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NOTATION

A Propeller disk area

a* Displacement thickness in boundary layer for axisymmetric
flow

CT Propeller thrust-loading coefficient, T
1

pAV 2
2 a

D Maximum diameter of a body of revolution

d Propeller diameter

V0
Ja Propeller apparent speed coefficient, -

nd

T
KT Propeller thrust coefficient, -----,

pn2d4

Length of a body of revolution

m
M Nondimensional source or sink strength,

VoL 2

m Dimensional source or sink strength

n Frequency of propeller revolution

7A Unit vector in normal direction

P Pressure, -or a general point

Pi Control point

Q Point source output

q Surface source output

1
go Stagnation pressure, pV 2

R Radius vector

R o Propeller radius
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Cylindrical coordinate or offset to a meridian profile

Radius to equivalent body with added displacement thickness

R
Nondimensional radius vector, - L

Surface area

Propeller thrust

Total fluid velocity

Propeller speed of advance

Normal velocity or induced normal velocity

Undisturbed fluid velocity

Resultant induced velocity

Radial induced velocity

Tangential induced velocity

Axial induced velocity

VTb
Nondimensional tangential velocity along body surface

V o
without propeller

Nondimensional velocity,

Nondimensional velocity,

Nondimensional velocity,

Vn

V

V
q

7-Vo

Vr

Nondimensional

Nondimensional

VT
velocity,

V0

V
velocity, -

0

S

T

V

V

V

V o

Vq

V

VT

VxX
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W0  Effective wake fraction, 1 - -

X, Y Dimensional rectangular coordinates

X Y
x, y Nondimensional rectangular coordinates - and

L L

a Angle of inclination to body surface

Angle between axis of body and r' for discrete M 's

Vector operator del

0 Angle between resultant and x-component of propeller
induced velocity

A* Displacement area

v Kinematic viscosity

p Mass density

Total velocity potential

01 Velocity potential for body

02 Velocity potential for propeller

03 Additional velocity potential for propeller interference

Subscripts: i, j Matrix position.
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ABSTRACT

Measured and computed pressure distributions were obtained for a well-

streamlined body of revolution (fineness ratio of ten to one), with and without

a propeller, at deep submergence. Velocity distributions over the surface of

the body with and without an added boundary-layer displacement-thickness are

obtained from the velocity-potential function for a surface distribution of sources.

Propeller-induced velocities in the near field ahead of a propeller are estimated

from a uniform sink-disk representation and a single sink representation is used

for large distances from the propeller. Propeller interference (image) effects

are obtained from discrete singularities placed along the body axis. Within the

field of propeller influence, differences occur in the theoretical and experimental

pressure distributions. These discrepancies are discussed.

INTRODUCTION

Studies of pressure distributions for ships, submarines, and torpedoes have used, as

a point of departure, information obtained from more basic work with bodies of revolution.

This report deals with the problem of pressure distributions on the surface of submerged

streamline bodies of revolution with and without a stern propeller.* Specifically, the problem

is to develop an analytic method, based on existing theory, that will permit predictions of

pressure distributions with acceptable accuracy. Such pressure distributions can be used to

obtain detailed information on the distribution of interaction forces (e.g., along the afterbody)

as contrasted to methods which give only total forces. With regard to these propeller-body

interaction forces, gross effects may be determined by means of Lagally's theorem. 1, 2, 3

Some recent contributors to the subject of pressure distributions for towed and propel-

led bodies of revolution are Amtsberg, 4 Dreger, 5 Korvin-Kroukovsky, 6 and the author. 7

Amtsberg reported propulsion interaction experiments on "so-called" substitute bodies of

revolution (i.e., bodies of revolution whose sectional-area curves represent ship-shaped forms).

These experiments included measurements of the pressure distribution along the lower merid-

ian of two such forms. Dreger confined his efforts to the mathematical computation of pres-

sure distributions and thrust deduction in potential flow. Korvin-Kroukovsky presented pres-

sure measurements obtained in a wind tunnel as well as computed pressure distributions for

a model of U. S. Airship AKRON.

