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ABSTRACT

The results oi experiments Wit a svyitetrnt!c cesf.- r 24 mathk y-z

lated streamlined bodies of revolution, showing how the resistance of these bodies at

deep submergence varies with changes in five selected geometrical parameters, are pre-

sented. These geometrical parameters are the fineness ratio, the prismatic coefficient,

the nose radius, the tail radius, and the position'of the maximum section.

The characteristics of the series forms, the techniques used in testing, the pro-

cedures used in analyzing the data, the methods of predicting prototype performance, and

the means used to show relative performance are explained. The results of tests of

four models at near-surface or snorkelling conditions are also included.

The series forms are compared on an equal volume basis including the estimat-

ed added resistance due to control surfaces necessary for prescribed directional stability

characteristics. These comparisons indicate that there is a large variation in submerged

resistance among these forms and that there is a definite minimum resistance on each

paramneter variation except for the nose radius.

INTRODUCTION

The Bureau of Ships requested1 the David Taylor Model Basin to con-

duct a broad investigative program on the resistance of various shapes of

underwater bodies, in order to provide basic data for the hull design of high-
submerged-speed submarines. The investigation was intended not only to cover
bare-hull performance but also to consider the effect on resistance of those

control surfaces that are necessary to meet certain directional-stability

requirements.

The David Taylor Model Basin had previously made a survey of the

l +teratur- and existirng aeronautical data and incorporated its findings in a

memorandum which, because of its original limited circulation, is reproduced

in Appendix 1. The conclusion that was reached from this survey was that sys-

tematic data on the resistance of streamlined forms deeply submerged in a

Sfluid, was practically nonexistent. Consequently the Taylor Model Basin for-

mulated a mathematically derived series of bodies of revolution which was
designated Series 58. Twenty-four 9-foot models were constructed for the se-

ries. These were tested to determine their resistance at a submergence which

was deep enough to substantially eliminate free-surface effects.

A11 references are listed on vage M k of this report.
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The primary purpose of the resistance 
tests war to determine the

effect, upon submerged resistance, of the variation of five selected geometri-

e-- rr-e-ters which can be need to define the sha-e of streamlined bodeo

revolution.

The subject ratter of this report concerns 
the establishment of gen-

era)l criteria for designing minimim resistance 
forms for given service re-.

quirements. The characteristics and derivation of the 
series forms are given;

the methods of testing including the towing 
apparatus, the devices used to

correct for strut-interference effects, 
and the method of stimulating turbu-

lence are described in detail; the techniques for the reduction 
of model data

and methods for predicting prototype performance 
are explained; and suggested

considerations for the selectionr of the minimum resistancb form for applica-

tion to eubmarine design are given. The results of tests of four models at

near-surface or snorkelling conditions 
are also given to show their influence

upon the final selection of the optimum form.

.MA.CTERISTICS OP SERIES 58

The offsets of the models corposirng Series 58 are derived, by the

method described in Reference 2, from a sixth degree polynomial of the form

y = ax + a 2 x 2 + a x3 + ax 4 + a xs + a , here x is the nondimensional

abscissa anl y is the noniimensional ordinate. The arbitrary constants a1 ,

a 2 , etc., for each form are determined when the 
values for the geometrical

parameters are assigned. The geometrical paramcters which are varied 
are,

nondimensionally, the overall prismatic 
coefficient CP, the position of the

maximum section m, the nose radius ro , the tail radius r,, and 
the fineness

ratio L/D. The nondimensional offsets X/L vs. Y/D are the same for all fine-

ness ratios, once the other four parameters 
have been fixed. The nose and

tail radii are nondimensionalized by the following relationship:

D D

where r is the no!nitmensional radius,,

R is the dimensional radius,

L is the length, 3. .

D is the iam!; eer.

It should be noted that the nose-radius and tail-radius parameters

as used here do not apply merely to the 
extremit.os of the gven forms but

actually affect the shape of the whole form.3 
This is shorn in Figure 3 where

CoPl I IAL
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it can be seen that substantial changes of. prismatic of forebody and prismatic

Uf~erl. .1? evet L11-&%6 ......

A system of serial numbers Which describes the nondimensional forms

of the series has bee.n used. The serial number foe a given form generally con-

sists of ten integers which are read frcm left toright in groups of two 
to

denote the parameters in the followingorder: 
Position of maxim= section,

nose radius, tall radius, pristic coefficient, 
and ftipness ratio. Thus,

to illustrate the parameters and position 
of the dbecimal points, for a serial

-of 40050165-70,
m =0.40

Sr = 0.500
r = 0.10

Cp = 0.65
L/b = 7.00

When more than two integers are required to 
describe the parameter they are

placed in parentheses. Thus for a tail radius of 0.05, the serial- 
is 'given

as (005).
The forms of Series 58 are.defineq by five parameters and, assuming

that four variations on each parameter would 
be rcquircd to establish a curve

accurately,.it would require 4
s or 1024 models to give complete coverage.

Consequently, Series 58 wa's abbreviated by first selecting a-parent form 
which

would serve as an approx 'mate central point 
for the variation of each pa:ram-

eter. The parent selected was one having a serial 
of 40050165-7i ).'n-

two models based upon this parent were then 
constructed. The paramete,: r'

these models are shown in Table 1. One of these models, having an L/A) = 5.0,

was selected as a second parent and two additional 
models were constructed.

The characteristics of these are also shown 
in Table 1.

A complete table of offsets for each series 
model is given in Ap-

pendix 2. Each table includes the nondimensional abscissas 
and ordinates and

dimensional abscissas and ordinates for the construction of a 9-foot model.

Other pertinent data-such as the maximum diameter, volume, wetted surface,

position of the maximum section, position 
of the longitudinal center of buoy-

ancy, etc., including the rathemat4c4a equation for the forms-are also given.

Curves showing the variation of wetted-surface coefficient with the five pre-

scribed geometrical parameters are given in Figure 1. Curves showing how the

wetted surface varies on a fixed volume basis 
are shcwn in F igure 2.

It is interesting to note that when the comparisons are made on an

equal-volume basis, there is Cnl.y a small change in wetted surface with pris-

matic coefficient over the range of values covered. This is true even though

there is a substantilal change in the wetted-surface coefficients of these

cowerri-imr

~ I I
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TABLE 1

Trne GeomericaE Parameters for Modeis of Series 58

Model m ro  rl Cp L/D

4154 0.40 0.50 0.10 0.65 4.0

4155 0.40 0.50 0.10 0.65 5.0

4156 -0.40 0.50 0.10 0.65 6.o

4157 0.40 0.50 0.10 0.65 7.0

4158 0.40 0.50 0.10o 0.65 8.0

4159 0.40 0.50 0.10 0.65 10.0

4160 0.36 0.50 0.10 0.65 7.0

4161 0.44 0.50 0.10 0.65 7.0

4162 0.48 0.50 0.10 o.65 7.0

4163 0.52 0.50 0.10 o.65 7.0

4164 0.40 0.50 0.10 0.55 7.0
4165 o.40o o.050 0.10 0.60 7.0

4166 0.40 0.50 0.10 0.70 7.0

4167 0.40 0.00 0.10 0.65 7.0

4168 0.40 0.30 0.10 0.65 7.0

4169 0.40 0.70 0.10 0.65 7.0

41J70 0.40 1.00 0.10 0.65 7.0

4171 0.4 0 0.50 0.00 o.65 7.0

4172 0.40 0.50 0.05 0.65 7.0

4173 0.40 0.50 0.15 0.65 7.0

4174 0.40 0.50 0.20 o.65 7.0

4175 o.o40 0.50 0.10 0.60 5.0

4176 0.40 0.50 0.10 0.55 5.0
4177 0.34 0.50 0.10 o.65 7,0

forms vas shown in Figuro 1.

relationship:

where Cs

L
D

the
the

the
the

The reason for this can be shown by. the following

.C
8 itLDCs = W-

wetted-surfabe coefficient,

wetted surface,

length, and

raximum diameter.

.21
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where CO is the prismatic coefficient and -V-is the voiume.

Let the fineness ratio LAD = n. Then

C -

Or

-L = )III 
[51

Substituting Equatiorr [5] in Equation [2] and transposing

f113 ~1/3@711 ](6

rs 6_of n (6

is obtained. This is the general expression for obtaining the wetted 
surface

of all prototypes of Series 58. Now, if n and are taken to be constant and

all the remaining constant terms are collected and denoted 
by K, then

S KC.s = ° - (7]

(CP)

Substituting numerical values from Figure 1, for Cp = 0.55 and 
L/D = 7.00,

S K x 0.6954 = 1.036 K
(0.55)

and for C = 0.0 rnd L/D = 7.00,

-Kx 0.8094= 1.027 K
(0.70)

Thus there is only 0.9 percent difference in w.etted-surface 
area between the

C of 0.55 and the Cp of 0.70, a percentage that agrees 
with Figure 2. Or to

sumnarize, the wetted-surface coefficient varies approximtely 
as the two-

thirds power of the prismatic coefficient in the range 
of values covered by

Series 58.
The volumetric distribution on the series forms is shown 

in Figure

3 by curves of prismatic Of the forebody, CPF, prismatic 
of the afterbody,.

CPA, and position of longitudinal center of buoyancy, LCB, 
versus each of the

prescribed parameters for the series-with th' exception 
of fineness ratio

which does not alter these properties.

CL
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DESCRIPTION OF MODELS

The models for the series were constructed in the model shop at the

David Taylor Model Basin and were all 9 feet in length. All but two of the

models were built of Honduiras mahogany. Of the excepted two, one was made of

Alaska yellow cedar and the other of sugar pine. Mahogany was selected as

the preferred material for building the models since it was found to be more

impervious to water and consequently the models constructed of mahogany main-

tained their dimensions within a few hundredths of an inch without cracking

or checking, even when subjected to long periods of soaking.

The procedure for constructing the models was as follows: A block

was assembled from glued lifts cut from planks; the block was then turned on

a lathe and cut by a rotating cutting head which travelled along a longitud-

inal template defining the profile meridian of the form; a central cutout was

provided in the model to accommodate an internal dynamometer and forward and

after cutouts were made to accommodate the pads for securing the towing struts;

the cutouts were covered by 1/8-inch-thick sheet-aluminum plates which were

molded to fit the contours of the model.

4

A

L

I I ' - I

- .



9 c•.-be.

The procedure for finishing the models was as follows: The mahogany

was first sealed with marine wood sealer followed by paste wood filler and

tmen ruDoea witn ourlap or excelsicr. to remove the excess filler; after about

6 hours of drying time, the model was sprayed with Dupont 1991 lacquer sealer

and then sanded with sandpaper moistened with soapy water until a smooth fin-

ish was obtained; a final coating of Dupont Dulux examel, Ra-190, exterior

clear, was sprayed on the model and, when dry, was rubbed down with a rubbing

- compound. A photograph of a typical model is given in Figure 4.

FIgure h _ A Typical Model of Series 58

TEST APPARATUS AND PROCEDURE

The "TM Faired Towing Struts" were used to tow the series models

in the deep-submergence condition. The assembly of each of the two towing

struts consists of an internal supporting strut and an external fairing. The
internal supporting strut is pin-connected to the model at one end and clamped
to the floating girder of the resistance dynamometer at the other end. The

external fairing is placed concentrIcally about the supporting strut to shield

it completely from the flow. The fairing is free at the model end and is

fixed to a pair of rails, which are rigidly mounted to the towing carriage, at

the upper end.

The towing arrangement used for the tests is diagrammtically shown

in Figure 5. Two struts were used because a single one of the existing struts

did not have the torsional rigidity required to overcome the inherent dynamic

instability of the bare-hull models at the test speeds comtemplated. The

fairings of the struts were inserted into the model through deck-plate open-

ings-whinch had enough clearance to provide for the motion of the resistance

dynamometer and for possible side deflection of the internal strut or fairing.

C•%N1Ah
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A resistance increase was expected due to the Interference with the
- low about the models caused by the presence of the towl st-_.Co- -

y, It was necessary to construct a pair .)f dummy etruts in order to determine
the magnitude of this effect. The dummy-strut assembly is shown in Figure 6.

Figure 5 - Schematic Diagram of the Arrangement of the Model-Towing Apparatus t

*I
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The dummy struts are supported by a frame which is parallel to the towing

struts. The struts have the same cross section as the fairings of the towing

struts. Tney project at right angles to the supporting frame and are inserted

into the model In a manner similar to the fairings of the towing struts and,

like the latter, are not attached to the model. The arrangement of placing

the dummy struts at 90 degrees instead of 180 degrees to the towing struts was

selected for two reasons: First, because of the impracticability of support-

ing dummy struts coming up to the bottom of the model, and seconda, because it

was considered desirable to reproduce, in another plane, the original asym-

metry in flow about the model caused by the towing struts. It was assumed

from previous experienep that there wo
,, a be -. Adesurblo increase in resist-'

ance due to mutual interference in flow. between each towing strut and dummy

strut. The validity of this assumption is verified by the agreement in the

results of tests of 9- and 15-foot geometrically similar streamlined bodies

of revolution, which are discussed in a ,bsepent 'tion of thIs report..

For the purpose of stimulating turbulence, the model was prepared

for tests with a 1/2-inch-wide sand strip placed in the form of a circle,

around the no-e of the model at a distance of 1/20 of the length (of the mod-

el) from the nose. The strip was prepared by sprinkling 20- to 30- h sand

on a thin adhesive coating.

The procedure used in the testing was as follows: The smooth bare

hull was first towed at a range of steady-state speeds from 1 to 18 knots;

the test was then repeated for the model equipped with the sand strip. The

model with the sand strip was tested with the dummy struts inserted and then

with the dummyv struts removed but with the dummy-strut supporting frame down

(in order to obtain the net effect of the dummy struts alone). The tests with

the du=mmy struts in place extended only up to a speed of approximately 8.5

knots because the system was not stiff enough to maintain clearance between

the dummy strut and the edge of the cutout in the model at higher speeds.

Strut-interference tests were not conducted for all models since the small

change in strut-interference coefficient from model to model permitted accu-

rate interpolation and extrapolation.

The apparatus used to tow the models at the near-surface or snorkel-

1ing conditions consisted of a single towing strut,having a 4- by 1-inch ogi-

val cross section,which mwas rigidly attached to the model at one end and to the• ,Z

.
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floating girder of the resistance dynamometer at the other end. The strut

had no._e.xt'erfia fairnc. sothat senrn . .- , are e .

necessary to obtain the tare.

The procedure of testing was as follows: Each model, prepared with

a sand strip, was towed at a range of steady-state speeds from 1 to 18 Icnots

at each of three different depths of submergence. The depths were taken in

small increments about what .was considered to be a reasonable snorkelling

depth based on information from other submarines. The strut was then towed

alone over the same speed range at the appropriate depths to obtain the tare

resistances.

Separate tests of the models to determine the additions in resist-

ance due to sand-rouglhness and strut-interference effect were not made at the

snorkelling conditions. The means used to assess these quantities are-ex-

plained in the following section. Because of limitations in time, only four

models, embodying the variation of prismatic coefficient at a fineness ratio

of 7.0, were tested for near-surface resistance.

REDUCTION OF TEST DATA

The resistance-versus-speed values obtained from the tests of each

model were reduced to nondimensional form by the method of Reference 3, as

follows:

The total-resistance coefficient is defined as:

* C- Rt
C - -t

where Ct is the total-resistance coefficient,

Rt is the total resistance,

p is the mass density, and.

V is the speed.

The frictional-resIstance coefficient is obtained from the

Schoenherr formula

. log 0 (Re.C ) .yf Oo ,.

[8]

[93

where Cf, is the

Re is the

V is the

L is the

v is the

frictional-resistance coefficient,

Reynolds number, equal to '
speed,
overall length, and
kinematic viscosity of the basin water.

oeNnugr-~f~.
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This Is subtracted from the total-resistance coefficient to obtain theresidual-resistance coefficient, or

* 67 -_ .. .. .. .t o]
2

where Cr is the residual-resistance coefficient, and Rr is the residual
resistance.

The residual-resistance coefficient values were then plotted againstSthe Froude number, , and irregularities due to obvious test-spot discrepan-
* cies faired out. The 'Proude number was selected as the speed parameter for--fairing purposes even for the deep-submergence tests because, although themodels for these tests were towed at considerable depth, a small amount of. -ve-making resistance, which varies with Froude number, remained.

As mentioned previously, for the majority of the models four resist-ance tests at deep submergence were made: A test of the smooth mcdel, a testof the model with the sand strip for stimulating turbulence, a test of themodel with the dummj-strut supporting frame alone, and a test of the modelwith the dummy struts inserted into the model. To illustrate how the datafrom these four tests are used to obtain the nret residualrresistance coeff-cient, the data from the tests of Model 4165 are reproduced in Figure 7.

.- With Dummy Struts InsertedSCoefficent*e.5O ' .. ' L

- -3t h S w nsa r t r g F r o m o n" ,

0 0 30 40 u0 N1e0 0 so tor,nud Number. W/,o' I

-Ne C .
: l - ! ' '

I

Figure 7 - Sample Residual-Resistance-Coefficient 
Curves

The data vere derivel ftoz tests vith Model 4165.
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This is subtracted from the total-resistance coefficient to obtain theresidual-resistance coefficient, or- .. -.-- 
-. io

where Cr is the residual-resistance coefficient, and Rr is the residual
resistance.

The residual-resistance coefficient values were then plotted againstthe Froude number, n, and irregularities due to obvious test-spot discrepan-
cies faired out. The Froude number was selected as the speed parameter forfairing purposes even for the de -submergence tests because, although themodels for these tests were towed at considerable depth, a small amount ofwave-making resistance, which varies with Froude number, remained.

As mentioned previously, for the naJority of the models four resist-ance tests at deep submergence were made: A test ofl the smooth model, a testof the model with the sand strip for stimulating turbulence, a test of themodel with the dummy-strut supporting frame alone, and a test of the modelwith the dummy struts inserted into the model. T6 dstrate how the datafrom these four tests are used to obtain the neot re! iduA l-reisLnce coeffi-cient, the data from the tests of Model 4165 are reproduced in Figure 7.

Strst-trtee uergce ne-With riaey Struts tsemoted ......
, a.t..

model wih the du, y-stru supportngfram alone, Sand t etoth de
Strut- onc :fO ' J~Cd o e e.T clentstirae o w e t

10 20 3o *o so so 70 so o
Frowds Notiber V/djt. - ! - - .. . ..

Ip-Wtfh Se ds t t rip -Sae s.h o '1 !,t 6 it t

40 Jo 40 46 30 0 o 
7o .90 L I 1.8 LS $ 4 LT

.o... 

