
DAVID W. TAYLOR NAVAL SHIP
cc RESEARCH AND DEVELOPMENT CENTER F
z

B•thesda, Maryland 200S4

OPTIMUM FOREBODY SHAPING FOR AXISYMMETRIC SUBMERSIBLES

WITH TURBULENT BOUNDARY LAYERS AND BLC AFTERBODIES

14) by

Benjamin J. Neumann

FJ

LU

2 \

Lu APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED
L)-.

x<0z

QU-

AVIATION AND SURFACE EFFECTS DEPARTMENT
_RFSEARCH AND DEVELOPMENT REPORT

O z0
M to

LL z

co • July 1983 DTNSRDC-83/055

S0-

83 07 29 003 5
S.... •; 44



MAJOR 0TN8RDC ORGANIZATIONAL COMPONENTS

iOTNSRDC
"I COMMANDER

T TECHNICAL DIRECTOR n

OFFICER-IN-CHARGE ____OFFICER-]N.CHARGEJ

CARDEROCK ANNAPOLIS I

SYSTEMS
DEVELOPMENT
DEPARTMENT

I AVIATION AND

HPAERFMANTE 1 SURFACE EFFECTS
DEPARTMENT DEPARTMENT• !15 16

STUTRSCOMPUTATION,
SSTRUCTURES MATHEMATICS AND
-DEPARTMENT LOGISTICS DEPARTMENT

17 -18

- PROPULSION AND
SHIP ACOUSTICS AUXILIARY SYSTEMS

DEPARTMENT DEPARTMENT
19 27

SHIP MATERIALS CENTRAL
ENGINEERING -- INSTRUMENTATION
DEPARTMENT DEPARTMENT

28 29

I~' ~b ~ NDW OTNSAOC 5602121 42-901

t



-- 'n-o.-,-, .., --," ',, Nr

UNCLASSIFIED
V4.CU;I'TY CLASSIFICATION OF THIS PAGE (Whon Data Enlered) _

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
REPORT__ DOCUMENTATIONPAGE_ BEFORE COMPLETING FORM

"I REPORT NUMBER 12._3OVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

DTNSRDC-83/ 055 14J-~P -,,+ 3 6 F,,-d____
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

OTTMUM FOREBODY SMAPING FOR AXISYMMETRIC Oct 1982 - Jan 1983

SUBMERSIBLES WITH TURBULENT BOUNDARY
LAYERS AND BLC AFTERBODIES S PERFORMING ORG. REPORT NUMBER

___Aero Report 1284
7. AUTHOR(4) f. CONTRACT OR GRANT NUMBER(a)

Benjamin J. Neumann

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

David Taylor Naval Ship Research and AREA o WORK UNIT NUMBERS

Development Center Program Element 62702E

Bethesda, MD 20084 Work Unit 1603-604

I1 CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Defense Advanced Research Projects Agency July 1983
1400 Wilson Boulevard 13. NUMBER OF PAGES

Arlington, VA 22209 41
14 MONITORING AGENCY NAME & ADDRESS(II different from Controllling Olfice) IS. SECURITY CLASS. (of this report)

UNCLASSIFIED
ISll. DECLASSIFICATION /DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED

17. DISTRIBUTION STATEMENT (of the ebetract entered in DIock 20, It different from Report)

IS SUPPLEMENTARY NOTES •

19. KEY WORDS (Continue on revers side If neceseary and Identity by block number) L.

Boundary Layer ' "-V

Boundary Layer Control
Axisymmetric Body
Transition Analysis Program System (TAPS)
Submersible

20. A1BSTRACT (Continue on revore. aide It neceusary and IJentlfy by blork number)

> One objective of the Advanced Undersea Vehicle (AUV) program is to design
a low drag vehicle. The approach te this objective'in this investigation is
boundary layer control by means of an annular suction slot located on the
afterbody. Although wind tunnel data showed significant reduction in pro-
pulsive power over conventional shapes, an attempt was made to achieve further
reduction by means of forebody shaping. Two methods were used to vary then

(Continued on reverse sidel

1473 EDITIO, OF 110 65 IS OU5C .E-I UNCLASSIFIED

SECU.IY CLA0I'"A. .,I,"• .. . . . . .. .. . . . . ..