*The present investigation was supported by the Bureau of Ships Fundamental Hydromechanics Research

Program.

1References are listed on page 21.
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Since the advent of ALBACORE, having a fineness ratio of 7.3, the trend in single-

screw submarine design, has been to higher fineness ratios (for reasons other than hydro-

dynamic) and, as a result, pressure and velocity information on bodies of revolution of about

ten to one are needed. The investigations cited above did not consider bodies of revolution

whose shape and fineness ratio are representative of current submarine designs; therefore,

computations and experiments were performed with a TMB Series 58 forms having a ten to one

fineness ratio. In the present study the usual computational procedure of considering propel-

ler and body flow-fields separately and combining them later is followed. The extent of the

work includes not only the presentation of a general computational method, but makes avail-

able new experimental pressure-distribution data, for a body of high fineness ratio, to which

other analytical methods can be compared.

The principal assumptions and limitations that are involved in the computational method

are summarized as follows:

1. It is assumed that the fluid is incompressible and inviscid. However, calculations were

performed for both a bare body and an equivalent body with the displacement thickness of the

boundary layer considered as part of the body.

2. It is assumed that the induced steady-state velocity field immediately ahead of a pro-

peller can be estimated from the velocity induced by a uniform distribution of sinks on a cir-

cular disk, and that a single sink is adequate for estimating propeller-induced velocity at

distances greater than one propeller diameter from the propeller plane.

3. Propeller interference effects are considered by introducing discrete singularities

along the axis of the body. The boundary condition that the velocity normal to the body sur-

face must be zero is satisfied only at certain control points located on the afterbody. Since

the body is smooth and the propeller interference velocities are small, it is assumed that the

discrete distribution is a good approximation to a continuous distribution.

INDUCED VELOCITY FIELD OF PROPELLER

If the propeller is replaced by a sink disk, its steady-state velocity field may be com-

puted by using the method of Kiichemann and Weber. 9 As a further simplification it will be

shown that a single sink representation of the propeller is adequate, compared to a sink disk,

for computing induced velocities at distances greater than one diameter forward of a propeller.

These mathematical propeller models give the propeller-induced velocity field as a function of

propeller thrust loading, but do not consider propeller blade thickness. The assumption of no

thickness effect may not be adequate. If the propeller is replaced by a sink located at the

propeller center, the velocity induced at a point P is as shown in Figure 1.

---- --- --- 101 1111%ll "
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Propeller
Plane

x-

) r
R

Vq

P

Figure 1 - Flow Due to a Three-Dimensional Sink

A three-dimensional sink has the velocity potential

M.

Differentiate 02 with respect to R to obtain

V dRq (9R
M

R 2

where m =
4r

is the strength of a point sink, Q

is the distance from the sink to a

is the induced velocity.

being the volume rate of flow into the sink,

field point P, -and

AqBy substitutingAq for m in Equation [21, a convenient nondimensional form is obtained:
47r

q 0Vq - 1/4

q R

Body Axis
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where A is the propeller disk-area,

Ro is the propeller radius, and

q is the surface sink input.

Nondimensionalizing the coordinates P(X, r) in Figure 1, with respect to propeller radius, and

using Equation [3], the X and r components of velocity V are

Vx_ cos 0 [4a]
q 4 X)2 +( r)2

Ro Ro

and

Vr
- -sin 0 [4b]

4 X 2 2

F_'x_ + (_ -)J

'omparative data for the induced velocities from a uniform distribution of sinks on a

circular disk, 9 and the induced velocities calculated from Equations [4a] and [4b] are tabula-

r
ted in Table 1 for various values of the cylindrical coordinate - for a constant value of

R0

X X
= 2.0. The propeller was represented by a sink disk for - < 2 and a single sink for

Ro Ro

- > 2. Since Vx and Vr are themselves small fractions of q and the undisturbed velocity
0

Vo, it is believed that a single sink should give sufficiently accurate values of propeller-

X
induced velocities for estimating pressure distributions at - > 2.

