noted by Sparenberg in Reference 1. For arbitrary loaded

sections, however, at least three control points are needed.

The basic computer output from Kerwin's lifting-surface program is a

radial distribution of camber correction factors, along with a distribution

at the same radial points of pitch factors (see Table l-a). The pitch

factors, wh.h is a correction to pitch due to effects of loading, is

defined as the ratio of pitch correction (in radians) per unit lift coef-

ficient. For cases of uniform loading and symmetrical blade outlines, no

angular correction to pitch is present. The radial points at which the

two corrections are computed depend upon the selection of the radial and

chordwise lattice spacings.

In addition to the correction arising from loading, Kerwin9 showed

that the blade thickness induced a velocity in addition to those determined

by the lifting-surface theory. As discussed previously, the blade loading



was represented by a vortex system located on the blades and in the wake

behind each blade. Thickness on the other hand was represented by a dis-

tribution of sources and sinks whose strengths are proportional to the slope

of the thickness form. The velocities induced are a function of the source

and vortices distribution. In order to retain the specified loading, a

correction to pitch due to thickness must be added. The thickness program

of Kerwin gives a radial distribution of induced angles in degrees due to

thickness (see Table 1-b) along with an additional correction to camber

due to thickness.

Pien's,68 conditions for the lifting-surface model are similar to

those of Kerwin's with the exception that Pien uses a continuous distribution

of vortices. Consequently, Pien's approach is based on a more accurate

procedure. It makes use of the lifting-line model (through the point of

reference) to avoid infinite integrals which considerably simplify the com-

putation procedure.

The output from Pien's lifting-surface computer program presents for

nine radii the chordwise distribution of camber and the chordwise distribu-

tion of the three-dimensional camber ratio (Table 2). Radial and chordwise

output stations are the user's choice.

The radial distribution of incidence corrections to pitch due to

loading is not specifically given in the computer output of Pien's lifting-

surface program. The pitch correction, if any, will be automatically intro-

duced when the meanline ordinates are plotted along the chord. For the

purpose of making comparisons, the correction is obtained as follows: At

each radius, the chordwise distribution of camber ratios are plotted and

faired. The chordline of the faired profile is shifted such that it coin-

cides with the fraction of chord-reference axis. The incidence correction

to pitch is equal to the angular displacement of the profile chordline

to the reference axis. An example of the procedure at several radii for

the free-running propeller can be seen in Figure 2.



M 1HODS OF APPROAJH

The lifting-line theory was used to determine the hydrodynamic pitch

angle distribution i), circulation distribuation (G), and the chord-

length ratios (x/c) before the various lifting-surface corrections were

applied.15 In liftirng-line theory, certain assumptions are made to reduce

the difficult problem of flow distortion caused by the propeller as it

rotates in the water. The propeller is assumed to be rotating at constant

angular velocity and each blade is replaced by a lifting line whose circu-

lation is a function of radial position. Variations in the circulation

causes a free vortex surface, helical in shape, "o be shed from the lifting

line. The shape of the vortex sheet and velocity components induced in the

flow by the propeller are mutually dependent; therefore, it is necessary to

use an iterative procedure. Pitch of the propeller is determined by the

angle of the resulting flow, including the induced velocities at the lifting

line. For moderately-loaded propellers, the influence of the induced

velocities on the downstream changes in shape of the vortex sheet is neg-

lected. However, for heavily-loaded propellers, slipstream deformation

must be taken into account.

The lifting-line theory describes the flow angularity but makes no

attempt to define its curvature. Thus propellers designed by this method

are underthrust unless supplemented by lifting-surface corrections.

As was previously stated, three propellers were designed by the

methods given in References 3, 4, and 7. A five-bladed free-run-ning pro-

peller, a four-bladed wake-adapted propeller, and a four-bladed wake-adapted

skewed propeller were designed. Two chordwise loadings, one similar to the

NACA a = 1.0 meanline (constant chordwise loading) and one similar to the

NACA a = 0.8 mearnline were used. Drawings and pertinent data for each pro-

peller model can be seen in Figures 1-a, b, and c.



RESUITS AND DISCUSSION

The results of the present work, comparing the lifting-surface correc-

tions for the various numerical methods, are presented in tabular form

(Tables 3 through 5), and graphical form (Figures 3 through 10). Figures 3

and 4 compare the radial distribution of the correction factors for camber.

Kerwin's and Pien's results show large corrections at both the root and

tip, while the results obtained by the design method of Reference 7 shows a

constant correction near the outer region of the blade. The radial distribu-

tion of the corrected maximum camber ratios are compared in Figures 5 and 6.

The results presented for Kerwin were computed from the relationship, that

the corrected maximum camber is equal to the product of the camber correction

factor and the uncorrected maximum camber. The shapes of the blade sections

for both the skewed and i onskewed wake-adapted cases are the same. Thus

the camber ratios are essentially the same. Figures 7 and 8 show the compari-

son of the chordwise distribution of camber ratios for the continuous dis-

tribution and vortex-lattice methods. Values shown for Pien's data are

those values chosen after the correction was made in the manner shown in

Figure 2.- Kerwin's values were computed from the NACA camber to maximum

camber ratio distribution for both a = 1.0 and a = 0.8 meanlines. Differences

reflected in the maximum camber ratios between the two methods (Figures 5

and 6) are reflected in the chordwise distribution.