.- _Li 

_-b, V/£

Figure 7 - Sample Residual -Resistance -Coe-fficient Curves
7The data were derlive from tests with model 416c%.• ---- --- I-- .. ~~~~~.. ...... , :.... -- +---.... +......*-- 
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Examining first the results of 
the smooth-hull tests, it can 

be

seen that below a oroude number of O.7-corresponding to a Reynolds number of

&o iU , . -
ar :-- -. !" -"'I" o.v . .ni tive values below

a Froude number 0.k. Since the C, values were obtained 
by subtracting turbu-

lent Cf values from the Ct data, the drop in 
the Cr curve indicates the pres-

ence of laminar flow over part of the body. This is verified by the Cr curve

for the body when the sand strip is used to stimulate turbulence. Here the

C., curve is very nearly horizontal 
from low to high Froude numbers, 

except

for the hump, which is known to be due to wave-making resistance. The Cr

curve for the body with the sand strip is higher, however, even at high Froude

numbers. This is considered to be due 
to the added resistance caused 

by the

san itself. It is noted that above a Froude number of 0.7 these two C

r
curves are parallel. Thus, the difference between 

the Cr's in this area can

be taken as representative 
of the correction needed to 

compensate for the add-

ed resistance of the sand. 
The curve for the smooth body 

can then be amended

as shown by the broken line. 
The effect of the sand oeyond 

that caused by

turbulence stimu1tion will hereinafter be referred to as the "sand-roughness

coefficient," p12 SV2 whereARX is the resistance added by the sand.

If, now, the Cr curve for the model towed 
with the dumVmy-strut sup-

porting frame alone in place and the curve for the model i--ncluding th dummy

struts are taken as a pair, it can be seen that these curves are also parallel.

Consequently if the difference 
between these curves can be 

denoted as the

AR2
"strut-interference coefficient," 

p/2 SV2 , then the smooth-bare-hull Cr curve

can be further corrected to 
obtain the net Cr curve which is shownm in Figure

7, To summarize, net Cr = gross Cr minus sand-roughness coefficient minus strut-

interference coefficient.

To illustrate the validity of 
the aforementioned procedure, 

the re-

sults of tests of two different-sized, 
geometrically similar streamlined

bodies of revolution are shown as resistance coefficients in Figure 8. The

test results are for a 9- and 
a 15-foot model of a TMB-EPH 

form of a fineness

ratio of 5. As can be readily seen, after the respective sand-roughness and

strut-interference coefficients 
are deducted from the Ct curves derived from

the tests of each model, the net 
Ct curves, and consequently 

the net Cr

curves, in the area outside of the wave-making hump are identical. The fact

that the sand-roughness and 
strut-iiterference coefficients 

are Quite differ-

ent in magnitude for the two different sized models, (0.10 x 10" and 0.30 X

10-3
) for the 9-foot model and (0.05 x 10-3 and 0.05 x 10

-s ) for the 15-foot

model, and yet yield the same 
net Cr'S, is an indication of the accuracy of

CNPNOh.

I
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the test procedure and analysis technique. -Thus the results of the tests of

the 9-foot models can be used quantitatively with 
the same confidence as those

fvrn tpnt nf larv'-e, noreIS.

The method used to extrapolate the model data 
to obtain the effec-

tive horsepowers for geometrically similar prototypes 
for deep submergence is

essentially the same as the method of Reference 
3. The only difference is

that Cr is considered to be constant and independent of Froude number. The

assumption of the constancy of Cr for the deep submergence condition 
is based

on the following reasoning: As will be shomwn subsequently, the results of

tests of all models of Series 58 at deep submergence 
have indicated that the

Cr'S as defined by Equation [10] are sensibly 
constant over a range of Reyn-

olds numbers from 2 x 106 to 2 x 107, with the 
exception of the small wave-

making hump. It is reasonable to assume, therefore, that if the 
Cr does not

change over such a wide model range, where its dependency 
with Reynolds. num-

ber should be m6st pronounced, there will be no further change in the extrapo-

lation to full-scale Reynolds numbers, which are only removed from the high-

est model Reynolds number by a factor of the order 
of 10. Thus, the total ef-

fective horsepower is:
^ i _ .. 689)3

EHP t (Cr+ Cf + ACf) 2V 5511

w1here Cr is the net residual-resistance coefficient 
corrected for the sand-

roughness coefficient and the strut-interference coefficient,

Cf is obtained from the Schoenherr formula using the 
appropriate Reyn-

olds number based on the full-scale speed and length 
and on a kine-

matic viscosity corresponding to a standard sea water 
of 3 percent

salinity at a temperature of 59 F.,

ACf is the roughness-allowance coefficient and is taken, for the purpose

of this analysis, equal to 0.400 x 10
" as recomm.ended by the Amer!-

can Towing Tank Conference,*

p is the mass density of sea water at 59 F.,

S is the full-scale wetted-surface area,

V is the speed uhich, when kots are used, requires 
the conversion

factor of 1.689, and

550 is the conversion factor of foot-lb per. secbnd 
to horsepower.

*Recent star ardization trials have Indircated that a roughness-allowance coefficient of O.4 X 10"

is somewhat low evenr. for clean-tottom vessels treated with zinc chronate paint. Roughness-allowance

coefficients for vesbels treated with antifoulirng paints of hot 
or cold plastic are evenr higher. There

are very little existirg data on the roughn.ess of submarine hulls, It is recommended, therefore, that

vten sufficient roughness data are availabl , they be applied to adjust the MP values in this report,

if more accurate qew44tetve results are desired. In general, the merit relationships vill not be ma-

terially altered by a change of roughness-allowance coefficient.

_ __ 
__
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The method used to reduce the data from the model snorkelling tests

was as follows: The strut tare resistances were faired against model speed

-- A 6 t r -h r ... . Th r pria e fairea 'ares '.iere A Inen
subtracted from the test data values of gross resistance versus speed. The

tares were small, amounting to only approximately 8 percent of the total 
meas-

ured resistance. The resultant data were used to compute Cr'S using Equations

[8] and [9] and these Cr's were then p3otted against Froude number and faired.

An examination of the Cr curves for each model revealed that, below a Froude

number of approximately 0.25, the curves for all tested depths converged at 
a

single constant value. The difference between this value and the net Cr for

deep submergence was considered to be equal to the sum of the sand-roughness

coefficient and the.strut-Interference coefficiebt for the snorkelling tests

of the given model. This aszumed coefficient v.was then deducted from the

faired Cr curve values to obtain the net Cr-versus-Frouie number curves. The

EHP's were then computed by the method of Reference 3 using the net Crs.

PRESENTATION OF DATA

The data derived from the deep-submergence resistance tests of Se-

ries 58 arc presented in several different forms to facilitate immediate ap-

plication for various purposes.

First, to permit an indrependent evaluation, the data are presented

in Appendix 3 as total-resistance coefficients plotted against Reynolds number.

Test spots are shown for the model tested, with and without sand strips. Val-

ues for the sand-roughness coefficient and the strut-interference coefficient

are given on each set of curves. Data for the strut-interference coefficients

are given in Appendix 4 in the for na of Cr versus Froude number.

Secondly, the corrected, or net, Cr's plotted against Froude number

are shown as curves in Appendix 5. These curves demonstrate that Cr is con-

stant and independent of Reynolds' number at deep submergence, show the extent

of the wave-making resistance at the depth tested, and permit calculations of

the total-resistance coefficient, the effective horsepower, or various other

comparative resistance coefficients. The constant values for the Cr taken
r!

from each of these curves are restated in Table 2. .

To provide a means for readily obtaining the effective horsepower

for various prototypes of each of the series forms, curves of effective horse-

power versus immersed volume (or displacement In salt-water tons) are given

for various even speeds in Appendix 6. The EHP's in these curves have been

calculated for bare hull, to which a roughness-allowance coefficient of 0.4 x

10" has been added. Standard conditions of salt water at 59 F. were used.

_ilIW TIE 0
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TABLE 2

Net Residual-Resistance Coefficients for Series 
58 Forms

at: veep zawomergence

Net Net Net
Model Coefficient Model Coefficient Model Coefficient

4154 0.58 x 10-3 4162 0.17 x lo -  4170 0o.8 x 10-3

4155 0.36 41 3 0.-19 4171 0.13

4156 0.22 4164 0.37 4172 0.13

4157 0.13 4165 0.07 4173 0.13

4158 0.09 4166 0.28 4174 0.10

4159 0.075 4167 0.16 4175 0.32

4160 o.12 4 I 0.14 1 4176 o.41

4161 0.15 4169 0.14 4177 0.16

Curves relating the lengths to the volumes of the prototypes are also given

in Appendix 6.

The variation in EHP dile to the change in geometrical parameters is

shown by the UZ. ...rit curv ir Figures 9 to 14. The EHP's used to con-

struct these curves were calculated for prototypes having equal volumes, name-

ly 0O,000 cubic feet (corresponding to 1715 tons) of displaced salt water.

In each curve, submerged EHP's for a given form 
are expressed as ratios to

the minimum bare-hull EHP of the group of forms being compared. The ratios

are average values for a speed range of 10 to 30 knots and apply to any speed

in this range to within 1/2 of 1 percent, changing only because of the small

variation of frictional resistance coefficlent with Reynolds numbers. They

also apply Just as closely to any fixed volume 
comparison between volumes of

20,000 to 100,000 cubic feet. The ratioz are, in each case, plotted against

the geometrical parameter that is varied. Thus the advantage that can be

gained, in terms of percent, by the variation 
of these parameters can be read-

ily seen. The circle on each curve denotes the parent form.

The broken lines on the merIt curves indicate the IEHP-including a

calculated added EHP due to the addition of horizontal 
and vertical control

surfaces. The increase in EHP due to the addition of the control surfaces

was estimated by the following empirical relationship:

_ _ _ . . . ..
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FINENESS RATIO, L/D
Figure 9 - Merit Curve Showing the Effect of the Variation ofFineness Ratio, L/D, on EHP

The EHP's were. calculated for 60,000-cutic-foot protoLype operating In salt water of 59 F. using aroughness-allovance copfficiert of 0. x 10
" 

and a C for the 3eeply su merged c 4itiou which rasrbeen. corrected tor sand-rough.r.es and strut-interference effects. The EEP's are ezpressed as ratios
to the minimum tare-hull EP obtainr.ed in the giver. variation. The ratios are averaged over a speedrange of 10 to 30 knots. The troken line includes a computed ERP fnr hor:.cntal a4 vertical controlsrface -.

Tha cirle denotes the parent fnrm.
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Figure 10 - Mert Curves Showing the Effect of Variation of LorgitudinalPrismatic Coefficient, Cy, for an LA) of 7.0 on E!{P
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Figure I0-Merit Curves Showing the Effect of Variation of LongitudinalP0"Iratic Coefficient, C., for an L/D of .7.0 on ERP
Sao .norSi, Pliire 9.
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See note, Figure 9.
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Figure 13 - e'lrit Curves Showing the Effect of Variation of
Tail Radius, r , on EHP

See note, Figure 9.
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POSITION OF MAXIMUM SECTION, m

Figure 1!L - Merit' Curves Showing the Effect of Variation of
Position of Maximum Section, m, on EHP

See note, Figure 9.

EHP = EHP [1 + 2.3 t]

.52

f12]

is the effective horsepower for the bare-hull plus control

surfaces,

is the bare-hull effective horsepowver,

is the wetted-surface area of the control surfaces,

is the wetted-area of the bare-hull, and the factor

was obtained by averaging the results of tests to determine the

separate rei"stances of various types of control surfaces vwhen

in'stalled on different classes of submarines.

!.2 m

1.15

-r
IX~

0.

W

where EHP2

EHP

St
S
2.3
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This empirical factor (2.3) combines the effects of several varl- ..ables, such as the Inter$f M ef:t bet mi o--'cntrol surface and the--- . .hlf, the use of a Reynolds number based on the length of the hull instead ofa Reynolds number based on the length of the control surface, and differencesin boundary-layer thicIancsses or wakes in the neighborhood of the control sur-face. The resultant effect is a first approxirm t i on of the augmentation tothe total resistance of the hull due to the addition of the control surfaces.This approxinm-tion, although not accurate enough for a quantitative appraisal,serves the purpose of showing the effects of the addition of control surfaceareas on the merit relationships of Series 58. Although this factor is highcompared to control surfaces designed solely on resistance considerations, itis considered fairly represe'ntative'of present practical control-surfacedesign.

The required control-surface areas for the various forms are shownin Figure 15. Th I . Intt es given represent the total areas (both sides) ofboth horizontal and vertical control surfaces. These areas were prcdictedfrom the derivatives obtained from static-stability tests of Series 58 by themethod of Reference 4. The basic assumptions used in the derivation were: Adircctional stability index (dimensional = -0.02 reciprocal second), a con-stant volume of 60,000 cubic feet, radii of gyration equal to those of prolateeh±eids of the same length, and control surfaces having a span equal to themaximum diameter of the form under consideration.
The data deriVed from the resistance tests of models of Series 58at the snorkelling conditions are presented in several .ways. The net Cr'splotted against Froude number are shownm in Appendix 7, as curves for each ofthe tested depth-to-diameter ratios. These Cr'S permit the calculation ofEHP's for any geometrically similar prototype within the given range of depth-to-diameter ratios. For comparison purposes, the ElP's have been calculatedfor 60,000-cubic-foot prototypes operating in salt water of 59 P. at an as-sumed depth of submergence of 20 feet to the top of the hull at the maximumdiameter. These EHP's are shown plotted against speed for each prismatic co-effIcient in Figure 16 and as cross curves against prismatic coefficient forvarious even speeds in Figure 17. The EHP's of Figures 16 and 17 are ex-pressed, in Table 3, as ratios tc the minImum EH P for deep submergence foreach given speed. The purpose of this is to show the rmagnitude of the snorkel-ling EHP in percentages which are referred to the same basis as used in Figure10.
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m-u-TABLE 3Ratios of the EHP's at Snorkelling Condition to the Minimum EHP.at Deep Submergence for the Series 53 Variation ofPrismatic Coefficient at an L/I = 7.0The yH's have been calculated for 60,000-cubic-foot prototypes operating In salt

water of 59 F. at an assumed depth of submergence of 20 feet to the top of the bull
at the maximum diameter.

__ _EHP/EHPmin1

Speed in knots Cp ='0.55 C, = .60 c, = 0.65 C, = 0.70

12 1.179 1.074 1.060 1.149

'14 1.325 1.190 1.129 1.246

16 1.886 1.49o 1.319 1.305

18 2.852 2.415 2.278 2.195

20 3.483 3.067, 3.177 3.120

22 3.657 3.333 3.521 .

DISCUSSION OF RESULTS

The range of the geometrical parameters selected for Series 58 is

comparatively narrow; the forms chosen are principally those which might rea-

sonably be used for the shape of external hulls for high-submerged-speed sub-

marines. However, these forms may be applied to airships, high-speed tor-

pedoes, airplane fuselages, sound domes, and numerous types of faired hous-

ings. Extension of the series to include the more radical shapet required for

other applications has been deferred because of the limitation in time imposed

on the first phases of the project. In spite of the fact that the series is

restricted in scope, it is believed that Figures 9 to 14 will enable the se-

lection of-forms very near to the minimum EHP, within practical design limi-

tations. It will be noted that, although all of the forms of Series 58 may

be considered as being within the category of well streamlined shapes, sub-

stantial improvement in resistance can be made by the proper selection of geo-

metrical parameters even for such shapes. Other things being equal, bodies of

revolution having features such as parallel middle body or very blunt after

bodies can be expected to have higher resistances than the bo'4es contained in•

Series 58.

The variations of the EHP with the geometrical parameters which are

shown in Figures 9 to 14 apply in the strictest sense only to the particular

parent that is being varied. It is reasonable to assume, however, that the

resistances of other parent forms which are not too dissimilar will vary with

change of parameter in very nearly the same manner. Consequently, although

follo
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the subsequent discussion will strictly pertain only to the forms encopassed

A by the series, it will apply to other similar forms. The effects of the var-

- - ation of each gomM cal parameter on the M P for deep submergence are sep-

I arately discussed in the following paragraphs. The comparisons have been made

- on the basis of equal volume on the ass.umption that this quantity is of major

importance in the design of submarines. The data in the appendices will, how-

ever, enable comparisons to be made-based onJ.length, maximum section, or any

other geometrical criterion w-hich is suitable to a particular problem.

A •The effect of the variation of fineness ratio for constant volume Is

Sshown in Figure 9. It can be seen that the minimum bare-hull EHP occurs at an

S- L/D of approximately 6.5. A saving of about 7.5 percent is effected by chang-

- ing from an L/D of 10, which corresponds approximately to that of a convention-

al submarine design, to an L/D of 6.5. Fiure 2 shows that for a constant

volume of 60,000 cubic feet there is approxirmtely a 32 percent reduction in

bare-hull wetted-surface ara in g. from an LD of 10 to one of ~.0. Since

I the wetted-surface area is indicative of the amount of frictional EHP,. it is

apparent that, below an L/D of 6.5, the rate of increase in residual EHP is

greater than the decrease of the frictional EHP. This relationship is further

!demonstrated by Figure 18, in which the totlal, frLicti-onal, ar residual horse-

I powers for a speed of 30 knots have been plotted for 60,000-cubic-foot proto-

types of the various L/D's. The frictional EHP's increase almost linearlyat

a pronounced rate, whereas the residual EHP's tend to level off ab.ove an L/D

of 8.0. The comparatively sharp increase in residual EHP* at the lower L/D's

is probably caused by a thickened boundary layer due to the relatively greater

positive pressure gradients over the afterbody of the blunter forms. The

thicker boundary layers would result in a larger pressure defect over the tail

and consequently an increased pressure drag. The.effect of the addition of

I necessary control-surface area upon the location of the optimum L/D is small,

only shifting it to approximately 7.0.I "The.variation of the prismatic coefficient at an L/D of 7.0 causes

the most pronounced change in EHP of any of the parameters covered by the soe-

ries. It can be seen from Figure 10 that the minimum-bare-hull EP occurs at

Sa Op of approximately 0.61. The EHP at this point is approximately i5 percent

lower than that of a Cp of 0.55, and 10 percent lower than that of a C of

0.70. The changes are almost entirely changes in residual EHP, since the bare-1 hull wetted areas for prototypes of equal volumers are almost equal. The

'*The explarAtione offered in this report to account for the relative nnitudes of the residual EH's-

A for te various forms are based on a few prelimlnary observati=.al experiments conducted in the circu- .

latitn vaterchanrel of the Taylor Model Bas!n. More precise determination of the causes of form ry-

sistance on streamlined bodies vill form the sublect of future research.

C:MPl8eWIM.

CIfsV61 F .A1
ZZ



c .t'e Ya -

f-- t-7 L --

i ..j.- -

ri:: 2

I..---.

war% . I - - . ..

-1 z~: ~- - -L2 *j>:

j c ,- 0. 0 

t- = -T -F : ;-.1 +1=-

!74;4.T -

t-- -A T o1000

... . 7- . - -- -....

-- - I ' - - - ---I .. . ",t- ..

i . . I

-- .1- ;~ : zr F .-.- 1' 71. --:--.Iql¢

'Li'_ri 7:21;:::.---

0

00.0

-7-- -L f~
I .I .. m 0.40 .