R0

FLOW ABOUT BODIES OF REVOLUTION

FLOW WITHOUT PROPELLER

A solution for the potential flow about a body leads to a solution of the Laplace equation

02 € = 0 subject to certain boundary conditions. Methods of solving the direct problem of

------ -- - I I INN ILI ,I
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determining the flow about a prescribed axisymmetric body have been investigated by

Kaplan, 10 Young and Owen, 1 Vandrey, 2 Landweber, 3 and Smith and Pierce. 14 In the fol-

lowing, then, only a brief summay of the method used will be presented.

TABLE 1

Comparison of Propeller Induced Velocities from a Single Sink
and a Uniform Sink Distribution

( - 2)

V Vx r

Ro Sinks Uniformly Sinks Uniformly
Distributed on a Single Sink Distributed on a Single Sink
Circular Disk* Circular Disk*

0.0 0.0525 0.0625 0.0000 0.0000
0.2 0.0525 0.0616 0.0048 0.0061
0.4 0.0509 0.0589 0.0088 0.0118
0.6 0.0477 0.0549 0.0119 0.0165
0.8 0.0446 0.0500 0.0151 0.0200
1.0 0.0414 0.0447 0.0183 0.0224
1.2 0.0382 0.0394 0.0199 0.0236
1.4 0.0334 0.0344 0.0207 0.0241
1.6 0.0302 0.0298 0.0207 0.0238
1.8 0.0255 0.0256 0.0207 0.0231
2.0 0.0223 0.0221 0.0207 0.0221

*From Reference 9.

The potential due to a surface distribution of sources m is

-I mdsR

S

and for a prescribed body, the source strengths are calculated for the condition of no flow

through the body surface, i.e., Vn = 0. The unknown source strengths can be obtained by

solving a Fredholm integral equation of the second kind. Smith and Pierce 1 4 programmed a

solution on the IBM-704 for this integral equation by using a set of linear algebraic equations.

, '111011



It has been reported 16 that consideration of the influence of the boundary layer usually

leads to an improvement in the accuracy of estimating actual pressure distributions over the

distributions obtained for bodies of revolution in a potential flow. In accounting for the dif-

ference between actual pressure and potential pressure which exists, particularly in the re-

gion of the rear stagnation point, the so-called displacement thickness of the boundary layer

is considered as part of the body. By repeating the potential flow calculation for an equiva-

lent body whose ordinates include this added thickness, closer agreement with the actual

pressure distributions might be expected because of the more realistic shape of the bounding

streamlines.

Granville 1 5 , 16 has reviewed the subject of turbulent boundary layers in a pressure

gradient and presented a method for calculating their most important characteristics. A radius

r* to the surface of an equivalent body of revolution is defined 16 by

r* = r + a* cosa = r + 2 A* cosaw Vw

where rw is the radius of a body of revolution,

a* is the displacement thickness of the boundary layer normal to the surface of an axi-
symmetric body,

A* is the displacement area, ,and

a is the angle of inclination of the body surface to the body axis.

Table 2 gives the velocity distribution in a potential flow as obtained from the IBM-

704 program 14 for TMB Model 4198 with and without an added displacement thickness. In
r*

Figure 2 the nondimensional offsets y for the bare body and -- for the equivalent body of

revolution are plotted versus length fraction x (based on true body length). Attention is

called to the fact that a tail extending to infinity was added to account for the displacement

thickness of the boundary layer in the case of the equivalent body. As anticipated, the data

in Table 2 reveal little difference between the two velocity distributions except in the vicin-

ity of the stern (x = 1.0) where the velocity distribution for the equivalent body approximates

more closely conditions in a real viscous flow.

COMBINED FLOW DUE TO BODY AND PROPELLER

A meridian profile may be defined in cylindrical coordinates as shown in Figure 3. In

Figure 3 all lengths are expressed nondimensionally as fractions of the body length L, and

all velocities are expressed as fractions of the transport velocity V 0. For convenience in
this part of the problem the origin is taken at the tail of the body.