The continuous distribution program does not correct the pitch of the

blade for changes in thickness. To make the pitch ratios of Figures 9

and 10 compatible, the thickness incidence correction computed by Kerwin's

method was included in the final pitch ratios of the continuous distribution

program. In comparing the two wake-adapted cases, i.e. with and without

skew, the effects of skew produces higher pitch ratios than those obtained

in the nonskewed case. Symmetry is lost with uniform loading which

results in an incidence correction to pitch and an accompanying increase

in pitch.

The pitch ratio results of Reference 7 are greater in all cases. This

is partially due to Lerbs' additional correction to pitch which is used in

IYli uii



Reference 7. However, the results for both the vortex-lattice and continuous

distribution methods, for cases of constant chordwise loading, are low due

to the lack of any viscous correction. That is to say, the presence of a

boundary layer affects the section's lift coefficient by distorting the

pressure distribution. Fortunately, the theoretical lift for the a = 0.8

mea-ine, compares very well with the experimental values.

Tables 3, 4, and 5 are tabulations of the camber correction factors,

maximum camber ratios, and pitch ratios, respectively. The maximum camber

ratios tabulated for Pien (Table 4) are the values obtained after the

adjustment is made in the manner shown in Figure 2. The data is tabulated

here for the readerts use. Table 6 compares the ratios of three-dimensional

incidence correction to.the two-dimensional corrections obtained by both

numerical methods. The ratios are practically constant for results obtained

from the Kerwin program. Also included in Table 6 is the radial distribution

of incidence corrections due to thickness obtained by the Kerwin method.

From the theoretical standpoint, one would expect some differences

between the two methods, especially for the skewed propeller. However, it

is surprising to find that the results of the comparisons obtained by the

vortex-lattice and the continuous distribution programs are fairly close.

The discrepancies can be attributed to the different approaches between the

two methods. Looking at the faired curves, as opposed to the symboled points

for the lattice methods, one notices varying amounts of scatter, i.e.,

scatter for the free-running propeller far exceeds that of the two wake-

adapted propellers. Figures 11-a and 11-b show the erratic nature of the

lattice program as the radial and chordwise spacings are varied. The scatter

collapses as the blade area ratio decreases, which probably accounts for the

greater scatter with the free-running propeller (EAR = 1.2) than with the

two wake-adapted propellers (EAR = 0o506).

As was previously stated, the vortex lattice size and shape is deter-

mined by the number and the distribution of radial and chordwise spacings

about the control points. Convergence of the approximations and the

accuracy of that convergence depend upon the lattice formed. However, the
16

accuracy of this method, according to Schlichting and Thomas, remains

11111



unestablished and is difficult to study theoretically.

Table 7 compares the circulation distribution computed by the lattice

programs for the various spacings. The 16 radial and 16 chordwise spacings

present values very close to those computed in Reference 7, However, in

Figure Li, the corrections computed for this spacing are most erratic.

The calculated meanlines from the continuous distribution program

at various radii for the three propellers are compared with the NACA mean-

lines in Table 8. Both the uniform and a = 0.8 chordwise loading distribu-

tions are presented. Values at the 0.5 and 0.6 radii compare favorably

along the chord, while the root and tip distributions vary markedly. In

all cases, the values presented show the sections are generally flatter in

the regions near the nose and tail than for the two-dimensional sections.

This is particularly true near the hub. The same results were noted by

Lerbs 17

CONCLUSIONS

The comparisons made in this report are primarily to show the progress

being made on lifting-surface corrections to lifting-line theory. Based

on the results shown in the comparison, these few remarks are made,

1. The number of blades, blade shape and area, and blade

loading are all important factors in determining the

lifting-surface corrections.

2. The effects of blade thickness produces an additional correction

to pitch and a negligible correction to camber.

* In Reference 10, the scatter is attributed to the manner in which the

vortex-lattice spacing on the blade is arranged. The modified computer

program with the arrangement of Reference 10 was not available at the

time the calculations were made for this report.
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3. For cases of asymmetrical chordwise load distribution,

there is a large lifting-surface correction to the

section ideal angle of attack.

4. The results show that the two-dimensional mean lines tend

to be somewhat flatter at the leading and trailing edges

as compared to the two-dimensional meanline (modified

by the camber correction factor). Whether this difference

is in any way due to the numerical procedures used is not

known. It would appear that valid camber correction

factors applied to two-dimensional meanline ordinates are,

in general, reliable.

5. The method of Pien is preferable to that of Kerwin because

the vortex-lattice concept is inaccurate for computations

on the blade. The scatter is a consequence of this

inaccurate model.

6. The lifting-surface corrections presented in Reference 7

should be superseded by the more rigorous lifting-surface

calculations.
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(a) - Lifting Surface Proqram

(b) - Thickness Program

Table 1 - Sample Computer Output from Kerwin's Lifting Surface and Thickness Programs

(for the Free Running Propeller).