.-.] .-I-T-:- r, " o-so -
r*0.10

CO * 0.65 1000

5.0 O 7.0 80 9.0 to0

Fireness Ratio, L/0

Figure 18 - The Relationship of Total, Frictional, and Residual EHP's
for 60,000-Cubic-Foot Prototypes Derlvcd From the L/b Variationof Series 58
T-, valucs are for a speel of J0 krnots. The toutal and frictional EBPs " clude a rug.ness-

allowance coefficient of 0.4 x 10
"

. The residual EIP's have been computed from net Cr'a which

are for deep su~=mrrence arA are cor-rected for sard-roughnes and strut-inter:erence effects.

relatively large residual EHP on the Cp of 0.55 is probably caused by a rapid

change of slope of the afterbody which produces adverse pressure gradients and

consequently a thi..kened bourOar~, layer.. The addition of control surfaces

does not raterialy alter the position of the optitrnum Cp.
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The variation of EP with Cp at an L/D of 5.0, shown in Figure 11,
differs somewhat from that at an L/D of 7.0. Although the minimum occurs at
nearly the same value, Cp = 0.60, the bare-hull EHP at a C of 0.55 is only
4 percent higher than the minlinn._
probably due to the fact that even at the optirum Cp for an L/) of 5.0, a sub-
stantial amount of form resistance exists. Consequently, since the boundary
layer at the tail is already relatively thick, it is reasonable to expect that
the thickness of the boundary layer would not be as sensitive to changes of
form as is the case for an L/D of 7.0. The addition of control surfaces does

not materially alter the position of the optimum Cp.
The effect of the variation of the nose radius is very small over

the range of values tested and consequently the choice of this parameter is
-not critical. The nose radius of 0.5, used on the parent, appears t.o be most

satisfactory and it does not seem to bLe advisable to use a nose radius greater
than 0.8. The change of nose radius produces a substantial change in forebody
and afterbcdy prismatic coefficient and in the position of the LCB as shown
i. Figu.re 3. The iatter parameters could be substituted in place of the scale
for nose radius in Figure 12-or used interchangeably, to show that those param-
eters have little effect on resistance over the rango tested. The fact that
the LCB can be moved quite considerably without much effect upon resistance

..... +Ia A04,ner considerable latitude in making h's choice of form. The

additional resistance computed for tall surfaces does not alter the relative
effects of the nose radius.

The variation of the tail radius over the range given in Figure 13
does not result in any significant changes of resistance. The tail radius of
0.2 appears to be most satisfactory for the parent, having a C P of 0.65, be-
cause it results in a more gradual afterbody taper. This probably would not
be true at lower Cp's. The addition of control surface areas does not alter
the relative comparison of Figure 13.

The position of the maximum section, as shown in Figure 14, does not
appear to be critical over the range covered by the series. For the parent
used, the optimum position of the maximum section appears to be approximately
0.36. The change in bare-hull EP is only 3 percent from an m of 0.36 to an
M of 0.52. The addition of control surfaces does not -matarally alter Lhe op-
tium position of the maximum section.

At snorkelling depths, the effect of the variation of geometrical
parameters on EHP is more pronounced, since the effect ofwave-making relst.

*ance due to surface proximity is also included. As seen in Figure 17 and in
*Table 3, the choice of the optimum Cp for snorkelling depends upon the speed
* that is contemplated. At speeds below 12 lnots, the Cp for minimum EHP

* • i I
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approaches the optimum Cp for deep submergence and consequently the choice of
Cp for both conditions would be the same. At speeds of 1 to 17 knots, a C,.

of approximately 0.65 would be more desirable for snorkelling, and if these

speeds were contemplated, the relative advantage of using the best Cp for deep

submergence or that for snorkelling would have to be considered in the design

of the hull form. It is assumed that snorkelling speeds above 17 knots are

impractical at the present time. It is nevertheless of interest to note the

effect of C at higher speeds, since the optimum Cp for deep submergence is

once more approached. It should be noted, from Table 3, that at a speed .of

I 22\ knots the bare hull EHP is of the order of 3 1/2 times the EHP at deep

I submergence.

The selection of the minimum resistance form must be done advisedly,

even within the scope of the series. Since the variation of geometrical param-

eters has in each case been made from a common parent, the effects of each

rnraeter are not necessarily add itivc. For eample, the nose or tail radius

most suitable for the parent form is not necessarily right for the body of

I optimum Cp. Furthermore, the optimum form may not be unique in that several~Pe
I combinations of the five parameters used in the series may result in equally

I good resistance forms.

I Based on the preceding factors, considering.also the effect of the

addition of control surfaces, and assuming a design snorkelling sp.eed below

12 knots, one possible optimum resistance form is one having an L/D of 7.0,

I a Cp of 0.61, an ro of 0.5, an r1 of 0.1 and an m of 0.36. The r, of 0.1 was

selected, inristead of the 0.2 indicated by the series results, because the

latter value is not compatible with the other parameter changes. Since there
.are only small changes involved in going from a Cp of 0.61 to a Cp of 0.60

and from an m of 0.36 to an m of 0.40, Model 4165 with a serial of L0050160-70

- has a form that has a resistance of only approximately 1 percent higher than

the selected minimum resistance form.
A comparison of the selected minimum resistance-form from Series 58

with other existing streamlined bodies of revolution on ,the basis of equal

volume reveals the following: The optimum form has approximately a 3 percent

I . lower bare-hull EHP than the British R101 with an L/D = 5 (TMB Model 4184),
and approximately a 6 percent lower bare-hull EHP than the TMB-EPH form with

an L/D = 5 (TB Model 4149). It is especially interesting to note that if the

i merit curves of Series 58 are entered with the geometrical parameters of the

R101 and EPH forms mentioned in the foregoing, the EHP difference is identical

to that obtained from the actual tests of these two models, i.e., 3 percent.

Furthermore, if the R101 form is compared with the Series 58 form having the

*same geometrical parameters, the resistances are very nearly equal.
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It should be emphasized that the optimum form suggested herein is
based solely on the resistance performance, which includes the effects of the
control surface area reouired. or c erta~ Ir .... vpi iors.
The effects of hull shape on propulsive performance will undoubtedly play an
important pr~t in the final selection of the optimum form. It is-conceivable
that the use of a form of lower fineness ratio or fuller afterbody than indi-
cated for minimum resistance may improve the uake and thrust deduction so that
a higher hull efficiency is obtained, which will result in a lower shaft horse-
power than that obtained w.Ith the minimum resistance form. Furthermore, prac-
tical considerations such as machinery layout, military characteristics, etc.
will alsd enter into the determination of the final form.

Programs to study the effect of variations in hull form on propul-
sivc characterictics are being plartned as an "extension of the .vwork with Series
58 and will form the subject of future reports.

CONCLUSIONS

The results of the experiments with Series. 5 show that the sub-
merged resistance of streamlined bodics of revolution, whose section area
curves may be represented by sixth degree polynomials, wIll vary with changes
in the geoetrical parameters which are used to define these bodies. The
EHP of equal-volume prototypes of Series 58, equipped- with horizontal and
vertical control surfaces, changes within the range of geometrical parameters
covered by the Zeries as follows:

1. Fineness ratio-The maximum change is approximately 12 percent and
there is a min-mum EHP at an L/D of 7.0.

2. Prismatic coefficient, L/b = 7.0-The maximum change is approximate-
ly 15 percent and there is a minimum EHP St a Cp of 0.61.

3. Prismatic coefficient, L/D = 5.0-The maximum change is approximate-
ly 4 percent and there is a minimum EHP at a Cp of 0.60.

S4. Nose r ,,i n -- e maximum change is approximately 2 percent and there
is a minimum Ei- at an r of 0.5.

5. Tail radius-The maximum change is approximately 1 percent and there
is no definite minimum EHP indicated.

6. Position of maximum section-The maximum change is approximately 5
percent and there is a minimum EHP at an m of 0.36.

*A minimum resistance form based on the preceding relationships is -
one having an L/D of 7.0, a Cp of 0.61, an r0 of 0.5, an rl of 0.1, and, an, 1't
of o.36.
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APPENDIX 1.

I.EXORANDUM REVIEWINC THE INFO.RMATION AVAILAT. BLE ON

STREAMLINED BODIES OF REVOLUTION
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C-A9-17 WASHINGTON ?, D..

(5 CM~r)
CONlDE717MACON EIAL 3 May 1948

MEMORANDUM

To: Officer-in-Charge of Hydromechanics Department

Subj: Reseaich T2 S-D 5142/46 - Hydrodynamics of High-Submerged-Speed Submarines -

Resistance of Streamline Forms.

Refs: (a) T.B Conference of 25 Mar 46 attended by Dr. Kennard, Mr. Landweber,

Mr. Kirstein, Mr. Gertler, and Mr. Abkowitz of TMB.

(b) BuShips Conference of 30 Apr 46 attended by Captain Weaver, Comdr. Tilburne,

ar Mr. Neldermair of BuShips and Mr. Kirstein, Mr. Gertler and Mr. Abkowitz

of TMB.
(c) T13 CO.N? Itr C-SS/Si-2(5). C-A9-17 of 3 Aug 46.

'd) "Nodern Developments in Fluid Dynamics," by S. Goldstein,,Volume II, Chapter

XI, Section 2 (1939).

Encl: (A) SBibliography of tho Resistance of Streamline Bodies of Revolution, 4ated
31 Jan 47.

1. The purpose of this memorandum is to review the steps taken by the David Taylor Model

Basin in the basic research phases of the Program for Investigation of Hydrodynamics of

High-Submerged-Speed Submarines, designated as Project SRD 5142/46. In addition, general

remarks concerning the state of available experimental data on streamline bodies of revo-

lutcion are made and systematic series models are proposed for testing in order to further

this knowledge. The discussion which follows is concerned only with the phase of the pro-

gram which deals with factors affecting the resistance of these forms. Stability, con-

trollability, and propulsion are not considered herein.

2. At the inception of the High-Submerged-Speed Submarine Program, a conference, efe.ence

(a) was hell, to determine the course of action to be taken. It was decided, at this time,

that data obtained from wind-tunnel experiments on airship forms might be directly appli-

cable to the ideal submarine form for exclusively submerged operation. It-was suggested,

therefore, that a complete bibliographical search on this subject matter be made before

a., ax-pr~imu.tal program of basin tests was planned.

3. Pursuant thereto, a detailed search of all available sources was made and the bibli-

ography contained in Enclosure (A) was assembled. The bibliography has been divided Ito

two categories; one of which is experimental and deals with the results of tests on

b
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streamline bodies of revolution i. wind tunnels, model basins, and on full-scale trials

to obtain resistance and related data. and the second which 
contains papers by various

autherit4es on hydrodyna givi-0 a thecretica' Ofa.. .f the ca= zubject :::atter.

4. A study made to dtermiil*the value of these experimental data revealed that in

general one or more of the following conditions were present which rendered them unre-

liable as bases for the proposed program:

a. The values of total resistance coafficient (Ct = where Rt is the
P/2 S V9

total resistance, p is the mass density, S is the wetted surface area, and V is the

speed at any given Reynolds number , where V is the speed, L is the overall length

ar w is the kinematic viscosity)for the same model tested in different wind tunnels

varied over a wide range. This was due to the various degrees of turbulehee in these

tunnels.

b. The curves of total resistance coefficient versus Reynolds number 
for the same

model in the same wilr tunnel varied greatly when different means were used to artifi-

cially stimulate turbulence. The curve- did not converge at a given value as normally

occurs when the drag experiments are conducted in water. The drag coefficients ob-

tained from tests in an undisturbed Al ,tream and those obtained from tests in an air

stream with turbulence induced by wire grids placed at different 
positions relative to

the model differed as much as 200 percent.

c. Most of the available wind tunnel data were obtained at low Reynolds numbers

because of the small size of the model used and the low air speed. As a result, most

of these data were obtained under conditions of either laminar 
or transitional flow.

d. The few wind tunnel tests made at high enough Reynolds numbers to ensure tur-

bulence without the use of artificial stimulation produced too few experimental obser-

vations to discern a trend in the data.

e. As far as can be determined, there .have been no tests of systematic series of

streamline bodies of revolution conducted in the wind tunnels. The majority of the

tests were made either on specific airship designs or isolated 
cases of streamlined

bodies of revolution. Very little or no attempt was made to relate the effect of var-

lables of size and shape to resistance.

f. The full-scale data available were obtained from decelcration tests 
and the

approximations relied upon make these data unreliable for any basic 
study.

g. The model basin test results which are available are inadequate because of

the use of small models, low towing speeds, and failure to take accurate temperature

readings. As a result, most of these data were obtained under trenr-tional flow con-

ditions. The following excerpts from Reference (d) confirm some of the above men-

tioned statements:

"Before ,that date (1929) much experimental work had been conducted on stream-

line bodies, but (for lack of facilities as well as knowledge) the Reynolds numbers

were as a rule so low that the results are of little practical value.
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in most of the fairly numerous experiments made to determine the effect of the
variation of fineness ratio. the Reynolds number has been of the order of 1 0s or 10o so
that the boundary laver -has in n1 it .... - ::m ,i~r" ano partly t bulent

"Other experiments have been unsatisfactory because tne fineness rato has been
altered Iy the Insertion of different lengths of cylindrical body between the nase and
tail. It !s not clear what purpose such tests are expected to serve, since, given a well-

* shaped nose and tail and junction between them, it seems that the introduction of a cylin-
drical portion must increase the drag."

5. The iradec.uiz es of-the existrng data led the Taylor Model Basin to suggest to the Bu-
reau of Ships in Reference (b) that systematic experiments of streamlined bodies of revo-
lutlon be conducted. It was agreed in this conference that, although these fos might
not be pract!iral for sub-mrinc hulls, the information gained from tests of the todles would
provide valuable guides for submarine hull design and add rmuch to the basic 1 -,rdge of *
the subject. As the outcome of this conference, provision f6r experiments on these forms
were Incorporated in paragraph 4a of Reference (c) as part of the general resea-si program

*fbr tle hydrod.ynamics of high-subm.erged-speed submarines.

S- o -.. odel aa* s conducted submerged resistance tests on the bare =lls of
zeveral 20-foot submarine models. These models were towed at high enough speels to ensure
ielikbie data. It uas noted that the value of residual resistance coefficient, C. R

- P/2 3 V
where R Is the residual resistance, was approximately the same for each model an! equal
to 0.0002. This suggests that. In streamlinc bodies having a length-diameter rat!o of from
"0 to 12, the prime factor which affects the resistance is the wetted surface area. It
should be mentioned, however, that the volumes of these models were not the same.

7. The variables which are likely to affect the resistance of streamline bodies of revo-
lution to the greatest extent expressed in non-dimensional form are: L*' L am 2L

L L# L2 La
where L is the overall length of the body,

h is the distance of the section of maximum diameter from the nose,
D is the diameter of the maximum section,
S is the wetted surface area, and
-* is the volume.

A systematic study of the effects of each of these variables can be made by a series of
models which would vary one of the variables at a time while the others remain ccrstant.
Since the differences of wetted surface area would be accounted for in the non-d'_iensional
coefficient, Ct -/--- , only the three remaining variables need be considered. Thus,

p/2 S V'
if three models were used for each of the variations, the resultant series would te corn-
posed of ?7 models. The number of models required might possibly be d1iminished by. testing
models at selected end points and determining whether the magnitude of the reslstance
changes warrant the testing of models at intermediate points.

8. Although it Is true that the relationships which arise out of such a series Cmay only
be strictly accurate for the particular family of forms tested, it is believed that the
general relationships 1II not deviate greatly in other similar families of reasonably
streamline forms. -

' , : ' . L: :. ... , ... v, ' - * . ' ; ''" ...... ... ...... .=- . ............. " ... ... . "' I
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9. I-n addition to investi.gating the.effects of the variables Siven above, it -may be 
desir-

...- V tl e-iso sh F7 " vsture at the nose, curva-ture at the maximum

section, curvature at the tall, and the slope of the longitudinal section at various points.

Consequently, the family of forms chosen for the series work should also be able to define

thece variations-

10. A family of streamline bodies of revolution which apparently setisfIes most require-

ents is being presently developed. The family is derived from the power series equation:

y2 =ax + a2 x
2 + a3 xs+ . . . an

where y is the non-dimensional ordinate, Y/b,

x is the non-dimensional abscissa, X/L, andr

a,, a2 , a3, etc. are arbitrary constants having numerical 
values which are dependent

upon the limitations imposed on the basic equation.

The degree of the basic equation is chosen to acconnodate the number of variables 
which are

used to define the shape of the body. Typical features of shape which can be specified are:

Curvature of the nose, maximuu section, and tail; position of maUimram section, and volume.

11. The lines qf investigation suggested for the bodies comprising the proposed series are

outlined as follows:

1. Res.istance tests at zero angle of trim, for

a. Deep Submergence

b. Intermediate Depths

e. Surface

2. Resistance tests at various angles of trim, for

a. Deep Submergence

b. Intermediate Depths

c. Surface

3. Boundary layer studies, at

a. Deep Submergence

*4. Point pressure studies, at

a. Deep Submergence

b. Intermediate Depths

c. Surface

Because of the amount of preparation and testing time required, it is proposed that the

boundary layer and point pressure work be confined to only one or two selected models.

It is also proposed to include tests of the series models equipped with various nose

shapes designed for the purpose of I mproving surface perfornance without serious detri-

mental effect on submerged performance.

r-I
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12, In addition to the tests of the hull forms, it is propbsed- that the design of append- _

ages be studied in conjunction with the series models in the following manner:

1. Resistance of dontrol sarfaces

a. Effect of size

b. Effect of shape

c. Effect of location

2. Resistance of conning tower assemblies

a. Effect of size

b. Effect of shape

c. Effect of location

3. Resistance of sound domes

a. Effect of size

b. Effect of shape

c. Effect of location

13. The details coicerning the series models, the most practical sizes of models and the

extent of the ceq-erine nt Sil I b d ct %-'Ae as theA-4 work progrezses.

M. GERTLER
Subrarine and Torpedo
Powering Group
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APPENDIX 2

()I np nrq piAv QDTV C

The Nondimensional Abscissas and Ordinates, the Di-

mensional Abscissas and Ordinates for a 9-foot Model, and other

Geometrical Particulars are Given for Each Form of Series 58 in
the Following Pages.
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Serial 40050165-40

inches

0.00
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.08
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.14
.16
.18
.20
.22
.24
.26
.28
.30

.34
.36

.48

.5 0

.52•u 6

.56
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*66
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.70
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.74
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.78
.80
.82
.84
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.P8
.90
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.96

1 .00

-5 -.

Formula:

y2 = ax+a2x+a 3x3 + a4 x4 + ax+ax

where a, = + 1.000000

a2. =+ 2.149653
a3 = - 17.773496
a4 = + 36.716580

as = - 33.511285
a = + 11.418548

Wetted Surface Coefficient = S
;rL D

0.00
2.16
4 .32
6.48

:61
10.80
12.06
15.12
17.2819.44
21 . 60

23.76
2 92
29.08
30.24
32.40

=,8.882
41 •or43.20
45.5
147.-q
51.81i
51 .140
514.0o0
56.16C oo5o. 8

62.64
6L.8o
66.96
69.1?
71 .28
73. 44
75.60c
77.76
70.92
82.08
84.24
86. 40
88.56
90.72
92.8895.0 2

97.20
99.36

101.52
103.8
1 . 84
106• 00

0.0000
.1439
.2059
.2537
.29374
.3272

.4037

.4226
388

.4526
U641
4Z37
4L1

.4A7

.4996

4997u98
.,968-

.4P44

.4q 7

.4882.48uk4

.47Q0

.474

.46 60

.4629

.45:)6

.447• 438

.4287
.4174
.4046
.3905
.3744
.3566
.3368
.3146
.2901
.2630
.2330
.2000
.1635
.1230
.0771

0.0000

0.000
3.8855..559
6. 507•922

9.626
f 0. 309
10. 900
11.410
11.848
12.220
12.531
-12.700
13.001
13.171

13.389

13" ;q
13.500
13.492
1 3. 162
13.4141
13.349
13.276
13.181
13.079
1 2.057
12.822
12.668
12.498
12.304
12.091
11 .848
11.575
11.270
10.924
10.544
10.109
9.628
q.094
8. 494
7.833

.101
.91

5.400
.415

3.321
2.082
0.000
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Model 4154

X v i.