UNCLASSIFIED
3ECURITY CLASSIFICATION OF THIS PAGE (When Daea Entetred)

(Block 20 continued)

"-)geometric parameters for this analysis. The direct method, based on the
mathematical development of the Series 58 bodies, allows the definition of
a shape by a fifth-order polynomial based on the four fundamental parameterof fineness ratio, nose radius of curvature, location of maximum thickness,
and prismatic coefficient. The inverse method allows various velocity
distributions to define the body shape. The shapes derived by this method
have flat velocity distributions and show similar trends to the polynomial
shapes (about 3-percent reduction in propulsive power). The range of fine-
ness ratios analyzed was from 1 to 10 at a volume-based Reynolds number of
3.2 million. In the range of 2.5 to 8, fineness ratio did not affect pro-
pulsive power more than 6 percent. A maximum improvement of 3 percent was
shown by varying the meridian section.

") I

UNCLASSIFIED
SECURITY CLASSIFICATION4 OF THIS PAGEI'7en Date Entered)



TABLE OF CONTENTSI Page

LIST OF FIGURES . . . . . . . . . . . . . . . . .

LIST OF TABLES . . . . . . . . . . . . . . iv

VNOTATION . . . . . . . . . . . . . . . . . . . . . . 4
i ~ ~~ABSTRACT .. . . . . . . . .. . . . . . .

ODMINISTRATIVE INFORMATION . . . . . . . . . ..

NTRODUCTION . . . . . . . . ...................

EVALUATIONVERSEM . . . . . . . . . . . . . 4RIT

i ~ GEOMETRY DEVELOPMENT . .. .... . . . .. . . ... 6

RESULTS AND DISCUSSION . . . . . . . . . . . . * ....... . 18

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

APPENDIX - FIFTH-ORDER ?OLYNOMIAL DERIVATION . . . . . . . ..... 27

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

LIST OF FIGURES

1 - Component Schematic of Boundary Layer Control Model Installed
in Wind Tunnel . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 - Pressure Distribution over Wind Tunnel Model . . . ........ 7

3 - Energy Content versus Mass Flow in Boundary Layer . . . . . . ... 8

4 - Boundary Layer Rake Schematic . . . . . . . . . . . 9

5 - Envelope Curve of Prismatic Coefficient and Nose Radius of
Curvature Defined by Zero Slope Condition . .. . . . ..... 12

6 - Boundary Curves Defined by No-Inflection-Point
and Positive y Condition ...................... 13



Page

7 - Polynomial Generated Geometry ................... 14

8 - Input Velocity Distribution . . . . . . o . . .. .. . . a . #. . 15

9 - Typical Input Functior for Inverse Code * . . * .. .. . . . *. 16

10 - Resulting Geometry and Corresponding Pressure Distribution
from Inverse Code . . . . . . . . . . . . . . . . . . . . . . .. . 17

11 - Drag Coefficient versus Fineness Ratio for
Series 58 Bodies . . . . . . . . . . . . . . . . . . . . . . . . . 19

12 - Influence of Fineness Ratio on Wetted Area ............ 20

13 - Forebody Power Coefficient versus Fineness Ratio ......... 22

14 - Pressure Distribution of Various Geometries ........... 24

LIST OF TABLES

I - Correlation Between TAPS Prediction and Wind Tunnel Data ..... 10

2 - Propulsive Power as a Function of Prismatic Coefficient
and Nose Radius of Curvature . . . . * . . . . . . . . . . . . 21