RADIUS PITCH FACTOR CAMBER FACrOR PITCH FACTOR CAMBER FACTOR

0.375 0.057 2.103 0.000 2.418

0.475 0. 059 1.979 -i 0. 000 2.251

0.575 0060 1.793 0.000 1.989

0.675 o 0.054 1.807 0 0.000 1.981

0.775 0.053 1.587 0.000 1.656

0.875 0.046 2.070 0.000 2.236

R (at)ALPHA CO
0.25 1.056 0.001

0*35 0.035 0.001

0.45 0.788 0.000

0.55 0.649 0*000

0.65 0.519 0.000

0.75 0.389 0.000

0.85 0.264 0.000

0.95 0.190 0.000



0. 50 )0 0.4 0 050080 00.0"0

CAMBER DISTRIIUTION FPRE
x/1
0.0100 0.0048

0.1000 0.0342

0.2000 0*0656

0.3500 0.0880

0.5000 000908

0.6500 0.0746

0.8000 0.0380

0.9000 0.0029

0.9900 -0.0321

CAMBER RATIO

x/f
0.0100

0.1000

0.2000

0.3500

0.5000

0.6500
0.8000

0.9000

0.9900

CAMBER DISTRI

x/f
0.0100

0.1000

0.2000

0.3500

0.5000

0.6500

0.8000

0.9000

0.9900

CAWBER AATIO

x/1
000100

0.1000

0.2000

0.3500

0.5000

0.6500
0.8000

0.9000

0.9900

0.0012

0.0102

0.0170

0.0229

0.0236

0.0194

0.0099

0.00007

-0.0083

IUkNING POPULLER Am.e MEAN LINE

0.0064

0004P2

0.1050

0.1077

0.0872

0.0412

-0.0062
-0.0555

0.0014

0.0110

0.0177

0.0234

0.0240

0.0194

0.0092

-000014

-0.0124

00009

0.0456

000728

0*0939

0.0942

0.0747
0.0308

-0.0170

-000674

0.0011

0.OOL6

0.0138

0.0178

0.0178

0.0142

0.00'18

-0.0032

-0.0128

0.0056

0.0421

0.0659

0.0836

0.0828

0.0646

0.0236

-0.0219

-0.0705

0.0009

0.0072

0.0112

0.0142
0.0141

0.0110

000040

-0.0037

-0.0120

0.0048
0.0350

0.0532

0.0655

0.0645

0.0502
0.00155

-0.0228

-0.0627

0.0008

0.0057

0.0087

0.0107

0.00106

0.0082

0.0025

-0.0037

-0.0103

BUrICN FREE RUNNING PROPILL:- A=1.0 EAN LINE

0.0047
0.03)3
0.0610

0.0930

0.1016

0.0910

000670

0.03.3

0.0047

0.0012

0.0102

0.0174

0.0242
0.0264
0.0242

0.0174

0.0102

0.0012

0.00'C

0.0434
0.0812
0.11 1?

0.12?4

0.11/1

0.0812

0.04 34

0.0000

0.0013

0. 010 

0.01")i
0.021.0

0 *C2/3
0.02j0

0.0011

0.000 a0 0 O0..
0.0441

0.1056

0.11?3
0 .1016

0.07, i

0.04L I

0.001 1
0.00 I

0.0145

0.01 )
0.0213
0.01 o(

0.0145

0.00067
000b I

0.00)6

000435
0. 070t,
0.0042

0.1015

0.0942000042

0.0705
0.04Ji

0.0006

0.0010

0.0074
0.01(0

0.0120
O.GIZO

0.0074

0.0010

0.004h

0.0361
0.00569

0.0744

000796
0.0744

0.0569

C.0361
0.0048

00004b

0.0059

0.00122
0.0131

0.012k
0.00)

0.005
0.00054
(,*Goo^

Table 2 - Sample Output from Pien's Lifting Surface Program (for the Free Running Propeller).

0.0042

0.0302

0.0466
0.0581

0.0578

0.0457
0.0163

-0.0127

-000408

0.0007

0.0033

0.0082

0.0103

0.0102

0.0081

0.0029
-0.0022

-0.0072

0.0032
00230 JO
0.0343
0.0406

0.0398

0.0310

0.0078

-0.0140

-0033J6

0.0006

0.0046

0.0069

0.0082

0.0080

0.0063

0.0016

-0.0028

-0.0060

0.0030
0.01d6

0.0281

0.0303
0.0253
0.0192

-0.0015

-0.0183
-0.0285

0.0009

0.0058

0.0088

0.0095
0.0071

0.0060

-0.0005
-0.0067
-0.0069

0.0010

0.0127

0.0143

0.0064

0.0065

0.0043

-0.0083

-0.0173

-0.0235

0.0007

0.0087

0.0098

0.0044

0.0065

0.0029
-0.0057

-0.0119

-0.0161

0.0041
0.0303

0.0479

£00627

0.0c.71

0.0474

0.05303
000041

G.0007

0.0085

0.0111

0.0118
0.0111
0 .0089

0000os
0.0007
Deboof

.*0031
0.0226

0.0345

0.0433
0.04%")
0.0433
0.0345

0.0226
0.0031JI

0.0006

0 * 0046
0.00/0

0.00u7

6.00o7
6.0010
0.0046
U0600

0.0028
0.0100
0.0275

0.0310
0.0286
0.0310
0.0k75

0.0180
0.0028

0.000'
0.0036
0.00.6

0.00J7
0.0069

0.00%7

0.006
0.000.0
OeOO0

0.0013
U00109

0.0163

0.0190
0.0180

0.0163
0.0109
0.0013

0.0009

0.0075
0.0112

0.0127

0.0130
0.0127

0.0112
0.007%
u40009

0.7000 008000 0.9000 009500aX/Ru



Free Running

A = 0.8 A = 1.0

Mx3  Mx 3  Mx3  Mx 3  Mx3  Mx3

r/R Mx2 (P) Mx2 (K) Mx2 Ref. 7 Mx 2 (P) MX2 (K) Mx 2 Ref. 72 Ref.7 2 (P
200

.250

.300

.325

.350

.375

.400

.425

.433

.450)