= 0.7887

Longitudinal Center of Buoyancy

I

Modcl Particulars:

Length, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

Wetted surface, ft 2

Vo Iune, fts

Longitudinal center
of buoyancy,
ft from nose

x
=L

= 0.4044

9.000
2.250

0.2813

0.0563
50.18
23.26
4.180

C ___
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Model 4155 Serial 40050165-50

X/L X in YD Yininches inches PormO:.

0.00 0.00 0.0000 -0.000
.02 2.16 .1439 3.108 y2 -a.,X+ax 2+a 3 x

3+a 4x
'+a sx

5 + a xr
.04 4. .2059 4.447
.06 648 2537 5.480 where a = + 1.000000.08 8.64 .2934 6.33 I
.10 10.806 .3272 7.0 a2 = + 2.149653.1 15.12.96 3.7
.12 2 3 8.7 1a2 6 - 17.77349616 17.28 .4031 8.720
.18 19.44 .422 9.1.28 a = + 36.716580
.20 21.6o .4388 9.478
.22 23.76 .4526 9.776 a-=- 33.511285.24 25.92 .4641 10.025
.26 2 .08 .4737 10.232 a + 11.48548
.28 30.24 .4 815 10.400 a6
.30 32,40 . .4878 .10,536 .
.32' 34.56 .4925 10.638 Wetted Surface Coefficient =_
34 36.72 .4959 10.711
.56 38.88 .4982 10.761 A8.38 41.04 .4996 0lo.791 .781
.40 43.20 .5000 10.U00
.42 45.36 k0

?  10.794 Lorgitudinal Center of Buoyancy =.44 47.52 .496Li 10.770
.46 49.68 .498 1 o.31 = 0.4644.4 51.84 .4944 10.e79
.50 54.00 .4217 10.621
.52 56.16 .4y82 10.545
.54 58.32 .4844 10.463 MIodel Particulars:
.56 60.48 .4799 10.366
:58 62.64 • 9 10.258 Length, ft 9.000
.60 64.80 .4 92 10.135 Diameter, ft 1.80062 66.9 6 46 9 .999Q
.62 69." .45625 9.043 Nose radius, ft 0.1800
.66 71.28 .44 .672 Tail radius, ft. 0.0360
.68 75.44 .438 92 Wetted surface, ft2 39.75.70 75.60 .4287 9.6
.72 77.76 .4174 9.016 Volume, fts  14.89
.74 9.92 .4046 8.739 Longitudinal center 4.18076 b2.08 • 3905 8.435 of buoyancy,.78 84.24 .3744 8.087 ft frm nose
.0 86.40 .3566 7.703
.82 88.56 .3368 7.275
.84 90.72 .3146 .79,
.86 92.88 .2901 6.2b
.88 95.04 .2630 5.681
.90 97.20 .2330 5.033
.92 99.36 .2000 4.320
.94 101.52 .1635 3.532
.96 103.68 .1230 2.657
.98 1o0 .84 .0771 1.665

1.00 100.00 0.0000 0.000

.oo o .o o~ooo oooo.



;j~j

.74

I
I

I
I
I

ill
II

I

x 'L

0.00O. O0P
.02
.o4
o6
.08
.10
.12
.1 4

.16

.18

.22
24
.26
.28
.30
.32.54
.36
.36
.40
.42

S14T

46
.48
.50
.52
.54
.36
.58
.60
.64
66

.68

.70

.7274.76

.0
.82
P4

:86
.88
.90
.92
.94
.6
098

1.00

Sin
o . .

0.00
2.1-6
C.!2

8:64
10. d
12.96
15.12
1 7.2

0.
23.7625.02

32 .0L0
4r.56

4 f
4to".3.0 5,45.6 5147.2 ,

52 (,DOto" SO
7! .1
7.1 cxA

.

77 760

84.24
86.:088.56
00.72
92.88

95.0"
97.20
99.36

101.52
103.68

19:00

Seral 4005016 5 -60

vAi,

0.0000

2, 79

.3-282

.423.a s

.4526

700

-'9.7

71 1,6
.. 1 1

.07

.29025000

.1635.1235

. 0. ..077
.0000

. 9

.356

. 338

.2901

.2630

.2330O

.2000

.1 230

.o771
0.0000

-iL _ _ _ _ _ _ _ 1

0.000
2.590
3.706
4.5675.28
. 89o

8.347

8.7
8.67

6.8928.967

8.993

7.606.0008.99478.3548.527
8.809
-8 ;""y8.780

8.86 158.926
8. 98
8.993
0. Off)
8,995

8.7 898.718

8 .062

5,663

4.194
3.600
2.943

2.1141.33288

0. 0o7.73076.0o624734,
2.943
2.114
1.388
0.ooo

y2 .azx+a x+ax3 +a+ 4z*+a sz s5 +a x

where a = + 1.000000

a 2  + 2.149653

a3 = - 17.773496

a = + 36.71-6580

a. 33.511285

a6 =+ 11.4185418

tte.. Surface Coeffici-ent = S.

= 0.7766

Longitudinal Center of Buoyancy

Model ?art iculars:
Length, ft
Dit ter, ft

Nose radius, ft

Tail radius, ft

x

= 0.4644

9.00oo0

1.500
0.1250

0.0250
W'etted surface, fta 32.94
%l0.e, ft 3

LorngItudinal center
of buoyancy,
ft from nose

10.34
4.1 8o

- --- I &

CwMPIqwwEERTL

1-

Yodel 4156

i i

Ii
_.

___ ___ _ __ _ _'
Yin

1 12# Fria
, ,, " "O



51 C~N-NWAL

Serial 40050165-70

Formula:

.aI =a x+a 2 x2 +aX 3 +a 4 x* + a5sx 5+a x

where a, = + 1.000000

a2 =+ 2. 49653

a 3 = - 17.773496

a4 = + 36.716580

a s = - 33.511285

a6 = + 11.418548

0.00
.02

0.3
.10.06--
-12
.14
.16
.18
.20
.22
.24
.26
.28
.30
.32

71.

.36

.38
40
.116

.46

.50

.52

.54

.56

.62

.671.66.68.70

.972.711.76.82.814
.86
.88
.00
.92
.94
096

1 .00

Inches

0.00
2.16
".32

0.64o. SO.10.80
12.Q6
15.12
17.28
1 9.4 -,'-F

21.60 c
23.76
21.92,808
30.24
32.40
34.5b

38.08
11.04 
1:-3:20

1!7.5219.68
51 84
54. oo00
5t .16

:83260 48
St62. 6464.80

73.4-4
75.60

77 76

8,-"08o884.24
86.40

90.72
92.88
q5.04
97.20
99.36

101.52
103.68
10
.;. 841 -. 00

"v

0.0000
.141.39
.2059
.2537
.2934-
.32 2

A.3 5 l
.4037
.4226

.4526

.4641

.4737

.46515

.4878
S1925

.4959

.499.496

.500011007

.4968

.4944.14917
. 882

.4799

.4749

.4692

. 629
.457

.4388
.287
. 4174
.40146
3905

.31463566.3i 46.2901

.2630

.2330

.2000

.1635

.1230

.0771
0.0000

Yin
inches

0.000
2.220
3.177
3.9q14
4-527-

5.500
5. 91
6.229
6b520
6.7 §o
7.16o
7.309
7.429
7.. 526
7.599

7.7

7.72897.714

t903.7 77.8937.665
7.629
7.586
7 32

7 . 44
7.327
7.239
7.142

64909
6. J70
6. 1416440o
6.242
6.025
5.776

.5.502
5196

85k
4.476
4.058

2:
1 _
1.190
0.000

Iodel Particulars:
Length, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

Wetted surface, ft 2

Volume, ft 3

Longitudinal center
of buoyancy,
ft from nose

9.000
1.286
0.0918
0.0184

28.15
7.595
4.1 8o

IMFP4 IP5

Ipoel 4157

Wetted Surface Coefficient =
S

xL D

= 0.7714

x
Longitudinal Center of Buoyancy =-

0= 0.4644

51-



5ral 40C050165-80

Fcrm ula; : .

y2 =a 1 x"+a 
2

+a 3 +a 
4 -a5 :.Sa x

where az = . .0occzc-

a2  + 2.14 9653

a= - 17.773496

a4 = + 6. 716580o

a 5 = - 33.511285

a6  + 11.8548
a6 _ : ! , c:

v.etted Surface Coefficient = rL D

= 0.7727

Longitudinal Center of Buoyancy

,:odel Particulars:
eng,,, ft

Diameter, ft
!cbc ra*ius, ft

Tall radius, ft

W tted surface, ft2

Volu-e, ft
,3

Lon6itud J l center
of buoyancy,
ft from.nose

=

9.000
.1.125

0.703

0.01 O 41
24.58

5.81 5
4.180

A 1?3 r.

-od]el 415

iI
!

£i
l

AA

it

'i

eeMMENTr1ILAE T uAL

-I

c~i~naa~ilrt~ci~



serial 4005o 65-1oo

X in
inches

0.00
.02
.04
.06
.08
.10

S.12
.14
.16
.18
.20
.22
.24
.26
.28
.30
.32
./4
3b

.38

.40
.JU2
.44
S.46
.48
.50
.52
.54
.56
.60
.62
64.66

.68

.70

.72
74

.76

. 8.80
.82
.84
.86
.88
.90
.92
.94
.96
.98

1.00

YA/

0.00
2.16
4.32
6.48
8.64

10.80
12.96
15.12
17.28
19.44
21. 6o
23.76
25.92
28.08
30.24
32. 40
34.56
36.7?
3 .6 TZ
In .0 o
43.20

47.5?
49.68
51.84
54.00
56.16
58.32
60.48
62.64 .
64. 80
66.96
69.12
71.28
73.44
75.60
77.76
79.942
2.08

84.24
86.40o
88.56

92. 8
45.04
97.20
99.36

101.52
103.68
1 Og.84
10 .00

inches

0. 0000
.1439
.2059.2537
.293
.32 2

.3bl
LL037

.14226

.4388

.4526

.4541. '37
.o15

.925
. 959

.4982
.4996

.4968
.4944
.4917. 882
844

.4799. 179

. :4.Leoq2.462Q

.438

.4287
4174
4046
3905

.3566
3368

.3146
.2901
.2630
. 330
.2000
.1635
.1230
.0771

0.0000
* L 1 _________

Formula:

,a2 =a x+a 2x+a 3 +a x4 + asx +ax 6

wthere a1 = + 1.000000

a = + 2.149653

a. = - 17.773496

a = + 36.716580

S as =- 33.511285

a6 = + 11.418548

etted Surface Coefficient =

0.000
.54

2.224
2.740
3.169

4.3W
4.564
4.739
4.888
5.012
5.116
5.200
5.8
5.319
5.359
5.381
5.396

5.31

5.340
5.310
5.273
5.232
5.183
5. 1205.~ 29'

4.922
4,836
4.139
4 . 304.508
4.370

3.851

3.133
2.840
2.516
2.16o
1 .766
1.328
0.033
0.000

= o.7717

Longitudinal Center of Buoyancy

Model Particulars:
Length, ft

Diameter, tt

Nose radius, ft

Tail radius, ft

x

9.000
0.9000
0.0450
0.0090

'Vetted surface, ft 2 19.64

Volume, ft
3

Longitudinal center
of buoyancy,
ft from nose

3.722
4.180

X/L

S
irL D

_ ____
Model 4159

'"'x~- _~U\kL~;sr~uD11:^ -~ ;



Serial 36050165-70

Formula:

y 2 =-a., x+a 2 '%+ A L+ 5 4 a *x

where al = + 1.000000

= + 3.321200

a3 = - 24.678776

a 4  50.896o65

a. = - 35.840700

S6 + 15.3 2158

0. CO
.Z2
.04
.o06
.08
.10
.12
.14
.16.18
.20
.22
24

.26
.8
.30
.32
.34
.36
.38.

.50

.52

.4

68
.60
:66
68
.70
.72
.74
.76

.82

.84.86

.88

.90.
92
.94.96
.98

1.00

S0.00
2.16
4,32
6.48
0.0

10 8o
12.96
15.12
17.28
19.44
21.6o
23.76
208

30.24
32.40

41.0443.20

45.36
4. 52
49. 68
51 .84
54.00
56.16
8.32

W. 48
62.64
64,.8066.q6
69.12
7i .28
73.44
75.6o
771.76

2.08
84.24
86.40 o
88.56
90.-72

95.0'1
97.20
99.36

101.52
103.68
1 o;.84
101.00

0.0000
.1454
.2094
.2593
.3009
3363

.3669

.3932

.4156-5N

.4641

.50009.4749.4833.34915
.4995

.4995

.4867

.4827. 54785

.4741

.46?3

.&29

.4315

.4225
I.. €% ,.4", -51

.4 010

.3882

.3736

.3569

.3381

.3170

.0 2Q31665

.2366

.2034
.1665
.12
.0782

0.0000

f incheb~ inches

0.000
2.243
3.231
4.001
4. 642

5 895.6695-. o01

6.067
6.412
6 *.7 07
6.9

7.327
7.457
7.5 7
7. 079
7.707
7.714
7.707
7.6877.654
7.612
7.563
7.5 09
7. 47
7.383
7.315
7. 24i

.1 b20 °t
6 57
6 519

6 364'6.187

5. 9p
5.7
5.507
5.264.891
4.522
4.112
3.650o
3.138-
2.569
1 .31
1.207
0.000

1 1 1 7

Model Particulars:

Length, ft

Diareter, ft

1tcsc radius, ft
Tail radius, ft

Wetted surface, ft
2

Volume, ft3

Longi tudinal center
of buoyancy,
ft from nose

letteI Surface Coefficent =

x

=0.-4594
= 0.4594

S
irLD

= 0.7758

Loinitudinal Center of Buoyancy

9.000
1,286

0.0918
0.0184

28.20

7.595
4.135

L 1

Model 4160 •



55.o-

Model 4161 Serial 44050165-70

I in

Inches inches Formula: -
0.00

0.00 0.0 0 .000 0.000 y2Ma+a a X9, +a x4+as;s+axG
.02 2.16 .1428 2.203 1a= a a x+a + a x

.04 4.32 .202q -. 130.. o6 6.48 .2488 3.839 where a, + 1.000000

.0o8 8.64 .2868 4.425

.10 10.80 .3191 4.923 a2 - + 1;214218

.12 1 2.96 .3.1472 5.357
.1 15. .3715 5.732 a= - 12.683118

.1 17.28 .3927 .059

.18 19.44 .4113 6.346 a4  +.26.981999

.20 21.60 .4 271 : 6,594

.22 23.76 .4419 6.818 as = - 25.571605

.21L 25.92 .4533 6.994,

.26 28.08 .4637 7.154 = + 9.058511

.28 30.24 .4716 7.276

.30 32.4 .4194 7.396

.32 '1.50  .455 7.491 Wetted Surface Coefficient =

.34 36.72 .4901 7.562

.36 38. .8 1937 7.617 =0.7742

.38 41.04 .6497 7.663
.40 43.20 .4985 7.691
.1ak? 5.36.V 1 "9" 7.710
.4. 7.52 .000 7.710 LongitudInal Center of Buoyancy =--
.46 49.68 497 7.710.
.48 51.84 .49 87 7.94= 0.4707
.50 54.00 .4970 7.668
.52 56.16 .4941 7.633
S.54 58.32 .401 7585 Nodel Particulars:
.56 60.48 .48 7.

.58 62.64 .48 4 7. Length, ft 9.000.6 64.80 .4784 7.3U1
.62 . .47 2 7.-82 Diameter, ft 1.286.6 66.96 .4J2 728

.64 69.12 .146 1!9 7.173 Nose radius, ft 0.0918
66 71.28 .I7c71 7,052
.68 73. 4 4f75  .904 .Tail radius, ft 0.0184

.70 75.60 .4370 6.742 Wetted surface, ft2 28.1

72 77.76 .4251 6.559 vo e 7..74 •9Q .4117v6.352
.76 08 .3967 6.121 Longitudinal center 4.237
.78 84.214 .3800 5.863 of buoyancy,
.80 86.40 .3672 5.6 ft from nose
.82 88.56 .3405 5.25
.84 90.72 .3176 4.900
.86 92.88 .2923 4.510
.88 95.04 .26"5 4.081
.90 97.20 .2339 3.60T
.92 99.36 .200 3.092
.94 101.52 .1636 2.524
.96 103.68 .1230 .8
.98 12.84 .0770 1.1

1.00 10 .00 0.0000 0.000

.L- ,,,



cqmFpwvrX.

Serial 4805016 5-70

Formula:

S== l 4- a 4 2 +a sx+a 4x 4 +a s5 +a
3 4~ 5 . - .

where a. - + 1.000000

a2 = + 0.444725

a3 = - 8.919726

= + 20.564463

as = - 20.948573

a6 = + 7.859120

.00

.04
.06
.08
.10
.12
.14
.16
.18
.20
.22
.24
.26
.28

.32
.34
.3 0

.40
I..,%

.414

.46
.48
.50 -

.52

.54
.56
to.62

.64

.66

.68

.70

.72

.74

.76
A80
.82
.84
.86
.88
.90
.92
.94
.96
.98

1.00

0.00
,.16
4.32
6.48
8.64

10.80
12.96
15.12
17.28
19.44
21 .60o
23.76
2g. 92
28.08
30.24

34.56
36.72
38.88
41.04
43.20

r 2

47.52
49.68
51.84
54.00
56.16
58.32
60.48
62.64
64.80
6.96

69.12
71.28
73.44
75.6o
77.76

.08
84.24
86.40
88.56

95.04
97.20
99.36

101.52
1 03.68
10 o. 84
IV .00

0.0000
.11418,

.200.24 .3

.2812

.3120

.5388

.3621

.3824

.4003
.4161
.4299
.4420
.4526
.4-617

.4823
.4871

.49I4.4944

.4985.4997
.5000
.4997
.4913
.4967

4861
.4807
4-42
14 63

4Z3

4350
4.215
4062
.3890
.3697
.3484
3247298620Z

.2699
2383

.:2039
..166o
.1246
.0777

0.000C

0.000
2.188
3.093
3.777
4.339
4.8i14
5.227
5. 587
5.900
6.176
6.420
6.633
6.819
6.983

.7.123
7.350
7.
7.515
7.7 0

7. 691
7.71 0
7.7114

7.-93
7.663
7.623
7.5697 -00
7.1400

7.311
7.194

6.711
6.503
6.267
6.002
5.704
5.375
5.010
-.607

4.164
3.677
3.1
2.561
1.922
1.199
0.000

= 0.4783

Model Particulars:

Length, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

Wetted surface, ft
2.