3 - Tabulated Results of Power Coefficient versuL Fineness Ratio . • • 23

iv

-- -..'." -



NOTATION

A The surface area of a frustum, ft 2

C Maximum radius of a body, ft, C d/2

CD Drag coefficient

CH Head coefficient, H/qo

C Mass flow coefficientQ
C Pressure coefficient
p

Cp Ideal forebody power coefficient

SCV Prismatic coefficient, fraction of usable volume contain by

4V
the body, CV 2•. f d2 2

d Maximum diameter of body, ft

SH Fluid total head, lb/ft 2 gage

SKI Maximum velocity ratio

K2 Final velocity ratio

L,9, Body length, ft

R/d Fineness ratio

iM Fraction of body length where body is thickest

Sn Exponent used in velocity curve fit

P Power, ft-lb/sec

ps Static pressure

q Dynamic pressure, lb/ft 2 , q = 1/2P V2

Ro Radius of curvature at the nose, ft

ro Nondimensional radius of curvature at the nose, ro Ro Z/d 2

r, Body radius at the location of the boundary layer rake, ft

Rev Reynolds number based on volume raised to the one third power, Re=

jS Surface distance, ft

v



V Velocity, ft/ser

y Height, ft

6 Boundary layer height, ft

V Volume, ft , (for BLC bodies, the portion of the body volume upstream
of the inlet location; otherwise total body volume)

Angle between normal to body surface and the vertical, degrees

P Density, slugs/ft 3

V Kinematic viscosity, ft 2 /sec

Subscripts

i Value at heights normal to body, yi

1 Local conditions at station 1, the assumed inlet location

0 Free-stream conditions

te Trailing edge of the body

0

-V 

-

BODY CONTOUR
II

NOMENCLATURE
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ABSTRACT

One objective of the Advanced Undersea Vehicle (AUV) program
is to design a low drag vehicle. The approach to this objective
in this investigation is boundary layer control by means of an
annular suction slot located on the afterbody. Although wind
tunnel data showed significant reduction in propulsive power
over conventional shapes, an attempt was made to achieve further

a reduction by means of forebody shaping. Two methods were used
to vary the geometric parameters for this analysis. The direct
method, based on the mathematical development of the Series 58
bodies, allows the definition of a shape by a fifth-order
polynomial based on the four fundamental parameters of fineness
ratio, nose radius of curvature, location of maximum thickness,
and prismatic coefficient. The inverse method allows various
velocity distributors to define the body shape. The shapes
derived by this method have flat velocity distributions and
show similar trends as the polynomial shapes (about 3-percent
reduction in propulsive power). The range of fineness ratios
analyzed was from I to 10 at a volume-based Reynolds number of
3.2 million. In the range of 2.5 to 8, fineness ratio did not
affect propulsive power more than 6 percent. A maximum improve-
ment of 3 percent was shown by varying the meridian section.

ADMINISTRATIVE INFORMATION

This work was performed by the New Vehicle Office (Code 1603) of theI Aviation and Surface Effects Department at the David W. Taylor Naval Ship Research

and Development Center (DTNSRDC). The project was funded by the Defense Advanced

Research Projects Agency (DARPA) under Program Element 62702E, DTNSRDC Work Unit

INTRODUCTION

One aspect of the Advanced Undersea Vehicle (AUV) program addresses the

development of low-power requirements for an axisymmetric turbulent flow hydro-

dynamic body. The present concept uses the ingestion of the boundary layer fluid

and the reenergization of the fluid to propel the vehicle. By ingesting the fluid

at the proper location and with proper afterbody shaping, flow separation can be

1



avoided even with very full af:erbodies. The ability to design full afterbodies

without a power penalty has resulted in high prismatic coefficient bodies

(CV > 0.8) with low-power requirements. Analytical studies, have been performed to

develop body shapes for experimental verification in a wind tunnel.l* The body

shape selected for this experiment uses a Reichardt nose and parallel mid-bodies

which varied the body length-to-eiameter ratio (4, 5, and 6); see Figure 1. The

full afterbody shape was selected based on a preliminary design for the pripulsor

and shroud.

The three designs were experimentally evaluated in a wind tunnel 2 in an

unpowered condition using a fan mounted downstream of the model connected by a duct

to provide the suction air simulating the propulsor. Pressure measurements

provided data to determine the power coefficients for the bodies at various suction

flow rates. One of the many observations during the wind tunnel investigation was

that the body with a fineness ratio 6 (i.e., length-to-maximum-diameter ratio)

performed better than the lower fineness ratio bodies. This study was undertaken

to verify the wind tunnel results and to determine if another shape could perform

even better than the shapes selected for the wind tunnel experiments.