.&75

.'+,80

.500

.525

.550

.560

.567

.575

.600

.625

,633

.640

.650

.675

.700

.720

.725

.750

.775

.800

.825

.833

.850

.875

.900

.950

2.2284

2.4141

1.9683

1.8899

1.7692

1.6750

1.6956

2.0000

2.4118

2.2860

2.2180

2.0870

2.1030

1.97,0

1 9825

2 0410

1.9770

1.9790

1.9400

1.8220

1.8335

1.8000

1.8080

1.8080

1.7930

1.6480

1.8460

1.7310

1.7060

1.8070

1.8020

1.8210

1,7325

1.6960

1.5870

1.7040

1.7490

1.6460

1.8650

2.0700

2.5424

1.0400

1.2595

1.5036

1.7373

1.9895

2.2278

2.4194

2.5424

2.6238

2.6538

2 1078

1.9213

1.8108

1.8154

1.6964

1.7500

2.3750

2.6510

2.6610

2.4050

2.4180

2 2640

!.9P90

2.3400

2.2"50

2.2510

2.2050

2.0700

2.0195

2.0050

2.0160

2.0290

1.9890

1.8840

2.0540

1.8920

1.8540

1.9810

1.9670

1.9850

1.9400

1.8090

1.6560

1.7790

1.7770

1.6820

1.9950

2.2360

1.0400

1.2595

1.5036

1.7373

1.9895

2.2278

2.4194

2.5424

___________I ________- I I I _____________

TABLE 3a

Mx3 ) at Various Nondimensional Radii (r)
4x2 

RValues of Camber Corrections
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Wake Adapted without Skew

A = 0.8 A = 1.0

Mx3  Mx3  Mx3  Mx3  Mx3 Mx3r/R 2 (P) 2 (K) M2 Ref. 7 Mx2 (P) M2 (K) x2 Ref. 7

.200

.225

.250

.275

.300

.325

.350

.375

.400

.425

.450

",75

.500

.525

.550

.575

.600

.625

.650

.675

.700

.725

.750

.775

.800

.825

.850

.875

.900

.925

.950

1.1880

1.4064

1.1345

1.1420

1.1719

1.2070

1.3579

1.6580

1.6817

1.2800

1.1860

1.2170

1.1820

1.1730

1.2010

1.2020

1.2050

1.2350

1.2590

1.2640

1.2880

1.3630

1.3460

1.4200

1.4900

1.5640

1.6050

.9200

1.0530

1.2390

1.4490

1.6370

1.7760

1.8280

1.8320

1.2210

1.4970

1.1810

1.1990

1.2330

1.2650

1.4730

1.8090

1.7710

1.3420

1.1970

1.2330

1.2200

1.1780

1.2120

1.2430

1.2160

1.2540

1.3130

1.2880

1.3180

1.4390

1.3870

1.4820

1.5990

1.6710

1.7060

.9200

1.0530

1.2390

1.4490

1.6370

1.7760

1.8280

1.8320

TABLE 3b

Values of Camber Corrections 3 at Various Nondimensional Radii ( )



Wake Adapted with Skew

A - 0.8 A = 1.0

Mx 3  MX 3  MX 3  MX 3  Mx 3  Ix 3
r/R 2 (P) 2 (K) x2 Ref. 7 Mx2 (P) Mx2 (K) Mx2 Ref. 7r/R MX2 (P) M"2 (K)

.200

.225

.250

.275

.300

.325

.350

.375

.400

.425

.450

.475

.500

.525

.550

.575

.600

.625

.650

.675

.700

.725

.750

.775

.800

.825

.850

.875

.900

.925

.950

1.1150

1.4064

1.1100

1.1030

1.1540

1.2120

1.3520

1.6500

1.7790

1.2740

1.1800

1.2120

1.1990

1.1750

1.1940

1.1830

1.2060

1.2330

1.2640

1.2880

1.2870

1.3640

1.4020

1.4410

1.5670

1.6400

1.7210

.9200

1.0530

1.2390

1.4490

1.6370

1.7760

1.8280

1.8320

1.1150

1.4850

1.1810

1.2040

1.2380

1.3160

1.4800

1.7930

1.9680

1.3480

1.2050

1.2420

1.2590

1.2030

1.2270

1.2440

1.2430

1.2760

1.3410

1.3460

1.3470

1.4720

1.4900

1.5360

1.7150

1.7780

1.8780

.9200

1.0530

1.2390

1.4490

1.6370

1.7760

1.8280

1.8320

TABLE 3c

Values of Camber Corrections (Mx3 at Various Nondimensional Radii( R)\M 2
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Free Running