-- - - ~x "oil
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TABLE 2

Velocity Distribution in a Potential Flow

Velocity Ratio, vb
Length Fraction a

Model 4198 Equivalent Body

0.030 0.968 0.973
0.060 0.997 0.994
0.085 1.0075 1.004
0.175 1.024 1.022
0.275 1.030 1.027
0.375 1.027 1.025
0.525 1.020 1.020
0.725 1.010 1.009

Control 0.825 0.995 0.996

Points 0.875 0.983 0.986
0.925 0.965 0.972
0.950 0.952 0.971
1.000 0.000 0.970
1.030 ---- 0.973

0 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Length Fraction x

Figure 2 - Half Profile of Equivalent and Original

Since the total velocity is the gradient of the total pote

is accomplished by summing the contributions of all pertinent

0.80 0.90 1.00 1.10 1.20

Body of Revolution

!ntial, the velocity formulation

potentials,

5 =1 + 2 + 3

- = 01 + 7 02 + V 03

[6]

[6a]

x 10- 2
6

0aS
O

CS

and
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where 0 is the total velocity potential,

01 is the velocity potential for the body in uniform flow,

42 is the velocity potential for the propeller, and

93 is the interference velocity potential required to satisfy boundary conditions on the
body.

When the total velocity is obtained from Equation [6a] the pressure distribution is appropri-

ately calculated for points on the body from the Bernoulli equation.

Location of
Propeller

Axis of Body

1 2 3 5

0 / 4

vn Discrete Sources M Afterbody
vq y r  r"

v " Bow -

Body Profile

q- Normal at Point P3  Tangent L
at Point pine

Figure 3 - Meridian Profile of a Body of Revolution Depicting
Velocities Induced by a Stern Propeller

The mathematical model of a stern propeller will induce velocities along the afterbody

that are normal to the body surface. These normal velocities must be balanced by equal and

opposite velocities to satisfy the boundary condition '0 • A = 0 where A is the unit vector

in the normal direction. To balance the normal velocity induced by the propeller at the body

surface, la set of five discrete sources M are arranged on the axis of the body. At each con-

trol point Pi (xi, ri) (see Figure 3) the sum of the outward directed normal velocities due to

all discrete sources must be equal to and opposite to the normal velocity induced by the pro-

peller. At point Pi (xi, ri), the propeller induced normal velocity is

Vq sin ( 0 i -ai) = n i

----- --̂  -I--- --
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and v balanced by the contribution of the discrete M i's gives
£

SM, sin (f8ii -ai)
Sn i  = 0 [7]

j 1 (it2

V n.

where vn is the nondimensional propeller induced normal velocity ,

m.
I

M. is the nondimensional source strength -
V L 2

pji is the angle between axis of body and ri. for discrete sources,

ai is the angle between the tangent to the body surface and the body axis,

0i is the angle between resultant and x-component of propeller induced velocity, and

r'. is the nondimensional radius vector.

Equation [7] results in a system of five linear nonhomogenous algebraic equations from which

the unknown strengths M. of the control sources may be solved.

When the unknown source strengths M. are determined, the various contributions to the
I

total velocity are summed according to Equation [6a]. The total tangential velocity at a point

Pi on the body is, nondimensionally,

5 M cos (pgi-ai)
VT b + Vq cos ( i - a i ) Cos [81

j=1 eit

where the first term on the right side is the contribution due to the body without propeller, the

second term is the contribution due to the propeller, and the third term is the contribution due

to discrete sources (propeller image system). In regard to Model 4198, the third term was cal-

culated only for the bare body and its values were assumed to be the same for the equivalent

body. No iterations were performed to consider the interference effect of the discrete sources

on the propeller model because for the present case the source strengths MI were found to be

very weak (Appendix A). Using the total tangential velocity obtained from Equation [8], the

pressure coefficient is obtained from Bernoulli's equation, and is given by

9
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where qo is the stagnation pressure - pVo2

DISCUSSION OF MEASURED PRESSURES AND COMPUTED RESULTS

A description of the model and test procedure is contained in Appendix B. In Figure 4

the experimental and computed pressure distributions for Model 4198 are presented nondimen-

P
sionally as curves of the pressure coefficient - , which is given by Equation [9]. It is seen

that the influence of the propeller is not felt forward of station x = 0.80 for the given advance

coefficient Ja = 0.72. At this advance coefficient the propeller thrust-loading coefficient CT
is 1.411, which represents the highest propeller load for which computations were made.