Volume, ft8

Longitudinal center
of buoyancy,
ft from nose

9.000
1 . 286
0.0918

0.0184
28.14

7.595
4.304

fCNF ifn f t

Nodel 4162

XA,

S
7rL D

X irn
inches

Wetted Surface Coefficient =

Y/D

= 0.7742

Y in
inches

Lonzftudinal Center of Buoyancy =

_



:. in

a .nch

0.00
.02
.04
.06
.08
.10
.12
.14
.16.18
.20

.24

.26

.28
.30

.34

.36

.38

.10

.4.16
.48
.50
.52
.5.56

. o

.64

.8

'8
.70

.90.792.74.82.84.86

.90
:92 '
.94
.96

1.9

0.00
2.16
4.32
4,8

8.64
o10.80O

12.96
15.12
17.28
19.44
21.60
23.76
25.92
28.08
30.24
32.40
36.. 2

38 A
41.04
'43.20f-545.36

49. 8
51.84
54.00
56.16
58.32
60.48
62.64

63. 6
cO.12
71 .28'
73 - 1;
75.60
77.76

2.08
84.24
86. 40
88.56

95.04
97.20
99.36

101.52
1 03 .5
15. 04

0.0000
.1411
_1 985
. 241
.2764
.3060
.3314
.3535
.3729
.3901
4051
.4185
.4303
.4409
4502

.4585

.4724

.47-81
I4 fl-

485
.14912

.11967

. 4985

.4996
1 000'996
.4983
.4)61.4030

. 887

. 8 32

.584.45 6

.:4185.1012

.3817

.3600oo.33 }6

:3097
.2790.
.2462
.2103
.7710
.1277
.07 9

0.0000

0.0002.117
3.0 3
3.724
4.264
4.721
5.113
5.454
5.753

0.019
6.2501..7
6. 39

6.802
6.9467.0 7
7.1 7

7.288
7.376
7.454
'7.15117.521
7.579

4.663
7.691
7.708
7.7147.708
7. "88
7.654
7.666

7. 455
7.3507.222
7.072

6.66o
6.457
6.190
5.889
5.554
5.178
4.763
4.3053.79
3.2 r
2.63
1.970
1.217
0.000

Model 41-63

CUMEI&5N~r AIEU'

Y in

LonEtudi nal Center of Buoyancy

Model Particulars:

Length, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

Wetted surface, ft 2

Volume, ft .-

Longitudinal center
of buoyancy,
ft from nose

Foirniila:

y.2 a x+a x2 +ax +a X4 +a XS+a x

where a = + 1.000000

a = - 0.139160

= - 6.590919.

a 4 = + 17.669802

a = - 19.810192

a = + 7.870480

W.tf di Siirfacee Coefficient = -
i D

= 0.7746

X
=. -68

o. 04868

9. UU000
1.286
0.0918
0.0184
8.16

7.595
4.381.

. ,_, _~___

Serial 520501 65-70

A AA

2



Serial 40050155-70

Formula:

= ;. + a2x +a x c+ X'+a x5 +a x'

where a1 = + 1.000000

a = - 0.475347

as =+ o. 601504
8.564671

0.00
.02

.06

.10

.12
.14

.18

.20

.22

.24
.26
.08
.30
.32
.343
.36'
.38
.40
.42

.48

.50

.52

.58
6o
.

.66
- 68
.70
.72
74

.76

.82

.84
86

*.88
.90
.92
.94
.96-
.98
1 .00

0.00
2.16
4.32
6.48
8.64
o10.8o
.12.96
15.12
17.28
19.44
21.60a
23.760 :J,
30.24
32.I4034.56
38:

41 .04
43.. 20

4.36

51.00

56 .16
58. 3

62.64
64.80
66. 669.12
71 .2~73. 414q

77.76
9.92..o8

84.2m.
,..m

88.56
0o. 72

95.04
97.20
99.56
S01 .52
103.68
"o.8,00tO .O

M odel 416 r

58

X in
inchesX'

0. 0000
.1407
.1981

3084
.33583601
.3820
.4016
.4192
.4349
.4489
.4610
.4715
.4802
.4874
.4929
.4969
.4993

4970
.4931
.4878
.4810011'129
.4634. 4525
. 4404
.4271
.126

.370

.3629

.31445

.3255

.3050
2858
26?5

2244
.2040
.1840
.1643.
.1451
.1263
1073
.0860
.0618.o80000-0 0

iYA: I
0.000.
2.171
3.0o56
3.726
4.280
4.758

7.163
7.275940 19
7.409

:. 667.7037.92716'7.113
7.2975

6.1255.509

5.315.

5.0227. 20

7. 06,7.669
7 -7 03
7 714

3.78

3,08

2.8392.5357. 21
7.239

1.996.590

6.2

5.599
.315

5.022
720

3. M
3.147
2.839

2.239
1.94

0. Q53
0.000

Yin
inches

as = + 12.426215

a. = - 4.987703

S
Wetted Surface Coefficient = S

= .6954

Longitudinal Center of Buoyancy = r
= 0.4295

i

T4

IN

I

_

_ __ ___ 1_1__ _ __

I 

/

MNodel Particulars:

Length, ft

Diameter, ft

Nose radius, ft.

Tail radius, ft

Wetted surface, ft
2

Volume, ft
3

Longitudinal center
of buoyancy,
ft tfror nose

9.000
1.286
0.0918
0.0184

25.28
6.427

3.866

- --

--:: .:-- ~ ~-'~:~~""~"""""~~;~ -U",~~~-~. ti- ^-u~lil;~~l~..,,i _. ---L - ~_I:



Serial 40050160-70

Formula:

y -a x+a 2 x 2 + +a 3 xs3 +a 4 x 4 + asxs + a x

where al = + 1.000000

a 2 =+ 0.837153

a = - 8.585996

a = + 14.075954

a s =- 10.542535

a.= + 3.254.22 ,

0.00.02

.04

.06

.08

.10

.12

.14

.16

.18

.20

.34

.26

.28

.30

.342
.36
.38
.40
.42
.44.46

.58

.60

.62

.64

.66

.68

.70.72.76
.72

.82

.84

.86

.88

.90

.92

.94

.96

.98
1.00

0.00

4.32
6.48
8.64

10.80
12.96
15.12
17.28"
19.44
216023.76
2.92

2 .08
'(.24
32.40

38.88
41.04
43.20
45.36
47.52
49.68
51 .84
54.00
56.16
58.32
6o.48

,62.64
64.80
66.96
69.12
71.28
73.44
15. 6o
77.76
Z9.92
84.24
86.40
88.56
90.Z2
92.8
95.04
97.20
99.36

101.52
103.8
log. 84
10 .00

0.0000
.1423
.2020
.2476
.2855
.3179
.3462
.3710
.3930
.4123
.4260o
.4439

.4565

4 4 7
.47 5

.4944

.4976

.4994

.4 995
.4978
.4950

.4806

.4 139

.4580.4486

.4384

.4273

.4154

.4026

.38 0

.3711

.: 22

.32453059

.28 1
265

.2429

.2193

.1941-
.1672
.13 e
.0699

0.0000

0.000
2.195
3.117
3.820
4.405
4.905
5.341
5.724
6.063
6.361
6.573

.849
,7.043
7.211
7.352
7.469

C: 4A8

7.677
7.7o

.7.71z
7.707
7.680
7.637
7.577

7. 15
7.312
7.197
7.0o66
6.921
6.764
6.593
6. o09
6.21-2
6.002
5.7755.5 6

5.007
.420

4.. 14
-4.092
3.: 748
3.383
2.925

2.1 4
1.6
1.079
0.000

Model Particulars:

Length, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

Wetted surface, ft
2

Volume, ft3

-Longitudinal center
of buoyancy,
ft from nose

9.000
1.286
0.0918
0.0184

26.81
7.011
4.036

OO:;.-IuI-M.

I'
I-p.

Model 4165

A/ .L

Wetted Surface Coefficient =

x in

L D

- A-

= 0.7374

Inches

Longitudinal Center of Buoyancy = A

= o.484

I 1 I -- - -

-- --- I

-- - --

r.



Serial O40050170-70

Formula:

y2 = a x+ ax"+a '3 +a . 4+ a,x + a. x6

where al = + 1.000000

a2 =+ 3.462153

a = - 26.960996

a 4 = + 59.35721

a = - 56.48003

a. = + 19.62167

Wetted Surface Coefficient=

0.00
-.02
.04
.06
.08
.10
.12
.14
.16
.18
.20
.22
.24
.26
.28
.30
.32
.314.36
.38
.42

.44
46

.48

.50

.52

.54

.56

.58

.62

.64

.66
.68
.70
.72
.74
.76
.78.0
.82
.84
.86
.88
.90
.92
.94
.96 I
.98 I

1.00

0.00
2..16
4.32
6. 48
8.64
o10.8o

12.96
15.12
17.2'8
19.44
21 .6o
23.76
25. 92
2-,.08
30.24
32.40
34.56

41.04
0"3.20

5. 36
47.52
119.68
51.84,
51 .00
56.16
58.32
CO . 48
62.6 4

,2. 6 64.8 066.96
69.12
71 .28
73.144
75.60
77.76

2.08
84.24
86.40
88.56
90.72
92.88
95.04
97.20
99.36

101 .52
103.68

o05.84
1 o;. 84

0.0000
.1455
.2091
.2596
.3010
.3362
.3664
.3922
.41 41

* .4327.43 P7

.4611
4716

. 4799

.48 65

.4915

.4950

.14974
54'CO

.49949 8u

.4978.496

.4958

.4045

.4930

.4?12

.4862

.4825

.4780.4723'

.46514 6

.4333
4185
4010

.3807

.3573

.3306
3004

.2663

.2280

.1853

.1376

.0837
0.0000

0.000
2.245
3.235
4.
4.64 ,
5.187
5.653
6.051
6.309
6.676
6.917
7.114
7.276
7.404
7.506
7.583

7.711

.665

7.629

7.607.579
.545

7.5 o

7.176

":t? 
6.6857.9579

5.5437. 1

2.859
2.123
1.291
0.000

9.000
1.286
0.0918
0.0184

29.42

8.179
4.303

X/L

sr

inches

o.8oq4

Y/D

Longitudinal Center of Buoyancy = X
L

Y in
inches

= 0.4781

Model Particulars:
Length, ft

Diameter, ft
Nose radius, ft

Tail radius, ft

etted surface, ft a2

Volume, ft 3

Longitudinal center
of buoyancy,
ft from nose

- -- -- ---

Model 4166



Serial 40000165-70

Y InX/L ;

0. 00
.02.o or
.06
.08
.10
12

.16

.i8
30

.22t

.24

.26

.28

1L

.40
1.5

.62
64 1.5,

.6

.36; !.1.76

.8 

.90.92

.94

6 -5'.68
. 70
.7-

'71L

. 8 

.84

.88
.90
.92
.94 1
.96 1
.98 1

1.00 1

0.00
2.16
4.32
6.48

*-8.64
10o.8o
12.Q6
15.12
17.28
19.44
21 .6o
23.76
2;.92
2 .08
30.24
32.40
34.56
36.72
38.88
41.04
43.20

56

47.52
49.68
51 .84
54.00
56.16
5,8.32
60. 48
62.64
C4.80
66.96
69.1 2
71.28
73.44
75. 60
77.76
P. 922.0

84.24
86.40
88.56
90.2
92.
95.04
97.20
99.36
01.52
03.68
0 .00

* -* - y in

0.0000 0.000 2-a x+a.0643 0.q92 Y -azx+a
.1231 1.899
.1763 2.720 where aI =
.2243 3.461
.2673 4.124 a2 =.3057 4.717
3397 5.241 a =
.3695 5.1 ol
.395 b.102 a =
.41 y 6.446
.4367 6.738 a. =.4A27 6.985
.4-657 7.185 a. =
.4 63 7.34
.404 7.47.4
. 07 7.571- Wetted Surf
.4orsi 7. i;
.4§8C 7.68j3
.4996 7.708
.5000 7.714
ha g6 "7 0-0.996 7. 8 Longitudina

.498 7.691
4Q68 7.6 6
.4q48 t.63k
.49A 7.597
AM7 7.555.4370 7.51 Model Parti

.4839 7.466 Length, f.4807 7.417

.4772 7.363 Diameter,

. 2 7.301 Nose radi

.4 7.151 Tail radi

.402 .0 Wetted su

.4416 6.813 Volume, f

.4314 6.656

.4194 6.471 Longitudi

.40g 6.253 of buoya
.38 5.999 ft from
.3696 5.702
.31176 5.363
.3222 4,971
.2933 4.525
2606 4-.021 ,

.2237 .3. 451

.1823 2.813

.5 2.027
A36 1.281

0.0000 0.000.

2x2+a 3x3+ a4 x4 + a. 5 + a. x6

0.000000

+ 11.337153

- 50.335996

+ 91.950954

- 78.042535

+ 25.090422

ace Coefficient = SL• L D

= 0. 7688

.1 Center of Buoyancy

culars:
t
ft

us, ft
us, ft
rface, ft

2

to

nal center
ncy,
nose

x

= 0.4899

9.000
1.286
0.0000
0.o0184

27.95
7.595
4.410

!del ~1 67

C



~1

y2 ==ax+ax +ax +a .;+asx5 + ax'

Khere al = + 0.600000oooo

a2 = + 5.824653

a = - 30.798496

a =+ 58.810329

a = - 51.323785

a, = + 16.8872 97

0.00
.02
.06

.08

.10

.12
.14
.16
.18
.20
.22
.24
.26
.28
.30
.32
.34
.36
.38
.40
.42
.44

.40

.48

.50

.52
54

:56
58
:60
.62
.64
.66
.68
.70
.72
:74
.786.78
8o

.82
84
.86
.88
.90
.92
.94
.96
.98

1.00

0.00
2.16

6. 48
8.64

10.8o
12.96
15.12
17.28
,9.44
21 . 6o
23.76
25.92
28.08
3Q.24
32.40
34.56
38.8841.1 .04
43.20
45.36
147.52
49.00
51 .84
54.00
56.16
58.32
60.48
62.64
64.80
66.96
69.12
71.28
73.4475.60
77.76

1:i 92o884.24
86.40
88.56
90.72
92.88
95.04
97.20
99.36

101.52
103. 68
1 5.814
10..00

0.0000
.187
.1775

.2679

.3046
.33571
.3.655
.391
.4120
4'305

.4596
S.4705
.4 94
. .865
.4918

.4982
4.1 5.4792

.5000

.4996

.497

.45946

.420

.381•.3-98.4854
.4815
.4772
.4721

4670
.461 o
.?41
4 t63.4374.

.4272
.4023

: .2098.3871.36983503.3282.3o34.2756.248 4
. .2098

.1713

.1 83

.0795
0.0000

.... I'

O 000
1.831
2.739
3.485
4.133
4.700
5.201
5.639
6.0396.357
6. 92
6.887
7.091
7.250
7.396
7.506
7. 588

7.6847.70
7.714
7. 08
7- 9o
7.665
7.631
7.591
7.541
7.489
7.429
7.363

7.205
7.113
1.0066.886
6.7486 V186
6.207
5.972
5.705
5. 405
4.0644.681
4. 252
3.771
3.237
2.643
1.979
1.227
0.000

9.000
1.286
0.0551
0.0184

28.11
7.595
4.272

COONT'IL

x iniv/T.I

Wetted Surface CoefficienL = irL D

Y in

= 0.7732

x
Longitudinal Center of Buoyancy =

= 0.4746

-a---

Uodel Particulars:

Lcngth, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

Wetted surface, ft

Volume, ft
3

Longitudinal center
of buoyancy,
ft from nose

I

c6top 1, -1 I'-

Serial 40030165-70
Model .1 68



Serial 400701 65-70Model 4!169

X/L i n s

0.00
.02
.o4
.06
.08
.10
.12
.14,
.16
.18
.20

.24

.26

.28

.30

.74

.38

!In

rh.4?
4 4

.48
.50
.52
.54
.56
58
:6o

.62

.64

.6

.68

.70
.72
.74
.76
.8

.82

.84

.86

.88

.90
.92

.96

.9m
1.00

0.00
?.16
U.32
6.488.64

o10.80
12.96
15.-2
17.28
10.44
21. 60
23.76
'2. 92
-2 .08
30.24
79 2l32.4 '34. r-6
'--. *

7, 7
58.8
41.04
'.7 -m.,

45.36

47.52
49.68
51 .84
4.00

58..325r- i6Bo.o

62.64
C4.80
66.96

71 .2
73.44
75.60
77.76

82.0 op
84.2V1
86. 140
88.56
90.72
92.88
95.04
97.20
99.3b

101 52
103. 68
1o;.8
10 .00

Y/D

0. 0000

.2308

.3L188

.3748

.3974
.Li 66
.4330
.44 9
-.4587

.4687
S769
-.- 36

.4891

.49q 4•4.of

.4996

4997
.1986
.4968
.4941.4 14

.4876

.4833

.11783,

.4720

.4660

.4587411505
.413
.4311
.4199
.41073
"3935
.3-82.3614

.3429

.3226
.3005
.2763
.2119.9
.2210
.1896.1o90
.1553
.11 -61 0
.07460

0.0000

Y in I
inchles Formiula:

0. 00
2.552
3.561
..00

4.88
5.381
5. 783

S6.131 .'
6. 428

6.895
7.077
7.231
7..658
7.461
7.5467. 48
7 .657
7.690
7-708
7-714
7.710

7. 66

7.628
7.582
7 23

7.:7
7 .3-0
7.292
7.190

.077
6516.bog

6.651
6.478

6.28546.071

5.576
5.290
4.97
4.63

3.854
3.410
2.925
2.3g96
1.814
1.151
0.000

:y2 a x + a 2x 2 + 3 X3 +a 4 x+ aasx 5+ a x'

where a, = + 1.400000

a 2 = - 1.525347

a3 = - 4.748496

a = + 14.622829

as5 .= -. 5.6987385

a$ = + 5.949797

Wetted Surface Coefficient = S
irT. T)

= 0.7750

x
Longitudinal Center of Buoyancy =

0.4542

Model Particulars:

Length, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

9.000
1.286
0.1286
0.0184

Wetted surface, ft2 28.17
Volume, ft3

Longitudinal center
of buoyancy,-
ft from nose

7.595
4.088

COMP#F494 1*AL

i

_ ~___ LLi~-



Mode 410Sra 
410 5

Formula:

y 2 = a x + a ax + ax + a4 x + asx +a x'

where a1 = + 2.000000

a2 = - 7.037847

a = + 14.789004

a = - 18.517796

a, = + 11.019965

a = - 2.253328

0.00
.02.04

.06

.08

.10

.12

.14
.16
.18
.20
.22
.24
.26
.28
.30

.34
36

.38

.40

.42

.44

.46

.48

.50

.52

.54

.66
.68tob 2
.764
.766
.68
.70
.82.74.76

.82
.84
.86
.88
.90
.92
.94
.96
.98

1.00

0.00
P.16
4.32
6.48
8.64
o10.8o

12.96
15.12
17.28
19.44
21.60
23.76
25-92
28.08
30.24
32.40
34.56
36.72
38. 8
41 .04
43.20
45.36
47.52
49.68
51.84
54.00o
56.16
58.3?
60.48
62.64
64.80
66.96
69.12
71.28
73. 44
75.6o
77.7b

.08
84.24
86.40
88.56
90.7?
92.ss
95.04
97.20
99.36

101.52
103.68
So.84
10 .00

0.0000
.1031
2640

.3124

.3491

.3778

.4008
4196
4352

.4481

.4589

.4679

.454

.816

.4 68

.4910

.404

.496i

. 99749bb.4090

.50Q

.49 68

.4943

.4909
.467

.4817

.* 4 b

.4612

24
.4316

4062
.3917
.3760
S391

.3212

.3002

.2778

.2541
.2286
.2017
.1729
.1422
.1088
.0707

0.0000

X/L

0.000
2.979
4.073
4.820
'5.86
5.8
6.474
6.71
6.914
7.080
7.219
7.335
7.430
7.511
7.5757.66
7.665
7. b93
7.710
7.714
7. 10
7. 93
7.665
7.626
7.574
7. 09
7. 432
7.341
7.234
7.116
b-978
6.826
6.654
6.471
6.267
6.043
5.801
5-540
5.258
4.956
4.632
4.286
3.920
3.527
3.112
2.668
2.194
1.679
1.091
0.000

X In

Model Particulars:

Length, ft

Diameter, ft

Nose radius, ft

Tail radius, ft

Wetted surface, ftz

Volume, ft

Longitudinal center
of buoyancy,
ft from nose

Y/D

9.000
1.286
v.1837
0.0184

28.15

7.595
3.950

Y in
inches

e

Wetted Surface Coefficient =

= 0.7744

x
Longitudinal Center of Buoyancy =

- 0.4389

_

Serial 40100165-70
Model 4170



V.,

%aL r a I IM! -

Serial 40050065-70

Formula:

: 2. a,x+ax 2 +ax s + a4x'+a sx
s5+asx

where a, =+ 1.000000

a = + 2.449653

as = - 19.962385

a = + 42.424913

a = - 39.761285

a, =+ 13.849103

0.00
.02
.0

.o6.08
.10
.12
.14
.16
.18
:20
.22
.24
.26
.28
.30
.32
.34

.36

.38

.40

.42

.44

.46

.48

.50

.52

.54

56

.6o.62064
.66
.68
.76
.72
.74
.76

.0
.82
.84
.86
.88
.90
.92
94

.96

.98
1.00

0.v
2.16
4.32
6.48
8.64
o10.8o

12.96
15.12
17.28
19.44
2.1 .0;-1.1 . bO23.76
2g.922808
30.24
32.40
34.56
36.72
38.88
41. 04
43.20
45.36
47.52
49.68
51.84
54.00
56.16
58.32

62.64
64.80
66.96
69.12
71.28
73.44
75.60
77.76

2.08
84.2 2L
86.40
88.56
00.7292.88
95.04
97.20
99.36

101.52
103.68
105. 84
10 .00

0.0000

.206

.2550

.2951

.32 2.35 7
.38 1
.1060
.4P48
.4408
.4544
.4657
.4750
.4825
.4885.6930
i19b2O
.4962
498!