A = 0.8 A = 1.0

r/R Mx/i(p) Mx/ (K) Mx/z Ref. 7 Mx/(p) Mx/.(K ) M/ Ref. 7

.200

.250

.300

.325

.350

.375

.400

.425

.433

.450

.475

.480

.500

.525

.550

.560

.567

.575

.600

.625

.633

.640

.650

.675

.700

.720

.725

.750

.775

.800

.825

.833

.850

.875

.900

.950

.0293

.0309

.0248

.0206

.0161

.0134

.0117

.0138

.0126

.0293

.0286

.0267

.0265

.0249

.0242

.0247

.0233

.0225

.0219

.0199

.0192

.0178

.0176

.0174

.0170

.0145

.0159

.0147

.0143

.0148

.0144

.0140

.0132

.0126

.0116

.0118

.0121

.0113

.0127

.0141

.0156

.0199

.0212

.0205

.0186

.0176

.0150

.0150

.0265

.0276

.0215

.0171

.0134

.0118

.0095

.0098

.0133

.0276

.0279

.0255

.0247

.0232

.0235

.0229

.0216

.0209

.0203

.0183

.0170

.0160

.0157

.0157

.0145

.0134

.0144

.0130

.0126

.0131

.0128

.0123

.0120

.0109

.0096

.0099

.0099

.0092

.0095

.0123

.0127

.0162

.0172

.0167

.0151

.0143

.0122

.0122

TABLE 4 I I I
TABLE 4a

at Various Nondimensional RadiiCamber Ratios X2).Values of the Maximum



Wake Adapted without Skew

A = 0.8 A = 1.0

r/R M/ (p) (K) Mx/ Ref. 7 M (p) Mx/(K) M, Ref. 7

.200

.225

.250

.275

.300

.325

.350

.375

.400

.425

.450

.475

.500

.525

.550

.575

.600

.625

.650

.675

.700

.725

.750

.775

.800

.825

.850

.875

.900

.925

.950

.0374

.0435

.0329

.0292

.0261

.0235

.0236

.0254

.0242

.0391

.0357

.0360

.0335

.0323

.0320

.0297

.0287

.0284

.0270

.0263

.0259

.0257

.0247

.0252

.0250

.0255

.0253

.0349

.0360

.0367

.0370

.0363

.0345

.0320

.0291

.0312

.0376

.0278

.0249

.0223

.0200

.0208

.0225

.0207

.0333

.0293

.0297

.0280

.0263

.0262

.0249

.0235

.0234

.0229

.0217

.0215

.0211

.0207

.0214

.0218

.0221

.0219

.0284

.0292

.0298

.0300

.0294

.0280

.0260

.0236

TABLE 4b

Values of the Maximum Camber Ratios at Various Nondimensional Radii R)
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Wake Adapted with Skew

A - 0.8 A I 1.0

r/R Mx/ () M/ (K) Ref . 7 (P) (K) M,/ Ref. 7

.200

.225

.250

.275

.300

.325

.350

.375

.400

.425

.450

.475

.500

.525

.550

.575

.600

.625

.650

.675

.700

.725

.750

.775

.800

.825

.850

.875

.900

.925

.950

.0351

.0435

.0322

.0282

.0257

.0236

.0235

.0254

.0256

.0390

.0356

.0359

.0339

.0324

.0318

.0292

.0287

.0283

.0271

.0268

.0259

.0258

.0257

.0256

.0263

.0267

.0272

.0349

.0360

.0367

.0370

.0363

.0345

.0320

.0291

.0285

.0373

.0278

.0250

.0224

.0208

.0209

.0223

.0230

.0335

.0295

.0299

.0289

.0269

.0265

.0250

.0241

.0238

.0234

.0227

.0220

.0226

.0222

.0222

.0234

.0235

.0241

.0284

.0292

.0298

.0300

.0294

.0280

.0260

.0236

S I I I i

TABLE 4c

Values of the Maximum Camber Ratios ( M 3 ) at(M03
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Free Running

A = 0.8 A = 1.0

r/R P/D(p) P/D(K) P/DRef. 7 P/Dp) P/D(K) P/DRef.7

.200

.250

.300

.325

.350

.375

.400

.425

.433

.450

.475

.480

.500

.525

.550

.560

.567

.575

.600

.625

.633

.640

.650

.675

.700

.720

.725

.750

.775

.800

.825

.833

.850

.875

.900

.950
I

1.3091

1.3332

1.3103

1.2794

1.2420

1.1968

1.1538

1.1225

1.1180

1.3239

1.3172

1.3134

1.3106

1.2998

1.2956

1.2930

1.3003

1.2842

1.2777

1.2687

1.2568

1.2474

1.2472

1.2430

1.2442

1.2223

1.2187

1.2172

1.2121

1.2039

1.1913

1.1900

1.181b

1.1741

1.1671

1.1513

1.1472

1.1178

1.1349

1.1286

1.3170

1.3120

1.2970

1.2730

1.2420

1.2050

1.1620

1.1310

1.2822

1.2971

1.2756

1.2443

1.2146

1.1722

1.1338

1.1001

1.0647
_________ J________ I_________

1.2947

1.2915

1.2865

1.2838

1.2736

1.2712

1.2666

1.2738

1.2568

1.2526

1.2463

1.2360

1.2248

1.2249

1.2217

1.2202

1.2039

1.1987

1.1972

1.1927

1.1855

1.1736

1.1725

1.1668

1.1578

1.1503

1.1348

1.1329

1.1012

1.1201

1.1137

1.3393

1.3321

1.3170

1.2901

1.2565

1.2195

1.1830

1.1466

Values of the Pitch Ratio

TABLE 5a

Sat Various Nondimensional Radii (R)