V 0  T
These propeller coefficients are defined as Ja - and C =

nd T
- pAV 2

2 a

where T is propeller thrust,

n is frequency of propeller revolutions,

p is mass density,

A is propeller disk area,

d is propeller diameter,

V0 is body speed, and

Va is propeller speed of advance.

The salient features of the pressure distributions for both the towed and propelled conditions

are confined to the last 20 percent of the body length. First, examine the experimental re-

sults. For the towed condition, without propeller, the pressure coefficient is positive aft of

station z = 0.80 and continues upward in the same manner as would be expected in a friction-

less flow except in the region very near the stern ending where it is seen to level off. At the

stern a pressure coefficient of about 0.10 was measured whereas in a frictionless flow, a

value of unity would occur. Turning now to the propelled condition, we see that the measured

pressure coefficient rises slightly above zero aft of station x = 0.80, and then turns downward

towards a negative value. All of the measured pressure data for the propelled conditions are

---- -- - ---- - - IN11 11i
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summarized in Figure 5 where the pressure coefficients - measured at a number of body
q0

locations are plotted as a function of the propeller advance coefficient Ja. As would be ex-

pected, at stations close to the propeller the pressure coefficient is quite sensitive to pro-

peller load.

0.16 C

Curve

0.12 Without Propeller, Experimental
0.12B Without Propeller, Computed for Equivalent Body wth Boundary Laer

C Without Propeller, Computed for Body without Boundary Layer

D With Propeller, Ja = 0.72, Experimental

S 0.08 E With Propeller, J. = 0.72, Computed for Equivalent Body with Boundary Layer

F With Propeller, J. = 0.72, Computed for Body without Boundary Layer

B

0.04
0 Propeller

Plane
SF

0

E

0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

Nondimensional Length x

Figure 4 - Pressure Distribution along a Meridian for TMB Model 4198

Pressure distributions were computed from Equation [9] where the velocity vT was cal-

culated from Equation [8]. These computed results are presented in Figures 4 and 5 for com-

parison with the experimental results. We see from Figure 4 that the calculated equivalent

body and experimental results for the towed condition agree very well over practically the

entire body except for about the last 10 percent of the body length. In this region, the com-

puted pressures for an equivalent body are somewhat lower than the test results. In the nar-

row range from x - 0.90 to the propeller plane, neither computed pressure distribution is in

good agreement with the test curve. Of course, stagnation pressure occurs at the true stern

ending if the boundary layer is not considered in performing the computation. Comparing the

experimental and computed results in Figure 4 for the most heavily loaded propulsion condi-

tion (Ja = 0.72), we see that the experimental and theoretical pressure curves converge to the

values obtained without a propeller at about x = 0.80. In the region between station x = 0.80

and the propeller plane the pressure computed for the equivalent body is a little lower than

the test results, lwhereas for the bare body the pressure is a little higher. Included in Figure

5 is the calculated equivalent body variation of the pressure coefficient at station x = 0.92

__\ _l i
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as a function of propeller advance coefficient. At this location, 'the agreement with the ex-

perimental curve is good. In order not to clutter Figure 5, the remaining computed pressure

curves for the propelled condition are shown in Figure 6.

0.16

0.08

0.04

0

0

-0.04

-0.16
0.60 0.70 0.80 0.90 1.00

Propeller Advance Coefficient Ja

1.10 1.20 1.30

Figure 5 - Cross Elot of Pressure Coefficient versus Propeller Advance Coefficient
as Obtained from Tests with TMB Model 4198 and Propeller 2861A

The pressure data presented may be used to compute thrust deduction. In particular,
the resistance augmentation or thrust-deduction force may be obtained by summing over the

body surface the axial forces associated with the pressure defect between the towed and pro-

pelled conditions. Compared to direct force measurements, integration of the pressure defect

from the three sets of pressure curves shown in Figure 4 give the following results:

X/L

- 0.96 -

Computed By Present Method (Equivalent 0.94
Body) for X/L 0.92

0.92

S0.88

0.84

0.80 -

Ratio of Propeller Diameter to Body Length is 0.0448

Propeller-Body Diameter Ratio, d/D = 0.448

Center Line of Propeller at X/L = 0.975

-------- E1110111
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Thrust Deduction Coefficient, t

Condition Pressure Frictional* Total

lP T (ie

Propulsion Test (direct
force measurement)

Experimental Pressure

Computed Pressure
(equivalent body)

Computed Pressure
(bare body)

0.075

0.041

0.031

0.015

0.015

0.015

0.090

0.090

0.056

0.046

*The frictional thrust deduction coefficient tf was assumed to be

equal to the difference (0.015) between total t from the direct force

measurements and tp as obtained from the experimental pressure data.

Other investigators have indicated about this same order of magni-

tude for the contribution of the shearing porce to the total thrust

deduction.

0.70 0.80 0.90 1.00
Propeller Advance Coefficient Ja

1.10

Figure 6 - Cross Plot of Pressure Coefficient versus Propeller Advance Coefficient
as Computed for TMB Model 4198 and Propeller 2861A
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0.04

0

o

C.

Q,

OJ

-0.04 1
0.60
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As is seen from the tabulation, the integrated experimental pressure defect gives a

reasonable value of 0.075 for tp while the computed results are about 3 to 4 points too low.

Only a marginal improvement in estimating thrust deduction is obtained for the equivalent

body compared to the result for the bare body. The limits of integration used in computing

t were from x = 0.80 to x = 0.96. It was not possible to obtain pressure measurements far-

ther aft for the experiments with the propeller in place. Since the slopes of the sectional-

area curve are small from station x = 0.96 to the propeller disk at x = 0.975, only slightly

lower values for t result compared to those that would be obtained by extending the upper

limit to the propeller disk.

To complete the analysis of the results shown in Figure 4, the following explanations

are given for the relative positions of the three pressure distributions without propeller. In

the region somewhat ahead of the stern ending (X/L = 1) the measured real viscous P/qo is

higher than that computed for pure potential flow. This result has been observed by

others6, 1 7 ,18 and could be related to the point of turbulent-flow separation at the stern.

Compared to the P/qo curve obtained by experiment without propeller, the results for

the equivalent body are too low due to deficiencies in the equivalent body concept and in the

method of calculation involving the theory of boundary layers in a longitudinal pressure gra-

dient. With reference to the computed pressure distribution of the equivalent body for the

propulsion condition, it leads to an under estimate of the pressure defect. Thus, the ade-

quacy of the mathematical representation of the propeller (for determining induced velocities

at points close to the propeller) in the present case may be questionable despite the fair

agreement of the absolute pressure distribution as calculated and measured.

CONCLUSIONS

The principal findings which have resulted from this study are:

1. For the body and propeller configuration considered, propeller interference (image) ef-

fects were small (e.g., maximum discrete source strength was three percent of the singularity

strength of the propeller).

2. Considering the displacement thickness of the boundary layer led to a more realistic

computed pressure coefficient at the stern ending; however, it does not seem that this con-

sideration gives an overall improvement in the present analytical results.

3. Propeller influence on the body pressure distribution was confined to the last twenty

percent of the body length.
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4. Integration of the experimental pressure curves produced a thrust-deduction coefficient

that agreed with direct force measurements. A similar comparison using computed pressure

curves resulted in thrust-deduction coefficients that were three to four points lower than that

measured.

5. On the basis of the comparison between experimental and computed pressures the uni-

form sink disk representation of a propeller and the equivalent body concept are open to seri-

ous question. Further analytical study of the concepts and methods of computation presented

here is definitely necessary.



APPENDIX A

DETAILS OF COMPUTATIONS

In connection with the pressure distributions computed for Model 4198, the following

computational details for Equations [71 and [8] are presented.