.14996

.5000

.4997

.4971

.4950
.g25

.485

.4819

.4062A 08

4 5 7
.4

.2520

.2190

.0992

.0517

C. 910001.37319
.7546

30 8

.2520

.2190
.1827

.0992

.0517
C. 0000.

0.000
2.226
3.191
3.934
4.553
5.079
5.539
5.926
6.264
6.554
6.801
7.011
7.185
7.329
7.444
7.537
7.60b
7.656

708
7.714

7. 707. 94
7. 37
7.599

7. 653
7 77.391

7 259

b. 55
615

6.656
6.47
6. 29r
6.03
5.769
5.471

1t-7643. 8

3.379
2.619-
2.203
1.531
0.798
0.000

Model Particulars:

Length, ft

Diameter, ft

Nose radius, ft

Ta!l radius, ft

Wetted surface, ft2

Volume, fts

Longitudinal center
of buoyancy,
ft from nose

9.000
1.286
0.0918
0.0000

28.06
7.595
4.156

cbn rm a, ,m

Model 4171

•Wetted Surface Coefficient =

X in
inches

S
irL D

l in
inches

= 0.7718

Longitudinal Center of Buoyancy =X

= 0.4618

1 I __ __

I

T _



0c0efa.roaA

Serial 4005(,05),5-7

Fori-ula:

y 2 .. az+ax 2 +ax+a x+ +a +ax

where a. = +

a 2 =+

1.000000

2.299653

IIv~r I"
I J~.IJ~ .

0.00
.02
.064
-o6

.08

.-10

.12

.14

.i6
.18
.20
.22
.24
.26
.28
.30
.52
.34
.38
.40

ho
.46
.48
.50
.52
.54
56

.58
.6o
62

.54
66
68

.70

.72

.74

.76

.8

1086.84.90.92.9496
1 98

.i in
inches

0.00
2.16
4.32
6.48
8.64

- o10.8o
12.96
15.12
17.28
19.44
21.6
23.76
25.92
28.08
30.24
32.40
34.56
36. 12
38 08
4o. 3

7! -51 5.36
h 7.52

5 .84
54.oo
5 6. 16
58.32
6o.48
62.64
64.80o
66.96
69.1 2
71.28
73.44
75.60
77.76
9.92
P. o8

84.24
86.00
88.56
90.72
92.88
95.04
97.20
99.36

101.52
103.68
105.84
10L,.00

o. oooo0.000
.1 44i
.2064
.2543
.2942
.3282
.3576
3830
.t1049

.4237
.43A8
.4535
.4649
4820

.488-1
*4928
4961.6983
:,993

.49-'9

.4947
.4921
.4888
.4851
.809

.4760
.4105

404572
1493

.58.4402.4301.4185.09o8
.33908.3742

.2261

.1915

.15351117
0657

0,0000

CW1WIIJ5J~TIAL

Model .4172

I

Y In
Inches

0.0002.2232 2-03
3.184
;.923
4.5g9

5.517
5.909
6.247
6.537
6.785
6.997
7.173
7.319
7.437
7. ';31

..6547.60

7. 93

7.66, .7147.7107.633
7.5Z2
7.51
7.420

7.259
7.1 63

Z-54
.932
62

6.457
6 255
6.029

06

5.111.8o

2,366
1 72
1.01
0.000

S
IrL D

Model Particulars:

Length, ft

Diameter, ft

Noze radius, ft
Tail radius, ft
Wetted surface, ft2

Volume, ft*3

Longitudinal center
of buoyancy,
ft from nose

9.000
1 .286
0.0918
0.0092

28.11
7.595
4.168

a8 = - 18.867941.

a4 = + 39.570746

as = - 36.636285

a, = + 12.633825

= o0

Wetted Surface Coefficient -

-. 4631= o.463i

_ --I --I - - - -- -- --~

Longitud inal Center of Buoyancy

"'



X/L Y. n Y in

-. :
. . . .0 =a x+a x2+aY3 4 AasX3+a X.02 2.16 .y +. 2. 1 ...

.04 4.32 .2055 3.171
. 6.46 .2530 3.903 where a = + 1.oooo000000
.08 8.64 .29?5 4.513
.0 10.80 .3262 5.033 a = + 1.999653

.12 12.96 .3554 5.483

.14 15.12 .3 0 5.874- as = - 16.679052

.16 17.28 .0r26 ,212

.18 9. .4215 6.503 a4 = + 33.862413
.20 21.60 .4378 6.755
.22 23.76 4517 6.969 as = - 30.386285
.24 25.9 2 4.634 . 7.151
.26 28.08 . 431 7.299 a = + 10.203269
.28 30.24 .W10 7.421
.30 32.40 .1874 7.520
.32 34.56 .4923 7.595 Wetted Surface Coefficient =

-rir L D
.3 38.8 .82 7.687 o-16o
.38 41.o04 .4Q95 7.707 = .7760
.4o0 .3.20 . 000 7.71442 4j.6 ,c6 7.708
14L. .475 .4*5 . Longitudinal Center of Buoyancy =.47.52.  -7.-91
.46 49.68 .4966 7.662
.48 51.84 .4942 7.625 = 0.4657
.5U 54.00 .4912 7.579
.52 56.16 4876 7tl23
54 58.32 .14836 7.61 Model Particulars:
.56 to. 48 .11790 7.390 Length, ft 9.000
58 62.64 •4157 7.309

.60 64.80 .4 0 7.221 Diameter, ft 1.286.62 6.6.96 .;615 7.120
. 6A 6".12 . 452 7.008 Nose radius, ft 0.0918

66 71.28 " 14 3 .886 Tail radius, ft 0.0276

708 75.6o . 3 6.59747 Wetted surface, ft 28.21

.72 77.76 .11 36 6.423 Volume, ft3  7.595

.74 79.9? .14039 6.232.76 2.08 .3901 6.019 Longitudinal center 4.192
78 84.24 .3747 5.781 of buoyancy,

. 86.40 .3576 5.517 ft from nose
.82 8856 .3386 5.224
.84 90.72 .3175 .899
.86 9?. 08 .2940 4.536
.88 95.04 .2683 4.139
.90 97,20 .2*07 3.698
.92 99.36 .o25i 3.211
.94 101.52 .1729 2..668
;96 103.68 I .1334 2.058
.98 105.84 .071 1.34

1.00 10.00 [0.0000 0.000

D

I- - ~

J.

411 Serial 4005(015)65-70



i~d1 417 Seria 40050265-70--
ST.

0.00
.02
.04
.06
.08
.10
.12

214.16.18.20.22
.24
.26
.28

.32

.36

.38.0

.42

.46

.48

.50

.52

.54

.56

.63.70.6274.76

.8.70.72.78-.76

.82

.e6

.88

.90

.92

.98
1 .00

X in
inches

0.00
2.16
4.32
6.48
8.64

10.8o
12.96
15.12
17.1
19.44
21.60
23.76
2g. 9 2

2 .08
30.24

4,

34.56

38:68
41.04

43.0

1,9. 85i 84

;2.64
54.80

66.96
69.1 2
71 .28
73.44
75.6o
77.76

82. 68
84.24
86.I0
88.56
90.72
92.t8
95.04'
97.20 
99.36

101.5?
103.68
i o.84
10 .00

Y/D

0.0000
.1436
.2051
.2523
2916

.325?

.3543

.3795

.4024

.420

.50;

. 4q6.47244825.4780.4358

.1426. 95 p
. 0005

.43.4920

.3898.T82.4780

.24627
..4 §9 5

.2159• .,1 -

.1430.500049365.4780.472646q-01

116.4 27.14358

• 026003898
.2733
:2462

. 1430

.o96o
0. 0000

Y in
inches Forrmila:

y.= ax + a2 x + ax + a4 x4 + ax 5 + a, x

where a = + 1.000000

a 2 =+ 1.849653

a = --15.584607

a4 = + 31.008246

a5 = -27.261285

a6 = + 8.987991

0.000
2.21 6
3.164
3.893
4.499
5.01
5.46 66
5.855
6:.193
6. 6
6.738
6.955

7.1113
7.5 1147.913

7.646?, (85
7.707
7.714
7.708
7. 90
7.660
.7. 620
7.572

7.375
7.292
7.217 -V
6.724
6 0106. ?. 0%b: 7? &
6. oi

5.786
5.533
2 3

4. 601
4.220
3.7993.331
2.60o5
2.206
1.1. 81
0.000

S

= 0.7772

Longitudinal Center of Buoyancy =!

= 0.4671

Model Particulars:

Length, ft

Diameter, ft

!:ose radius, ft
Talil redius, ft

Wetted surface, ft2

Volume, ft"

Longitudinal center
of buoyancy,
ft from nose

.9.000
1.286
0.0918
0.0367

28.25

7.595
4.204

ME"r

1~

.

C

Wetted Surface Coefficient =

Model 4174 . Serial 40050265-70

I



cpr~pae~ri I-L

Serial 40050160-50

Formula:

y2 =ax+a x2 +a3s+zx4'+a 5x+a S.

where a, = + 1.000000

a2 =+ 0.837153

a 3 =- 8.585996

a 4 =+ 14.075954

a = - 10.542535

. a = +. 3.215422

0.00
.02
.04
.06
.08
.10
.12
.*14
.16
.18
.20
.22
.24
.26
.28
.30
.32
.34
.36
.38
40

.42

.44

.46

.48

.50

.52
54

.56
58
60

.62
64

.66

.68

.70

.72
-74
.76
.0

.82

.84

.86

.88

.90

.92

.94

.96

.98
1.00

0.00
2.16
4.32
6.48
8.64

10. 80
12.96
15.12
17.28
19.44
21.60
23.76
2. .92
26.08
30.24
32.40
34.56
36.72
38.88
L .04Ll
43.20
45.36
47.:52
49.68
51 .84
54.0o
5L.
58.32
60.48
62.64
64.80
66.96
9.12

71 .28
73.44
75.6o
77.76

2.08
84.24
86.40o
88.56
90. 72
92.08
95.04
97.20
99.36

101.52
103.68
1o0.84
10 .00

0.0000
.I P23
.2020
.2476
.2855
.3179
3462

.3710

.3930

.4123

. 4260

.4439

.456?
.46 74
.47t415.48d41

.4944

4§76
.5000

'995
.4976
.4950
:4911
4864

.4806

.4739
.4065
.4;80
.4 486
.4384
.4273
4151"
.4026
.3890
.374
•3 352

.3245

.3059

.2861

.2652

.2429

.2193

.191

.16 2
.13 '
.10 5
.0699

0.0000

esrrs.~ -

Model 4175

Y in
inches

a

lj/ ±

0.000
3. 074
4.36
5.3
6.167
6.86

8.01 It
8.489
8.906
9v2029.588
9.860

10.096
.10.292
10. 457
10.5AW
10. 679
10.748
10.787

10. 20
10. 92
10.008
10.5o6
10.381
10.236
10. 076
0. 893
9.690
9.469
9.230
8,973
8.696
8.402
8.085
7.750
7.392

.009
:607

6.186
5.728
.247
.737

4.1933.612
3 . 6i 2
2.987
2.300
1.510
0.000

X in
inches

Model Particulars:

Length, ft

Diameter,. ft

Nose radius, ft

Tail radius, ft

Wetted surface, ft

Volume, ft*

Longitudinal center
of buoyancy,
ft from nose

9.000
1.800
o.1800
0.0360

37.79
13.74
4.036

Wetted Surfacc Coefficient = SiL D

= 0.74?6

x
Longitudinal Center of Buoyancy = -

= 0.4484

&~ I.

r. 1 1 1



Cce"r: l.

Serial 4-0050155-50

.. a x+.a 2x+a x3+a. x'+ a5 x+a,x'

where a. = + 1.000000

a 2 = - 0.475347

y i

'-i'-.-..

0. 6o01 504

8.564671

0.00.02
.04
.06
.08
.10
.12.14
.1o
.18
.20
.22
.24
.26
.28

7A
O./8'I

.42
.484
.46
.48
.50
.52
.54
.56
.58
.62
,64
.66
.68.70
.72
*74
.76
78.0

.82

.84

.86
00
:us

.90

.92
94

.96
98

1.00

0.090
2.16
4.32
6. 48 8
8.64

10.80o
12.96
15.12
17.28
19.44
21 . 602A . 7o
23.76
25. 2
2 O08

30.24
32.40

i :o

41 .04

45.36
47.52
4g9. 68
51 .84
54. 00
56.16
58.3
6q.48
62.64
64.0
66.96
69.; 2
71 .28
73 1 It
75. "0
77.76
9.92
2.08

84.24
86.40
88.56
9q0.7292.88
95.04
97.20
99.36

101.52
103.6810 .84
10 .00

Y.'

0.0000
.1 4-7

.2411
.27-4

.3358

.3601
3820

.401640! 6.4192

*4L89

.i7J5h Q

Yt~i 0.4o-,/ 5.4802

.4970. 93
478

.4810

.4294034

.325

:2, h.244* 20.426.3629.345.3255
.30 '
.20502655
.2449
.2244
.2040

o.180.43.14-191403.1073

0.0000

I i .c

y in

0. 000
3.039
4.279
5.216.
5.992
?.661

7.25.77

.675
9.05
9-3949.696of 8
o.9i8

10. 14
10.372rz-5,

10.6L7
10.733
10. 85

10.785
10 .7 35
10. 51
10.536
10.390
10.215
10.009

9. 774
9.513
S9.225

8.217
7. 839
7. 4417'97.031S.607

6.173
5.735

4.4U6
3.974
3.549
3.134
2.728
2.3g!8
1.877
1.335
0.000

Model 4176
I

as  + 12.426215

a, =- 4.987703

Wetted S prface Coefficient = S
rL D

-0.7012

Lonitudiral Center of Buoyancy =

= 0.41295

a 3  +

a

1odel -Particulars:

Lerngth, ft

Diameter, ft
Nose radius, ft

Tail radius, ft

Wetted surface, ft
s2

Volu -e, ft3

Longitudinal center
of buoyancy,
ft from nose

9.000

1.800
0.1 8o0O

0.0360
35.69
12.60

3.866

..... ,.,

CAMANye m-



MIode 41 77 .Serial 34050165-70

X in Y inX/L inches Y.D inches Formula: -

0.00 0.00 0.0000 0.000 2a. .aXz +ax+a4,asxs x
0-2 2.16 0i463 2.257
.04 4.32 .2115 3.263
.06 6.h8 .627 - 4.053 where a = + 1.000000
.o8 8.64 .3054 4.712
.10 o.8o. .3418 5.273 a2 = + 4.041346
.1 12.96 . 729 5.7

.1 4 . ..3)95 651 4 a= - 29.154650

.16 If.2 .- 22 6:5g4
.18 19.44 .4413 6.w8 a-= + 60.478948
.20 21.60 .4571 7.053
.22 23.76 .4700 7.251 a95 = - -54.459319
.2-4 2.92 .401 7.407
262 28.08 .4879 7.52 , = + i8.o93685

.2o 50.24 .4935 780014
30 32.o .4973 7.673

II(, P-Ir 1^ 1 "7 -7fl%1C... ''4 4. S
16.7 ? ",) etted Surface CoefficLent - L D

.3 36.72 .5000 7.714

.36 3U.88 499 7.-7 06 = 7770

.38 , 1.04 .4978 7. 8o

.40 43.20 .4954 7.644.2 .6 .1z 7.596

.44 47.3 52 - 7.56 Longitudinal Center of Buoyancy =

.46 49. 68 .4848 7. W0

.48 51.84 .4806 7.414 = 0.4577

.50 54.00 .4763 7.348

.52 56.16 .4717 7.278
.54 8.32 .4672 7.200 Model Particulars:
.56 t 0.4.8 :462 7.13

.58 .4 .4 036 Length, ft 9.000:58 6--).64 .4574 J:08
o0 (.83 ."y 8  .98 6 Diameter, ft 1.286.6 •69 .4475 6.o
.62 66.96 87 Nose radius, ft 0.0918
6 4t 6q . 1 *) ..4 4 1l 8 6 . 8 1 7
.66 71.28 .4 5 6.719 Tail radius, ft 0.0184
.68 73.414 .48 6. 11
.6 5.0 .4206 6.90 Wetted surface, ft2 28.25.7 0 7 - 0 l 2 6 6 4 oV l e t
.72 77.76 .411 6 6.351 Volume, ft3  7.595.74 79.9 .401m3 6.191 '

84.24 .3756 5.794 of buoyancy,.76 '.6 .382 6oo~Longitudinal center 4.119
. 86.40 3?9 5.550 ft from nose

.82 88.56 ,1 5.270
..84 90.72 .320? 4.951
.86 92.88 .2974 4.588
.88 95.04 .7o08 4.178
.90 97.20 .2409 3.717
.92 99.36 .2073 3.1
.94 101.52 .1696 2.617
.96 103.68 .1274 1.966
.98 10-.84 .0792 1.222

1.00 .10o00 0.00006 0.000



C.2agzMZI-h-

TOTAL-RESISTANCE COEFFICIENTS DERIVED FROM TESTS OF MODELS OF SERIES 58

AT DEEP SUBTIERGENCE PLOTTED AGAINST REYNOLDS NUMBERS

Test Spots are Shown for Each Model Tested With and With-

out Sand Strips. The Values for Sand Roughness Coefficient and

Strut Interference Coefficient are Given on Each Set of Curves.