Wake Adapted without

A = 0.8 A = 1.0

r/R P/D (P) P/D(K) P/D Ref. 7 P/D (P) P/D(K) P/D Ref. 7

.200

.225

.250

.275

.300

.325

.350

.375

.400

.425

.450

.475

.500

.525

.550

.575

.600

.625

.650

.675

.700

.725

.750

.775

.800

.825

.850

.875

.900

.925

.950

1.0139

1.0326

1.0570

1.0715

1.0823

1.0929

1.0988

1.1077

1.1185

1.0333

1.0399

1.0478

1.0536

1.0627

1.0685

1.0750

1.0837

1.0854

1.0851

1.0832

1.0823

1.0880

1.0918

1.0998

1.0984

1.0896

1.0948

.9800

1.0410

1.0810

1.1110

1.1290

1.1430

1.1540

1.1620

.9628

.9857

1.0167

1.0365

1.0482

1.0583

1.0669

1.0736

1.0819

TABLE 5b
TABLE 5b

.9972

1.0035

1.0115

1.0205

1.0290

1.0352

1.0445

1.0519

1.0541

1.0553

1.0530

1.0517

1.0586

1.0610

1.0685

1.0683

1.0598

1.0631

1.0157

1.0744

1.1143

1.1422

1.1589

1.1726

1.1848

1.1897

Values of the Pitch Ratio (P at Various Nondimensional Radii((PD

Skew



Wake Adapted with Skew

A = 0.8 A = 1.0

r/R P/D(p) P/D(K ) P/DRef. 7 P/D(p) P/D(K) P/DRef. 7

.200

.225

.250

.275

.300

.325

.350

.375

.400

.425

.450

.475

.500

.525

.550

.575

.600

.625

.650

.675

.700

.725

.750

.775

.800

.825

.850

.875

.900

.925

.950

1.0250

1.0331

1.0665

1.0854

1.0934

1.0981

1.0964

1.0878

1.0951

1.0559

1.0623

1.0720

1.0782

1.0908

1.0998

1.1078

1.1110

1.1106

1.1055

1.1057

1.1094

1.1114

1.1081

1.1114

1.0969

1.0747

1.0815

.9800

1.0410

1.0810

1.1110

1.1290

1.1430

1.1540

1.1620

.9716

.9876

1.0298

1.0558

1.0637

1.0681

1.0669

1.0526

1.0400

1.0176

1.0243

1.0341

1.0436

1.0556

1.0641

1.0759

1.0778

1.0780

1.0754

1.0744

1.0776

1.0803

1.0771

1.0822

1.0758

1.0465

1.0513

1.0157

1.0744

1.1143

1.1422

1.1589

1.1726

1.1848

1.1897

I I I ___________

TABLE 5c

Values of the Pitch Ratio ( at Various Nondimensional Radii (
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Free Running Wake Adapted Wake Adapted
Propeller Non-Skewed Skewed

ai3D ci3D ai3D i3D ti3D a 3 D

i 2D i2D p) (K) i2D i2D p) (K) i2D(K ) i2D(p) (K)

.250

.300

.325

.350

.375

.400

.425

.450

.475

.500

.525

.550

.575

.600

.625

.650

.675

.700

.725

.750

.775

.800

.825

.850

.875

.900

.950

2.083

2.008

2.120

2.158

2.158

2.195

2.195

2.195

2.232

2.195

2.083

2.008

1.972

1.897

1.972

2.008

1.711

1.711

1.858

2.697

2.830

3.013

3.035

2.498

2.721

3.501

3.501

1.056

0.935

0.788

0.649

0.519

0.389

0.264

0.190

1.488

1.491

1.488

1.376

1.413

1.413

1.339

1.413

1.413

1.377

1.413

1.451

1.413

1.488

1.525

1.488

1.488

1.599

1.772

1.895

1.663

1.521

1.530

1.644

1.555

1.733

1.887

1.265

0.973

0.675

0.451

0.301

0.204

0.142

0.128

2.381

2.386

2.456

2.381

2.566

2.715

2.752

2.605

2.530

2.307

2.456

2.716

2.530

2.269

2.195

1.414

0.744

0.930

2.447

1.912

2.047

2.114

2.031

1.894

1.438

0.725

0.680

1.265

0.973

0.675

0.451

0.301

0.204

0.142

0.128

TABLE 6

Values of the Incide nce Correction Ratios (i3D due to Camber and Incid
due to Thickness at Various Non2D

due to Thickness at Various Nondimensional Radii (r/R)

ence Correction (at)
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G = r/2nRVa

r/R

LERBS KERWIN

i ii iii

.2 0.0 0.0 0.0 0.0

.3 0.015295 0.0152 0.0156 0.0165

.4 0.020720 0.0208 0.0209 0.0213

.5 0.023243 0.0232 0.0234 0.0235

.6 0.023317 0.0232 0.0234 0.0235

.7 0.021491 0.0214 0.0215 0.0217

.8 0.018133 0.0181 0.0180 0.0185

.9 0.012954 0.0130 0.0128 0.0138

1.0 0.0 0.0 0.0 0.0

Lattice Spacing

i 16 Radial 16 Chordwise

ii 16 Radial 8 Chordwise

iii 8 Radial 8 Chordwise

TABLE 7

Comparison of Circulation Distributions (G) Computed by the Vortex

Lattice Method and by Induction Factors
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Free Running