1. Contribution due to propeller - In the section INDUCED VELOCITY FIELD OF A

PROPELLER, propeller-induced velocities were nondimensionalized for comparative pur-

poses, in terms of the induced velocity at the propeller disk itself. Since only the front part

of the propeller acts like a sink, the actual sink strength density must correspond to the ulti-

mate slipstream velocity. For use in Equations [71 and [8], we convert these velocities in

terms of the undisturbed velocity Vo as follows:6, 7

V q q
q q V0

with

q (1 - w0 ) [-1 + (1 + CT) 1/ 2]
0

where Vq is the propeller resultant induced velocity,

q is the total surface sink input,

wo is the effective wake fraction, and

CT is the propeller thrust-loading coefficient.

Three values of the conversion factor q/V o were calculated using the experimental data ob-

tained at the following self-propulsion conditions:

Ja (1 - Wo) CT

0.722 0.74 1.411

0.818 0.74 0.904

1.031 0.74 0.267

2. Contribution due to discrete sources - In Figure 3 the five control points for the dis-

crete sources M were chosen at fractions of body length x (measured from the propeller plane)

as follows:

--------- - ~I
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Ij y Cos a

0.050

0.075

0.125

0.175

0.275

0.015370

0.018300

0.024150

0.029655

0.038605

0.99717

0.99470

0.99325

0.99320

0.99560

where y is the offset to a meridian profile and a is the angle between the tangent to the body

surface and the body axis. For the specific example of Model 4198,

sulting from Equation [7] for the unknown source strengths M. are
]

the matrix equations re-

v + 4218.6228 M1 + 698.3240 M2 + 49.7703 M3 + 13.5278 M4 + 3.1807 Ms = 0

Vn2 + 572.0963 M1 + 2964.7492 M2 + 158.9848 M3 + 28.3864 M4 + 5.1208 Ms = 0

Vn3 + 31.2601 M + 106.2433 M2 + 1703.6912 M3 + 173.9916 M4 + 11.8030 Ms = 0

Vn4 + 7.8563 M + 16.9403 M2 + 123.9944 M3 + 1131.6302 M4 + 35.0577 Ms = 0

V + 1.8125 M + 2.7786 M2 + 7.3243 M3 + 25.1696 M4 + 669.2430 M5 = 0

where the normal velocity vn induced by the propeller is tabulated below for the three propel-

ler advance coefficients previously mentioned.

Propeller Induced Velocity vn
(Inwardly Directed)

a 0.722 0.818 1.031

-0.014174

-0.004216

-0.000879

-0.001012

-0.000135

-0.009743

-0.00289 8

-0.000604

-0.000696

-0.000093

-0.003221

-0.000958

-0.000200

-0.000230

-0.000031

Computed source strengths M1 for

CT = 1.411) are:

the most heavily loaded propeller condition (Ja = 0.722,

_ _



M1 = 32.25139 x 10- 7

M2 = 7.74224 x 10- 7

M3 = 3.23658 x 10 - 7

M4 = 8.20027 x 10- 7

Ms = 1.55389 x 10- 7

These results show that in moving away from the propeller (from x = 0.05 to x = 0.275) the
source strength required to satisfy the boundary condition at the body surface, in the pres-
ence of the propeller, is reduced approximately by a factor of 20. A comparison of the pro-
peller source strength Mprop at maximum load to the maximum discrete source strength M1

M1
reveals - 0.032.

prop
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APPENDIX B

DESCRIPTION OF MODEL AND TEST PROCEDURE

A 15-foot body of revolution (TMB Model 4198) representing a Series 58 form with a
ten to one fineness ratio was used for the experiments and computable example. This model
is a well-streamlined form with maximum section located at station ax = 0.40, a prismatic coef-
ficient of 0.60, and zero tail radius. Table 3 gives the offsets and other geometric particulars
for Model 4198. A photograph of Model 4198 is shown in Figure 7. Piezometer taps were
located along the lower meridian at the following fractions of model length: x = 0.25, 0.30
0.35, 0.40, 0.45, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90, 0.92, 0.94, 0.95, 0.965, and additionally,
for tests without propeller, at 0.975, 0.98, and 1.00. Propeller 2861, a 4-bladed TMB stock
propeller with d/L = 0.0448, was located at station x = 0.975 for the propulsion tests.