--- _- -

I -



H-
- 

1
 

4-
--

4-
--

I 
--

 
--

j>

1.
0 x

to

I~
 I 

~

2 w U U 2 4 U
, w I'

R
EY

N
O

LD
S 

NU
M

BE
R,

 V

UT:
" 

!1
7i

 
w 

'm
 

m
e 

W
! ,71

7r
F

.7
',

 
T!

 
N

M
I

2
0
 

4.
0

x 
to

'

C 
-

~ 
II

I 
I 

I-
 

~-
I 

-I
 

I 
i 

-L

-.4



r

.
.
.
.
 

.
.
 

.

.
i
l
l
i
 

il
i 

i
i
 !

+
1
;
i
 

!
 
l
 i
j

77
7i

 
.-

I.. 
.

ON
FIC

EN
TIA

L,

.
s.

0
 

x 
1o

U
-
,

.1
..

I 
..

. 
.

WI
TH

OU
 S

A
N

D
 

i~
iij

i~
t

t
 

~ 
~ 

~ 
~ 

~ 
~~

~~
~. 

.
.
.
.
 

.
.
.
.
 

..
..

..
..

..
. 

.
.
.
.

!
i
 

,
 

.
. t
 

.
.
 .
.
.

i
 
I
 
.
.
. ,
t

1
..
 

1 
.

4

M
O

D
EL

 
4
1
5
5
..

..
. 

.
, 

I.
 

*,
 

:,
U

-

4.
 

.
.4

r
o
 

r,
 

0
 

"

0.
50

 
0.

1o
 

0.
6 

SS
 

.O
0 

O

i
m

il
y
~

~
~

 
4
IM

E
@

i 
lH

tq
lf

l 
m

i 
H

 
P

 
ll

 
A

S
T

R
U

T
-I

N
T

E
R

F
E

R
E

N
O

E
 

C
O

Fr
FI

C
IE

N
T

, 
-

,0
0
0
3
8

P
/2

 s
v
.

L
:
 :

2
0
 

4
.0

 
6
.0

 
8.

0 
.0

 
1.

2
g

a'
 

X
 ga

07
1.

4 
1.

6 
1.

8 
2.

0

R
E

Y
N

O
LD

S
 

N
U

M
B

E
R

, 
lj

"

2.
2 

2.
4 

2.
6 

2.
8 

3.
0

0.
40 I!h

.



I 
'

0
I 

4
..
0
 

6.
0 

.
0
 

1.
2

L
4 

1.6
 

" 
1.

8

RE
YN

OL
DS

 N
UM

B 
.
,

I'
.

C
O

N
F

ID
E

N
iL

. w
,

1'
' 

'
A

 
4
 

' 
17

-

.
I
 

4.

i
f
.
L
 

A
t
~
 

jt
f 

4 
I

.
.
.
.
 

.A
. 

..
~
)

: 
.

.
.

.
.

.
.
.

•
:
 t .

2 
.

-
:
 
"
 
:
 i
 

:
 
'
 .
.

.
:
 
.

:
 

:
 
.
"
 I
,
"
 

"
 

.
.
.
 )
 
•
 .

:
 
.
I
 

;
 :
 

i
'
 

i i '
 
 

.
;
 .

* 
r
;
 

..
'
f
l
"

S
 A

.D
 

.T
 

S A
 N
 D

60
 

ST
RU

T 
.

,
 ..

..
..

,
 .
.
 .
..
..
 

..
..
..
 

.
.

:
 

I
N
T
 

IF
 

C
 I

G
 

F
IC

+,
 

I 
EN

, 
, 

p
..
-o

 o
c

,
l
 

-
,
7
 

1

0 
4.

 
-

.0
 

.0
 

t 
1.

 
L
4
 

'1
.6

 
1.

6 
L
U

 
Z

 
4

t 
L

U
 

U
73

_
_
_
_
_
_
_
_
it
 

~I
I~

i~
f 

I 
'u

u

I.

I'

2
.0

 
L

.

4.
C

.1

to
 P

* 

47

,, :-
 

.
I

L4
 

r 
".

 
.

: 
,

.
ap

 
' 

iI 
'

1 .
.

.

..
>"



.
.
.

::
.,
 
i
:
.
 

:::
, 

.
.

.:
:.

::
::

.!
 

: 
;.

.-
 

.
:
t
_
.

C
O

N
F

ID
E

N
T

.A
-.1

 
.4

 
4'

 
1

::~
:: 

1
:

+
.:

 
,

..
4

4
,

1 :
:

S
A

T
D

-I
N

0
U

'N
E

S
 

C
O

E
F

F
IC

IE
N

T
, 

-0
0
0
9

[S
TR

U
l..

I.C
TE

IF
E

R
E

N
C

E
 

CO
EF

FI
CI

EN
TO

 
.0

6
0

4
3

i i
l

+ 

4

I,
. 

, ,
 ..

..
..

...
 

I .
.
.
 

..
.
'
 

..
..

,. 
.

...
 

.. 
.

.
.
:
 

I
 ..
,

-
I 

.
...

. 
.

.. 
.,

 ..
..
. 

, 
.

..
..

..
..

 
.

.
.. 

.
.

..
.

.
.

.. 
.

.:
 

: 
.

M
O

DE
L 

41
57

Ii

0.
40

 
05

60
 

0.
10

 
0.

65
 

7.
00

T
 T7 
7
.

6.
0 

8.
0 

1.
0 

12

I 
I

i:'
. ,

lr
 

t 
"

,
i
;
I
 

1:
1

.0

.0

14
:. t -1

U
.4

 
1.6

 
1.

8 
2.

0 
2.

2 
2.

4 
2.

6 
2.

8 
3.

0

R
E

Y
N

O
LD

S
 

NU
M

BE
R,

 
-.

-
9
 

.4
4

4
4

 
.

4
j;
 

i

',

.4
 b

'S
".

C
E

I'
.-IA

.

"
2.

0 
4.

0

M
W

0
%

l

I
!

7
7
7
 

1
 
.
.
.
.
.

'. 
.

-
-.

 ; 
i

T
t4

 
44

-4
 it

 
4-

1 1
4]

 
't

I-
 

_

.:,
. .

:: 
:. 

-.
. 

,_
 .

.. 
,:

 
::

 :
::

: 
::

: 
::

: 
::

: 
::

::
 :

::
 :

: 
::

: 
::

: 
: 

i 
:i

: 
: 

: 
: 

: 
: 

: -
-r

 -
-

.
.-

.
..-

 .
1 

.-
 r-
. 

-.
 t 

.
.

7
 1

-

7 
.
.
 

1
:

W
11

 
e~

uu
eC

 
rC

--
- 

~i
~ 

-~
-t

-~
-c

--
f.L

 
lr

C
L

1-
tY

I 
F-

---
- ,

 
rc

~
- 

r-
~

 
17

7-
7t

f
Ii

 
*i

* L
 ...

 
.I 

.. 
..-

 .
i-

 
I 

I 
• 

* 
* i

 t
-

I
I i

 : 
.

i 
I

I
I

t-
--

--
 

w
e
.

!
 *
.
 
-
.
.
.
 .
-
,
-
-
-
,

~
L

 
.1

_~
_ 

J 
--

--
)I

C
~r

L
 ..

..-
~.1

.~ 
.Y

. 
-..

.-
 

--
--

 
--

- 
,-

--
--

--
--

--
--

--
--

~L
~i

 .
i,..

~:.
..~

~..
 

L
L

 
-

L-
 --

--
--

 
~ ~

~~
~

1

I 
__

 
_ 

__
_~

 
_

''''

.. 
4.

, .
::

;.
 

:;;
i~

:i lli
'''~

'''
4
 1

, -
-

...
 ~1

1



I"

0o
 

1.
0 

1.2
 

L
4

xs
o'

R
E

Y
N

O
L

D
S 

N
U
M
B
E
R

Zi I-

tJ
jt 

.,
. 

A
 

C
O

N
FI

D
E

N
TI

A
L

f+.
ji,.

if 
!:!

 
:j!

 
**

'

' 
.. 

.A
.I 

'  
.. 

...
 .

.. 
.. 

..
. ., 

'
-'

f-
 ...

..
-7

 
1 

-:
 .

.
..

.
.

.
.

:
 

.
.

.
.

.
.

1
 

±4
 4

 
4 

r

4 

44
* 17

A
ll.

. 
...

 ,.
:.

.. .
..

.. .
.i *

. 
, ..

..

W
IT

H
 5

,4
1,

11
 

'~
j

, ,
 

;-I
"-

,I 
I 

"*
 

1 
" 

' 
.

.
.

.
.

.
' 

.
.

-
, 

.

W
IT

H
O

U
T 

S
A

N
D

[: 1
;~

.u
jM

O
D

E
L 

41
50

t 
4

_
_
_
_
_
_
_
_
_
_
_
_
 

bA
N

D
--

R
O

U
G

H
N

E
S

S
 

C
O

E
FF

IC
IE

N
T 

A
 

O
Q

S

F
. 

7 
-7

 
1 

R

4
0

~
 

~~
~~

~ 
0

.0
 

0
0

 
0
5
 

80
IT

R
U

T
-I

N
T

E
R

F
E

 
IE

NC
E 

CO
EF

FI
CI

EN
T.

, 
,s

'-

, 
.

0
..

. , 
, 

.
0
 

L
~

~
4
 

,..
4/

9s
, 

', 
,

.. 
.. 

.
.

.
.1

 
.. 

.
" 

-
-.

 
_-

-'T
 

-,
-.

T
 

-_
., 

, 
-

.. 
I 

" 
' 

7"
 .

' 
' 

'
:
:
:
 .
.
 
.
:
 .
-:
 '
,
 :
 

;
:
,
 ;
 i
 ,\
 
 

.
I
 

-
'
 -
-
-
-
.

,
 
I
:
:
'
,
 

-
-I
 -
:
,
 .
.

I
 "
 "
,
I
,
:
:
 

I
,
 ,
,
 

"
 '
 
"
:
 :
"
 :
"
 ';
;"
 

-;
..
..
..
. 

.~
~

~
~

~
~

~
 

1 
4:

 
.

4 
.:

 
: 

.
.:

 
.

.,e
.-

• 
":

. 
: 

".
' 

.;4
2 

; 
' 

';'
 

: 
;', ...

 
:'
: 

;:'
 

.. 
.'

. 
""

! 
:'
.;

::
' 

[:
: 

; 
" 

: 
I 

l 
:l4

1

1.
9 

2
.0

 
2
.2

 
2
.4

 
2
.6

 
., 

0

2.
0(

1
,. U
,,l

2.
0,

l.0

II
 

II
 

I 
I 

I 
I 

c

4.
C

 
,

0-



x 
10

7,

w 9 1
-6

w 0 z

R
E
Y
N
O
L
O
S
 
N
U
M
B
E
R
Y
i
.
-



if
 ilJ

 
il

7 
4 

1
.
.
 

7
0

0
 .
.
.
.
.
 

_
 

.
.
.
.
.
.
.
.
 

.
.
.
.
.
.
.
 

E
 

..
..

..
 

,
0
.
 

J.
 f

lf
lJ

r
,
 .
-

E
.
 

H
 

I 
: 

. .
4
 

0 
:
 
.
.

.
:
 

.
,
 
.

.
.
.

.
.
.
.

*
.
0
 

6
 
0
 

0
 

1
 
.
,
 
.
.

.
"
'
 
.
.
 
.

.
.

-
.
 "
 I
 ,
 -

.
+
 

4
'
I
 

:
 
"
 ,

4
I
 

1
2
 

1
4
 

1
6
 

.
.

2
 !
 

p
 
.

2
 8
 

2
 8
 

3
O

f W
I
T
 

S
A
N
D

.
.
.
.
.
 

0
1

1
*

H
 

U
 

SA
N

D
*R

 
U

 
H

 
E

 
S 

C
 

E
 

F 
C

 E
 

T
y 

C
 

.0
 

t

.4
0
 

0
.0

.R
E

Y
N

O
L

D
S 

N
U

M
B

E
R

, 
S
 

C

.
.
.
 

.
.

.
.

.
.
.
.
.
.
.
.
.
.
.
 

"
r
,
.
 

i
 
;

7+M
 I'

 .I
:
 

I
.
.
 

.
.
 

T
+
 

+
 +
 

+
 +

x
r
o
 

L6
 

+
 

I
 

A
 

,
,
0
 

2.
 

.
.6

 
28

 
.

,
'
 ,
,
~
 

~ 
~ 

~
E

N
O

D
 

.
,
.
o
 

'
 

U
M

B
E

R
,+

,I
' 

l
 I

c-
 

I 
r 

--
--

- 
I 

I 
-C

 
-



-a
 

Is

p
0
*

R
E

Y
N

O
L

D
S

 
N

U
M

B
E

R
, 

-

''j
u

I-
I 

--
 

--
--

--
--

 
3 

-
I 

' 
r 

I 
~'

M
ly

ll 
11

 
1 n

ir
m

~~
nm

k~
r~

m
~p

--
 

rr
~

~C
~!

~F
\; U
.]

] ~
 .

::'

r\

~m
c~

?n
nz

~~
i~

ax
r;

ar
m

rm
~~

~-
--

 
--

'-
--

--
- 

~m
r~

M
* 

--
- 

--
--

 
~p

~H
1 

r*
nn

t



U
 I
 i
~
i
 

!
(
 .
.
 .

.
.
.
 .
.'
 .
.
.
.
 .
.
.
.
.
.
.
.
.
.
.
.
 

"
.
.
.
.
 

.
.
 

.
.
.

n 
~o

n 
co

N
 i t

 
-

77
ao

 
n 

o 
s
 e 

s 
c 

u 
e 

e 
t 

-
r 

~ 
o

ll
 ;
 

o
;
.
 

.
.
.
.
.
 

.
.
 

.
0 

.
0 

.
.
_
 
.
.
.

.
6 

.
.
.
.
 .
.
.
 

.
.
 

.
.

.
.
 
.
.
 

.
.
.
 
.

.
.
.
 

.
.
 

0
C

N
 

L
W
I
t
H
 

it
 N
 

. S
-
I
 
T
H
U
T
 SC

N
'

t 
03

4
'
 

j- 
C

t
1 

41
1

M
O
D
E
L
 

4
1
2
 

4
 

b
I
 

"
I
 
•
 '
r
 
-

)
 

I
 

't~
--

--
 

I 
-

'
 
"
 

x
;
c
 
.,
~ 

t

l .
:
 

7
i
l
 

:
:
 '
 
"
 

"
 

-
--

 
-L

_ 
S

A
N

D
-R

-U
I.H

N
 

'S
S 

C
O

E
F

F
IC

IE
N

T
, 

T
 

4
T

 
"

.
,
 
.
.
 

0
,
.
 

50
 

0.
..0

0.
5 

0 
ST

RU
T-

 I
N

TE
R

FE
R

EN
C

E 
C

O
EF

FI
C

IE
N

T,
 

-
.
.
 

.
.

.
.
.
.
4
0
[
7
1
1
.
.
 

.
.

,
...

. 
...

 
...

. 
...

 
' 

:
 

j
.
.
.
.
.
.
.
.
.
 .
.
.
 i
 

',
'i

 
.

.
.

.
.
 

.
E
.
 

O
 L
 .

N
 U
M
 B
.
 R
,
.
 

I
 
,

.
,
 

.
.
.
 

.
:
 

.
.
.
.
 

.
.
 

.
i
 
I

.
.

0
 

6
,
O
 

1.
0 

i
 ,
1
 

.
L

 4
 

1.
6 

1
 .9

 
2 

.0
 

.
2 

.4
 

.
6 

.
0 

0
 

O
 L
 D

R
E
Y
N
O
L
D
S
 

N
U

M
B

E
rR

, 
-

-
---

--. 
I
 

1

5~
 

ii 
'I 

'I



M
O

D
E

L
 

4
1

6
3

*
.
 

.

.
-
 

.
.
 

.1
 

, 
.
.
.
.
.
.
.

_
A

m
 

r
,
 

r,
 

G
. 

0
 

i
 
:

0.
52

. 
0

.0
 

0.
10

 
0
.6

5
 

7.
00

U
-

..

T
7
7
.1

6'

4
~

4
.H

 1*
~

~
 

ii

C
O

N
F

ID
E

N
T

IA
L

:
 co,
 '
I
.
 .

'I:
 

lI 
:1

7 
7 

.l
.

4f
i~

i

56
0 
x
 1
o
0

4.
0

T
H
 
S
k
N
O
 

1i

3.
0

I
T
H
O
U
T
 SA

N
D

.1
t
 

,
:
 

.
.

w
'

-
q
 

2
.0

SA
N

D
-R

O
U

G
H

N
E

SS
 

G
C

E
F

F
IC

IE
N

T
. 

A
 

O
O

00
01

"

S
T

R
U

T
- 

IN
T

E
R

F
E

 R
E

N
C

E
 

C
O

E
F

F
IC

IE
N

t"
 

-
0

.0
0

0
4

I
v/

2S
v-

2
4
 

4
.0

 
4

0
 

.0
 

1.
0 

L
2
 

L
4
 

1.
6 

1
.
6
 

2
.0

 
2
.2

 
2

.4
 

2
.6

 
2
.8

 
3.

0

R
E

Y
N

O
LD

S
 

N
U

M
B

E
R

,

L
O fi
 l

ii
i1

 
1.

 
i
 i
 i
 i
 i
 l
 [
 
;
 

!
 
I
i

_ 
_~

 ~
_
_
~

_
_
 

_
_
 

_s
.. 

--
 

-~
 

C
-.

.-
 

-F
--

hh
B

_~
B

e

--
k
, 

-,
. 

.
-C

 
..t

..
 

4
.C

C
4
 ~-
 

O
 

-C
-,

t,
,q

, 
-

-
m

 .q
--

-,
--

--
r-

m
 .
..
- 

.
.

.
' ~"
 

'' 
" 

~-
 

--
--

~~
'~

~-
 

~
~

~
'~

~
'~

"
I

1

.
.
.
.
.
.
.
.
 
.
.
.
.
 

w

44
 

..
.I
 ..
.

""
~'

~"
 

--
-L
 -L- 

-
~ 

_~
 

-

1
j

::

r i t
 i .t

 i i i
) i

 i.
t

T

1 
71



( 
r 

t 
i 

ri
 

1 
4 

4,
 

A
 

-4
~,

 
~

 
;;

:f
t

H
 J

 
:: 

I
t
 

.I
: 

-
..
..
..
 

_
_

 
__

_:
 
,
 

,
 

C
 
N
.
 ID

E
N

T
 7IA

L 
,I
:h
.1
,:

i 
rI

It
;..