x/c M/Mx .25 .3 .4 .5 .6 .7 .8 .9 .95

.01 .073 .0459 .0485 .0484 .0485 .0497 .0493 .0598 .0424 .0427

.10 .448 .3922 .4013 .4032 .4126 .4224 .4223 .4530 .5072 .6463

.20 .699 .6679 .6602 .6694 .6699 .6770 .6901 .7180 .7319 .7927

.35 .920 .9258 .9126 .9153 .9126 .9130 .9225 .9231 .9783 .9756

.50 1.000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

.65 .943 .9011 .9158 .9436 .9466 .9565 .9296 .9487 .9855 .8537

.80 .703 .6149 .6505 .6895 .6990 .7019 .6478 .6410 .6449 .5671

.90 .359 .3251 .3527 .3831 .3884 .3851 .3457 .3333 .3482 .3000

.99 .027 .0353 .0388 .0484 .0388 .0373 .0423 .0427 .0362 .0305

.01 .073 .0455 .0476 .0516 .0578 .0763 .0847 .1087 .0732 .0692

.10 .469 .3864 .3956 .4085 .4277 .4504 .4492 .4999 .4553 .5769

.20 .722 .6591 .6630 .6808 .6936 .7099 .7203 .7609 .6992 .8615

.35 .935 .9167 .9158 .9202 .9249 .9313 .9407 .9457 .9106 .9769
0

.50 1.000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

.65 .935 .9167 .9158 .9202 .9249 .9313 .9407 .9457 .9106 .9769

.80 .722 .6591 .6630 .6808 .6936 .7099 .7203 .7609 .6992 .8615

.90 .469 .3864 .3956 .4085 .4277 .4504 .4492 .4999 .4553 .5769

.99 .073 .0455 .0476 .0516 .0578 .0763 .0847 .1087 .0732 .0692

*Two dimensional. NACA

TABLE 8a

Comparison of the Calculated Mean Line Distribution at VariousNondimensional Radii with the NACA Mean Line Distribution



Wake Adapted without Skew

X/c M/Mx* .25 .3 .4 .5 .6 .7 .8 .9 .95

.01 .073 .0609 .0585 .0612 .0641 .0628 .0600 .0577 .0578 .0580

.10 .448 .4487 .4388 .4604 .4567 .4529 .4550 .4423 .4444 .5121

.20 .699 .7083 .6995 .7158 .7131 .7130 .7100 .7019 .7067 .7633

.35 .920 .9295 .9282 .9317 .9317 .9327 .9300 .9279 .9289 .9227

A .50 1.000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

.65 .943 .9295 .9282 .9317 .9317 .9327 .9300 .9279 .9289 .9227

.80 .703 .7083 .6995 .7158 .7131 .7130 .7100 .7019 .7067 .7633

.90 .359 .4487 .4388 .4604 4567 .4529 .4550 .4423 .4444 .5121

.99 .027 .0609 .0585 .0612 0641 .0628 .0600 .0577 .0578 .0580

.01

.10

.20

.35

.50

.65

.80

.90

.99

.073

.469

.722

.935

1.000

.935

.722

.469

.073

.0562

.4251

.6792

.9118

1.0000

.9420

.7059

.3877

.0348

.0529

.4230

.6805

.9172

1.0000

.9402

.6920

.3770

.0368

.0578

.4347

.6869

.9149

1.0000

.9453

.7021

.3799

.0365

.0616

.4349

.6884

.9144

1.0000

.9384

.6884

.3733

.0342

*Two dimensional. NACA

.0575

.4330

.6858

.9119

.9137

.58549

.3717

.0383

.0553

.4340

.6809

.9106

1.0000

.9464

.6766

.3575

.0340

.0551

.4280

.6822

.9153

1.0000

.9280

.6610

.3432

.0339

.0551

.4291

.6850

.9173

1.0000

.9213

.6260

.3189

.0315

.0579

.4793

.7355

.8967

1.0000

.9380

.5620

.2562

.0289

TABLE 8b

Comparison of the Calculated Mean Line Distribution at VariousNondimensional Radii with the NACA Mean Line Distribution
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Wake Adapted with Skew

x/c M/Mx* .25 .3 .4 .5 .6 .7 .8 .9 .95

.01 .073 .0598 .0552 .0590 .0603 .0623 .0593 .0596 .0630 .0586

.10 .448, .4758 .4230 .4441 .4539 .4553 .4619 .4468 .4370 .4570

.20 .699 .7493 .6782 .6988 .7128 .7082 .7161 .7021 .6890 .7461

S .35 .920 .9430 .9149 .9255 .9326 .9300 .9322 .9319 .9252 .9453
.50 1.000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

- .65 .943 .9601 .9356 .9379 .9291 .9261 .9195 .9234 .9291 .9258

.80 .703 .7293 .6943 .6863 .6809 .6771 .6653 .6723 .6614 .5977

.90 .359 .4046 .3793 .4006 .3b53 .4942 .3559 .3660 .3543 .3008

.99 .027 .0427 .0414 .0280 .32 .0428 .0339 .0426 .0472 .0391

.01 .073 .0596 .0590 .0647 .06~ i .0670 .0625 .0622 .0628 .0609

.10 .469 .5123 .4424 .4640 .4720 .4732 .4760 .4593 .4574 .4739

.20 .722 .7965 .7051 .7590 .7280G .7321 .7356 .7177 .7130 .7565

0 .35 .935 .9719 .9330 .9389 .9400 .9464 .9471 .9426 .9417 .9565

.50 1.000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

.65 .935 .9368 .9223 .9281 .9280 .9196 .9135 .9187 .9238 .9130

.80 .722 .7158 .6917 .7050 .7120 .u920 .6875 .6938 .6816 .6783

.90 .469 .4561 .4290 .4532 .4640 .4375 .4327 .4354 .4215 .3652

.99 .073 .0526 .0429 .0575 .0800 j .0536 .0577 .0670 .0628 .0348

Two dimensional. NACA

TABLE 8c

Comparison of the Calculated Mean Line Distribution at VariousNondimensional Radii with the NACA Mean Line Distribution