Tests were conducted at approximately a 10-foot depth of submergence measured to
the body axis. At this submergence there were no calculated free-surface effects. Towing
was accomplished with a single strut whose towpoint was about 30 percent of the body
length aft of the bow. The arrangement of the propeller motor and ballast within the model
was that used for most routine submerged propulsion tests conducted at the Model Basin. 7

All tests were carried out at a 10-knot carriage speed.

A number of U-tube manometer boards were mounted on the towing carriage. Each
U-tube was partially filled with carbon tetrachloride containing a small amount of dye. One
leg was connected to a piezometer tap and the other leg was connected to a water-filled ref-
erence tank at atmospheric pressure. With water over the carbon tetrachloride on both sides
of the U-tube a more sensitive measure of differential head was obtained. Pressure measure-
ments were carried out in the following manner: Zero readings were obtained for each tube;
then, from a series of constant speed runs the equilibrium run was determined by observing
the maximum differential head. Normally, about five runs were necessary to reach equilibrium
for the 10-knot carriage speed.

Figure 7 - Series 58 Form, TMB Model 4198

__



TABLE 3

Offsets and Particulars for Series 58 Form, 'Model 4198

The present method of defining bodies of revolution is given in Reference 8.

X Y Y X Y Y

in. D in. in. D in.

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30
0.32
0.34
0.36
0.38
0.40
0.42
0.44
0.46
0.48
0.50

000.0
3.6
7.2

10.8
14.4
18.0
21.6
25.2
28.8
32.4
36.0
39.6
43.2
46.8
50.4
54.0
57.6
61.2
64.8
68.4
72.0
75.6
79.2
82.8
86.4
90.0

0.0000
0.1427
0.2029
0.2490
0.2873
0.3200
0.3485
0.3734
0.3953
0.4145
0.4312
0.4457
0.4581
0.4687
0.4775
0.4848
0.4905
0.4947
0.4977
0.4994
0.5000
0.4995
0.4979
0.4953
0.4917
0.4878

0.000
2.569
3.652
4.482
5.171
5.760
6.273
6.721
7.115
7.461
7.762
8.023
8.246
8.437
8.595
8.726
8.829
8.905
8.959
8.989
9.000
8.991
8.962
8.915
8.851
8.780

0.52
0.54
0.56
0.58
0.60
0.62
0.64
0.66
0.68
0.70
0.72
0.74
0.76
0.78
0.80
0.82
0.84
0.86
0.88
0.90
0.92
0.94
0.96
0.98
1.00

93.6
97.2

100.8
104.4
108.0
111.6
115.2
118.8
122.4
126.0
129.6
133.2
136.8
140.4
144.0
147.6
151.2
154.8
158.4
162.0
165.6
169.2
172.8
176.4
180.0

0.4818
0.4755
0.4684
0.4603
0.4513
0.4414
0.4305
0.4187
0.4058
0.3919
0.3768
0.3605
0.3429
0.3239
0.3036
0.2817
0.2582
0.2330
0.2060
0.1771
0.1461
0.1131
0.0778
0.0401
0.0000

8.672
8.559
8.431
8.285
8.123
7.945
7.749
7.537
7.304
7.054
6.782
6.489
6.172
5.830
5.465
5.071
4.648
4.194
3.708
3.188
2.630
2.036
1.400
0.722
0.000

Model 4198

Serial 40050060-100

Formula:

y 2 = ax + a2
2 +a3

3 + a 4 +a 5 5 +a 6 x6

where a = 1.000000

a2 =+ 1.137153

a3 = -10.774885

a4 = +19.784286

as =- 16.792534

a6 =+ 5.645977

Wetted Surface Coeffi

LCB,J= 0.4456

Model Particulars:

Length, ft
Diameter, ft
Nose radius, ft
Tail radius, ft
Wetted surface,
Volume, ft 3

LCB, ft

ft2 =

cient = 0.7303

15.0000
1.5000
0.0750
0.0000

51.622
15.9043
6.6840
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