.. 
-:

:, 
" 

.
S

 
;;

.

i f
 

1 "
:
,
.
:
'
 t

~
f 

1 
:
;
t
:
 

!
 

:
i
,
,
 ,
:
,
 ,
;
 

.
.
 -
.
 .

:
l
t
 

i 
1
'
 ,
r
r
 

.
,
.
.
I
-
,
-
.

..
...

. .
.. 

.l
tf

 
t
l
 

f
 

'
 

i :
iI

fi
i:

ii 
;
;
;
:
;
.
:
;
:
:
,
;
;
 

.
.

-
3
.
0
~
i
:
:

lW
 

11
-'*

 
<{
ii
ji
TT
. i

.t
Y

 
f 

j 
I:

1 
i 

i
94

4

ft
i 

,,
; 

.
.. 

.. 
.:

: 
:i

:i
: 

,

' 
...

 
W

T
~

e
U

T
S

N
 

S
) ..

..
I
i
 

I 
4*

-i 
-

't 
[ 

I 
I

M
O
E
 

u6
 

.
t 

.
.

;
 

4 
2
0
 

:
 

;:
,

, 
.

..
.

.
.

.
.
 

.

,t 
'A

 
I
I
9
T
T
l
-

__
__

__
__

._
__

_b
N

 
'. 

U
II 

V
4E

JS
. 

-0
E

P
I'

 
$T

 -
T

:'.
'=

 
T

  
0

io
 

ll
 

ill
 

, 
' 

;i
 

i:
I 

! 
t 

:+
" 

i: 
: 

; 
i 

:i 
: 

l 
::l

.
.
.
.
.
 

.
.
 ,
 i
 

...
.

;.i
 ;;:
::;

 
:
;
.
:
 

;
i
:
:
'
'
;
 .
'
;

.. 
.
E

7 
V

 
-

.
0

0
1

7
 

.
4
1
 

m
f
 

l
'
r
,

2.
0.

 
0.

0
M

O
D

E
L

 41
64

4:
 

$i
ii 

j
N
i
l
-
R
 

O
J
I
G
l
H
N
E
S
S
 

C
O

E
F

F
IC

IE
N

T
 

00
01

7j
::

 
I'

i 
;~

 
j

.li
iii

S 
'::

tlt
ff

~t
:r

:1
: 

i~
iii

iif
::;

j 
;;j

i;;
~-

i~
 

..
,..

.!
!i

:::
i;i

i 
i 

ii.
-r

4
0
 

0
.5

0
 

0.
1 

S
T

R
U

T
-i

ii
If

il
T

E
R

F
E

R
ii

N
 

i 
is

 
ia

r~
it

2
j
)
 

4
A

 
&
n
 

Ii
IL

 
Ii

i, 
'I

 
C

 0

I .
o

R
4E

 
L
6
 

I.
e

R
E

Y
N

O
L

O
S 

N
U

M
B

E
R

, 
-
'

2.
0 

2.
2 

2.
4 

2.6
 

2.
8 

3.
0

x~
 lo

r



sAS

0 0
qi

i- -i
--4

x 0

I A . ...
_;-,.7. --1 - ~--I ----..- &.. I~:--* - - I

m_ _ 4-

L T

114 ....V

~t2:::2:: 1-~--~~

I t

+~ r. . 1 ... . 1

... fn ..... ..

. .9iiiImm ___ls=

I i

i = .-!t r

I-.

0

0

IL
IL4L

Ab
408

0i

+h4

4444 r..

44 7

44

_ 4 .7

th 2, : :4:i:a :__ E *-4 i * p4.nt*

z

OsOr-M"L:M. L

a
d$--

Te j ;ir

.

I -~~ e--Lc;c~-~--c~-~--cl-

i - ----- ------ -- ------- ~~ '''''~~ ~

'' '''''d'-

'cle*i~cpw~Fmh~

tre.'1 '-' i:! ttl

''~~



-(
 
I

2.
0 

4
0
 

C
0 

&
0
 

.0
 

2 .
L4

 
LS

 
LS

 
2.

0 
2.

2 
2.

4 
2.

6 
2.
0 

.0
x
O

e
 

/R
E

Y
N

O
L

D
S 

N
U

M
B

E
R

, 
Y

I

.0
 x

 Io
"

I-

&
0

'3 w U

2.
0 

z In

'I

-
I 

--

'I 
I 

-
I 

-

as
+



4~
~~

 
4i

L
+

12
1 

1.
4
I
 

k
o
 

.1
 

$

.4
.1

 
al

lW
~ 1~

4L
.j.

L1
!1

k

t,
 

r
S

T
R

U
T

IN
T

E
F

E
R

E
O

C
 

*t
S

-

W
 

0
4
0
 

7 

0
.
5
0
N
D

4
_

I 
~ 

_
_
_
_
_
_
_
 
__

__
_

*'*
~'

~ 
I 

~;~
4i-

4

4.
0 

.0
 

.0
 

.0
 

52
 

54
 

56
 

5.
 

2
0
 

2
2
 

.4
 

2$
 

U
S

u
s

h
o
G
 fso' 

E
Y

N
O

D
S

 
N

M
B

C
R



*
.
 

:
.
:•

2.
..

'2
 

.
, 4

;3
,

.
.
.
.
 

.
.
.I
;
:
:
I

it

.
.
.
 
.
.
.
 ...

. 
.

: 
:

'
,
I
I

2
2
:

.
2
.
.
,

2
2
I
t
;

;
'
 P
f
i
:
i

m
 

r o
r 

.p
I
1
 °
 

j4
 I

2.
0 

4)
. 

.O
 

8.
0 

1.
0 

1.
2 

1.
4 

1.
6 

1.
8

x 
.x

 
0 

R
E

Y
N

O
L

O
S 

N
U

M
E

R
Y

J

2
4

 
.

2 
2

Ii
H
 

I
:

SA
N

D
o-

R
O

U
oG

H
N

ES
S 

G
O

E
F

IC
.I

E
N

T
c 

.
-

r~
.0

0
0
0
6

S
TR

U
T-

 I
N

T
E

R
F

 E
 R

E
N

C
E

 
C

O
EF

FI
C

IE
N

T,
 

=
.0

0
0
4
3

P/
 

y

--
 

--
2.

0 
3 .

0-
 

-

I

1*jiii
l

I
t
 

I
 

i

0

.
2
1
.

77
 

T
...

 
'.,

1:
1'

 ;i
,!t

i]

7
_
 7 

,T
-.

7 
.

24
IiI

 : '

!2

i:
' i'

?i

4.
6 +I

.-
Ir

 
'

17
 2

-
--

- 
--

 
--

--
 

I 
I 

I 
b

G
,
 

W
1H

 
S

A
N

D

-
- W
I
"
V
t
T
H
 

SA
N

D
 
II
T

'
:
 

.
2
2
:
 

:
:
 :

7!
 r
 ,
::
 

:

I
1 I --

- 
---

---
---

:I 
'
"

I

U
A

2.
8 

3.
0

:
I
T
.
 

1;
.1

I
I
~
~
~
i
l
i
~
~
~
t
I
~
 ;
1
 

l
;
~
 ;
:
.
l
l
!
l
 
!

i
i
 
.
i
~
~
~
~
i
~
~

i
,
i
:
~
~
 

I
:
:
t
 

i1
t 

:
!
 :
;
 tl

l 
:
 .
:
:
!

2
.0

 
2
.2

 
2
.4

 
2
.6



~
&

 )1
 1

.
0

.
.
.
.
.
.
.
.
.

~
o
 

.
.
 

.
.

.
*
 
w
 I

TH
O

U
 S
 A
 N
 
D
 r
'
 '
:
!
 

,

Z 
~
7
:
i
:
T
 

:
 

4
'
 

r
!
1
 .
.
 1
 :
 
.

.
t
 
i
 
,
 

,
 
:
 -
4
 ..
.

.
.
0
 

6
.
 

r As
A
-
 

n
t
 

J
 

t
r
.
 

.
.

e
 

o
 

, 
i 

.
o
o
 

a
.
.
.

S
 

R
E
Y
N
O
L
D
S
 
N
U
M
B
E
R
,

f 
4
R

I
I
.
 

-
il:

 
,
.

6
4
 

r
e
 
 

M
I

n
 
 

G
p
 

S
T
 

R
U
N
F
*
E
N
 

C
 

O
E
F
F
I
E
N
T
 

=
. 

O
O

0
1
0
 

I
 

#

.
.
.
 

.
.
 t
9
!
i
 

STR
UT

 1
,E
 F

E 
E

 C
 C

O
 

FF
CIN

 
=
.
0
.
0
0
.
.
.
 

.42
 

t
I
h
i
i
i
t
r
 

.
l
 i
 

I
.
 

.
i
.
 .
.
.
 t
.
 

of
V.

 
.

fll

-
,
 

7

4
 

7
1
"

.
.
D

1~
 

--
--

- 
I 

-T
I 

-
-

-
-

I 
-

1 
I



.,:
' 

: 4

M
O

D
I

m
 

r
-

0"
 

to
o

F
Ii iIW

 
D

IH
q

, 
W

.0
 

.IDE
L

 4
17

0

C
r 

0,

O
jo

 
0.

65
 

7.
00

.
7
 

T
[s

K
 

T
:

.
m
I
.
 

L 
.
.
.

x 
go

to

.
...
..

..
..

..
.

.4

l
l
l
l
t
l
l
i
t
 

iT
 I
l
 

~
i
l
l
"
 

.
:
 
i
~
 

]

.
.
.
 .

..
..
..

l
 *
 

,
 ,
,

7 
cW

IT
H

 
SA

ND
 

I~
C

W
IT

H
IO

U
T 

S
A

N
D

S
A

N
D

-R
O

U
G

H
N

E
S

S
 

C
O

E
F

F
IC

IE
N

T
 

A
 

.0
0

0
1

5

S
T

R
U

T
-I

N
T

E
R

F
E

R
E

N
C

E
 

C
O

E
FF

IC
IE

N
T

 ,
 

-
00

00
0

1h
 

; I

I 
L 13

1"
" 

.
"
,
1

1.4
 

1
.
6
 

1
.
 

2.
0 

2.
2 

2.
4 

2.
6 

2.
8 

.0
R

EY
N

O
LD

S 
N
U
M
B
E
R
,
 '
L
;

L
3.

0

L
. w

2.
0

L
4.

* 
U cc

I

-

JA
 

A
.

I
'

IM
F

~
m

n
(r

rm
rm

m
m

4
n
~

~
a
M

^
 

--
 

1
-I

.-
u
rm

 
m

h
rr

A
,
 9
 

t I



91 -tJ Iuu~

7 -7

0 0

ILI

ttttt :2

chibMSnIWAL



M
i~

iji
 

S 
L

 
i 

-.
 

.
-

.
i;

 
~tt

'* 
.

ii 
. .

.. 
...

 
.
.
.
 ...
 

.

3
 1

 
"

O
4

_
_
4
, 

14
 

.r
4o

., 
.

,
,
!
 o
 

.
4
.
0

K
 

x 
,

i,
.. .14

1

M
O

D
E

L
 

41
T

2

o0
05

 
O

.S
5

6.
0 

8.
0 

1.
0 

1.
2

X
#O

 ,
14

 
16

 
1.

8 
2.

0 
2.

2 
2.

4 
2.

6

R
E

Y
N

O
LD

S
 

NU
M

BE
 

.

0 0

1
o
 x

 t
o
 "

4
i
t
 

l

.
.
 

.
.

.
.
.
 .

-
4

-4
1 . .

..
:::

:::
 

t.
 .
.
 I
.
I
.
.
.
.
.

..
.
.
.
.
 

.
..
.
 .
.,

,
S
A
N
D
-
R
O
U
N
N
E
S
S
 .
.
.
 
E
F
I
 C
I
N
 T
.
 

R
-
.
'
.
 

.
0

i::
S

T
R

U
T

-I
N

T
E

R
F

E
 

E
 

C
O

E
F

F
IC

IE
N

T
, 

=
.0

0
0

4
3

t
:
 

t
:
 
i
 i
ii

! 
; 

t 
I
.
i
 ~

 
:;

i~

I
.
,
)

0,
',

a:

.
.0

0 4:
.

o.

L
IY

Y
I

I
 .

.+
tr

S
-
.
"
-

I
I I

I 
J

r 
I 

I 
I 

I 
I



.x

R

s

0.

L --- ----- .9 ]

.. _... ... ..........

. .-...

I T

-I- , _ ,

.

t
0

sol
0. .

Ip_ I I I I --

--
]

0



;
n
.
y
'
'
 

;
 
"
 

:
 

,
 '
.
!
 

.
.
,
'
.
i
 

'.
..
..
..
 .
."
.
.
.

1 
,

1
4
 

t

.
4
 

1 I I
 ? 
W

 
I T

 H
 

lA
 

N
o

 
.5

-4
 1,
, -~:IJ

:~ i K 
2 i

 
;t{

.$
~ 

:,
.
.

:
 -
:
 i
.
 
.

.
.
.
 
.
.
 

'O
 

N
 

:
 :
 :
 "
 :
 :
 

6 
E

 
I A
.
:
:

::
 i
i
 l
!
 j~
 ~
o
':

iig
 

..
.

i
i
.
.
 

.
i
,
 

h
i
t

O
s
 

s
:

r
n
'

,*1
"

t
 

m
 

r o
1
4
 
 

p 
A

N
 

D
-R

O
U

 
H

N
I 

5
5

 
O

E
FF

 I
L

IE
[N

T
. 

a
 &

.,.
--

 -
.

2
0

0
0

44
4

'
i
 

L
'
"
o
 0
 

i
o
 

o6
 

L
._

_ 
A

"0
06

1
'
 
;
 
"
"
'
 
i
~
i
i
~
i
 

l
"
'
I
i
~
!
"
!
'
,
i
~
t
t
 

"
:
i
t
1
W
V
 

S'
T

R
U

T
~i

N
T

E
'R

F
:R

E
N

O
E

I 
C

O
E

F
F

|I
IN

T
 

A
R

, 
-

0
 
4

,
w
.
 
.

.
.

t
 

,i;
 

...
2

, 
'
,
 

'
 

I
 s
v
,
 

' 
.

: 
2
,

4
4
 

1 
4
1
j
1
4

t
O
0
 

4
.
0
 

6.
0 

.
0
 

1
.
x
 

0
 

"
 

.4
 

I
A
6
 

.
0
 

.
0
 

2
.
g
 

I
.
 

2
 .

.
8
 

.
0

K1
 

x.
o

. 
RE

YN
O

L.
DS

 .
NU

M
 B

ER
, 
'

•
t
 

r

+
*

an
 .,,
 
'
r
 

,
"
 
 
,
 .
•
 

-,
,
,
 *
,
 -
.
.
.
.
 .

.4
 

.
1
1
'
4
1
 

.
.
.
.
.
.
,
 
!
,
 
,
:
;
.
,
 

7
;
'
l
 

'
m
"
 
'
$
.
.
m
.
 

-
r
 

64
 -
! 

"
-
 

-
:
 

'
 

.
.
.
 

.
.
.
.
 

C
 

W
I 

"
 
T
H
-
 
-
-
.
-

u
 

-
-
-
 

SA
N

D
.:

l, 
,

t 

is
 
I
e

+
_
 6
4
 

O
i
l
 

t
1
4
_
_

1C
 

-
I 

' 
--

 
I 

I 
I 

I 
_ 

I 
' 

-
-

I 
--

 
-

-
I-

 
-L



&
O

 x
 0

d

01
 ~

U 1
~

41

IL IL 0 I.) I~
.

U 1 I- 10 Ih Ia
i

R
EY

N
O

LD
S 

M
IM

B
E

R
,9

J-

2.
0 

.4
0

x I
**

1.
0 x 1

07

.
-.



o
T
 

'
a
 

IT I 
, 

'
.
 

IH
 1

14
4"

 
i 

-s
-~

- 
*
I.

i;
x
:.

I,
;o

'c
Z

;

f
i
l
l

.
.
.
.
.
 
.
.
 

.
'
'
 

W
I
T
H
 

S
A

N
 D

 i
:

4
.!

 

lit
-i.
.
 

5
.
.
 

X
t
0
t
j
'
'
'
l
'
t
 

+
"
 

.
hH

 
k 

.
.

.
4
 

1.
.. 

H
I
.
 

"U
1k

 
11

M
O
D
L
 

4
7
6
 

;
:

'
 
 

;i
j'J

r
i  

.
C
4

R
 

T
 

0
0

6

1;
I 

H
O
T
 

S
A
A
 

l 
0
 

3
.
i

le
 

7
:
 

:
 :
 :

4 
,
 o
 L
 °
 T
 

4
, 

'
m
m
d
 

i
 
i
'
 :

.
.
.
.
.
.
.

F
 

WI
N 

.
=
 o
 ,

t
,

.4
 

1
.
6
 

.8
B

R
E

Y
N

O
L

O
S

 
N

U
M

B
E

R
, 

-



.0
 

4A
0 

IL
0 

10
 

L2
x 

10
X

10
7

S
A

N
D

I-R
O

U
O

H
N

E
S

:)
 

C
O

E
FF

IC
IE

N
T 

a 
R

eL
 

0
.0

0
0
o

,-
/2

 
v'

ST
U

 
N

T
E

R
F

E
ltE

N
C

E
 

C
O

E
F

II
IE

n
T

, 
A

R
' 

=
0
.0

0
0
3
3

1
S

T
R

U
T

:I 
,,S

V
i

R
E

Y
N

O
LD

S
 

N
U

M
B

iR
, 

gf

&
.Q

 x 
to

 -

'.0 -I
I 0 z

0 0 z z I-



CONFIDENTIAL

APPENDIX 4

RESIDUAL-RESISTANCE COEFFICIENT CURVES USED TO DETERMINE
THE STRUT CORRECTION COEFFICIENTS

The Strut Interference Correction is Obtained by Deduct-
ing the Coefficients for the Model with Dummy-Strut Supporting
Frame Alone in Place from the Coefficients for the Model w1th the
Dummy Struts Inserted.
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CONFIDENTIAL J"

APPENDIX 5 -

NET RESIDUAL-RESISTANCE COEFFICIENTS FOR DEEP SUBMERGENCE

SPLOTED AGAINST" FROUDE NUMBER

The Net Residual-Resistance Coefficients are Obtained

by Deducting the Sand Roughness Coefficient and Strut 
Interference

Coefficient from the Gross Residual-Resistance Coefficient 
Obtained

from Tests of the Model with the Sand Strip but Without 
the Dummy

Strut or Supporting Strut .in Place.
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APPENDIX 6

TOTAL BARE HULL EFFECTIVE HORSEPOWER VERSUS VOLUME

EVEN SPEMS FOR PROTOTYPES OF SERIES r8

OPERATING AT DEEP SUBMERGENCE,

AT VARIOM,5

The EIPs Have Been Calculated using the Net 
Cr for Deep

Submergence and a.Roughness Allowance Coefficient of 
0.4 x 10-s for

Standard Conditions if Salt Water at 
59 F. A Curve of Length Versus

Volume is. Also Show,
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APPEMDIX 7

NET RESIDUAL-RESISTANCE COEFFICIENTS FOR SNORKELLING DEPTHS

PLOTTED AGAINST FROUDE NUMBER
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