NUMBER OF BLADES: Z = 5.0

EXPANDED AREA RATIO: EAR = 0.960

MEAN LINE TYPE: A = 0.800

PITCH DISTRIBUTION:

DIAMETER: D = 12.5'

ROTATION: RH

BLADE OUTLINE: SYMMETRICAL

NON-OPTIMUM

Figure I (a) - Drawing of the Free Running Propeller



Figure 1 (b) - Drawing of the Wake-Adapted Propeller



NUMBER OF BLADES: Z = 4.0

EXPANDED AREA RATIO: EAR = 0. 506

MEAN LINE TYPE: A = 0. 800

PITCH DISTRIBUTION:

DIAMETER: D = 21.0'

ROTATION: RH

BLADE OUTLINE: SKEWED

LERBS OPTIMUM

Figure 1 (c) - Drawing of the Wake-Adapted Skewed Propeller
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Figure 2 - Correction of the Computed Profile Chord Line up to the Reference Axis
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O Ref. 7 FREE RUNNING
4 0 Kerwin

a Pien A = 0.8

Pi"
2

3 i 1 _ _

0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

r/R

Figure 3 (a) - Comparison of Camber Corrections 2 at Various Nondimensional Radii R)

for Arbitrary Chordwise Load Distribution.



O Ref. 7 WAKE ADAPTED WITHOUT SKEW
O Kerwin
6 Pien A = 0.8

A Pien

0. 2 0.3 0.4 0.5

r/R

0.6 0.7 0.8 0.9

Figure 3 (b) - Comparison of Camber Corrections at Various Nondimensional Radii

for Arbitrary Chordwise Load Distribution.
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4O Ref. 7 WAKE ADAPTED WITH SKEW
O Kerwin

K Pien A =0.8

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

r/R

Figure 3 (c)- Comparison of Camber Corrections ( ) at Various Nondimensional Radii (r)

for Arbitrary Chordwise Load Distribution.
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Pien A = 1. 0OPien
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0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1. O

r/R

Figure I4 (a) - Comparison of Camber Corrections at Various Nondimensional Radii (

for Uniform Chordwise Load Distribution.
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(M3
Figure 14 (b) - Comparison of Camber Corrections at Various Nondimensional Radii

for Uniform Chordwise Load Distribution.
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O Ref. 7 WAKE ADAPTED WITH SKEW
4 O Kerwin

Pien A = 1.0
A Pien

1 

M

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

r/R

Figure I4 (c) - Comparison of Camber Corrections MX3 at Various Nondimensional Radii (r)

for Uniform Chordwise Load Distribution.
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Figure 5 (a) - Comparison of Maximum Camber Ratios (
x 3 ) at Various Nondimensional Radii (R)

I ) R

for Arbitrary Chordwise Load Distribution.
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Figure 5 (c)- Comparison of Maximum Camber Ratios -X3 at Various Nondimensional Radii )

for Arbitrary Chordwise Load Distribution.
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Figure 5 (b) - Comparison of Maximum Camber Ratios
M

- ) at
I

Various Nondimensional Radii

for Arbitrary Chordwise Load Distribution.
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Figure 6 (a) - Comparison of Maximum Camber Ratios at Various Nondimensional Radii (r)

for Uniform Chordwise Load Distribution.
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Figure 6 (b) - Comparison of Maximum Camber Ratios ( at Various Nondimensional Radii ()
for Uniform Chordwise Load Distribution.
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Figure 6 (c) - Comparison of Maximum Camber Ratios (It at Various Nondimensional Radii (r)

for Uniform Chordwise Load Distribution.
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Figure 7 (a) - Chordwise Comparison of Camber Ratios ( ) at Fraction of Chord X

for Arbitrary Chordwise Load Distribution.
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Figure 7 (b) - Chordwise Comparison of Camber Ratios () at Fraction of

for Arbitrary Chordwise Load Distribution.
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Figure 7 (c) - Chordwise Comparison of Camber Ratios (M) at Fraction of Chord (-)

for Arbitrary Chordwise Load Distribution.
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Figure 8 (a) - Chordwise Comparison of Camber Ratios (MI)at Fraction of Chord

for Uniform Chordwise Load Distribution.
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Figure 8 (b) - Chordwise Comparison of Camber Ratios (M at Fraction of Chord

for Uniform Chordwise Load Distribution.
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Figure 8 (c) - Chordwise Comparison of Camber Ratios (M)at Fraction of Chord (.1)

for Uniform Chordwise Load Distribution.

1.0



1. 4

FREE RUbL

A =0.

1.3

1.2

SO Ref. 7
1. 1 0 Kerwin

v Pien

00.9

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0. 9

r/R

Figure 9 (a) - Comparison of Pitch Ratios (P) at Various Nondimensional Radii (R)

for Arbitrary Chordwise Load Distribution.
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Figure 9 (b) - Comparison of Pitch Ratios (f) at Various Nondimensional Radii (R
D DRa

for Arbitrary Chordwise Load Distribution.
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Figure 9 (c) - Comparison of Pitch Ratios (D) at Various Nondimensional Radii (r)

for Arbitrary Chordwise Load Distribution.
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Figure 10 (a) - Comparison of Pitch Ratios (D) at Various Nondimensional Radii ()
for Uniform Chordwise Load Distribution.
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Figure 10 (b) - Comparison of Pitch Ratios (2) at Various Nondimensional Radii (r)

for Uniform Chordwise Load Distributio.
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for Uniform Chordwise Load Distribution.
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