One way of assessing the performance of a vehicle is by calculating the power

required to propel the vehicle at a constant speed, that is, propulsive power. An

attempt was made to reduce propulsive power on the wind tunnel model by means of

forebody shaping. It was believed that an efficient means of accelerating the

fluid over the forebody such that boundary layer growth would be controlled would

result in a reduction in required power. Forebody shaping to reduce drag had been

investigated a number of times, but the feasibility of efficient afterbndy boundary

A complete listing of references is given on page 33.
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layer control, which was demonstrated earlier in the program, provides two new

considerations that suggest a separate study. First, because separation is

avoided, i.e., no form drag, the primary component of drag to be considered is skin

friction. In addition, since an afterbody is required for boundary layer control,

the analysis of the skin friction should be conducted only from the nosE of the

body to a ioint where an inlet would be placed. Second, only turbulent flow is of

interest in this study whereas some other studies dealt with laminar flow. These

two issues justified proceeding with a forebody shaping program at DTNSRDC. (See

References 3 and 4 for details of other studies.)

EVALUATION CRITERIA

It is assumed that with a properly developed BLC aftbody the form drag will

be negligible, external aftbody friction will be very small and its dependence

on forebody geometry can be neglected, and the internal efficiency with which

boundary layer fluid can be ingested, reenergized and exhausted is also indepen-

dent of forebody geometry. These assumptions greatly simplify the problem of

comparing the merits of different overall body geometries since they can be com-

pared on the basis of boundary layer properties at an assumed propulsor inlet

location and the details of aftbody internal and external shaping need not be

considered.

The inlet location was selected as a point slightly upstream from the occur-

rence of boundary layer separation as determined from a calculation of the bound-

ary layer development under the influence of the calculated potential-flow pressure

distribution. By choosing to nondimensionalize results in terms of the body vol-

ume upstream of the chosen inlet location, it was found that the effect of small

variations in the exact choice of inlet location was made negligible. (This choice

4



IXI
of reference volume was necessary in any case in order to avoid having to deal

with the details of aftbody geometry.)

The quantity chosen as the measure of relative merit of the various body

geometries is ideal forebody popwer_ coefficient, Cp a nondimensional measure of

the power required by an ideal propulsor to restore the boundary layer fluid at

the chosen inlet location to free-stream total head.

£ •This coefficient is defined as:

* P
P qoVoV2 / 3  (1)

where

P* Vi (qo-Hi) dAi (2)
0

dAi = 2r (rI + yi cos 0) dy (3)

But VI dAi = VoV 2 / 3 dCQ (4)

Hence 6
C - I(l-CHi) dCQ (5)

The requisite boundary layer information, namely CH as a function of CQ,

was obtained from the Transition Analysis Program System (TAPS) 5 ' 6 which was also

one of the primary tools used in the analysis and development of the earlier

wind tunnel configurations. Correlation between TAPS and actual wind tunnel

data has, to some degree, been completed. Very good comparisons between the

5



TAPS potential solution and pressure coefficient, (pa1 - pso)/qo, measurements

have been found. In Figure 2, a sampie plot shows the pressure distribution

over the wind tunnel model (1/d - 6) with the TAPS prediction. Also, good agree-

ment has been found between the predicted energy content of the fluid just up-

stream of the inlet and the measured energy (head profile). Predicted head

profile is compared with the measured head profile in Figure 3. The head pro-

file is presented by a head coefficient versus a mass flow coefficient; the

latter is similar to the stream function concept, that is, the mass flow is

constant between streamlines. This method of presentation is essential because

the experimental data revealed significant variation of static pressure across

the boundary layer. Since TAPS assumnes uniform static pressure across the bound-

ary layer, comparisons of H vs y and V ve y separately would suggest very poor

correlation even though the actual correlation in terms of flow quantities needed

for this study is excellent.

The wind tunnel model geometries were also analyzed by TAPS at the same con-

ditions as the wind tunnel data points so that firther corre]ation could be made

between predictions and actual measurements. The wind tunnel models had a 13-tube

rake of which 11 tubes were for total pressure and 2 were for static pressure

measurements (Figure 4). This rake, located just forward of the inlet, is referred

to as the boundary layer rake. The boundary layer rake measurements were integra-

ted, as shown in Equations (1) through (5), in order to correlate the analysis with

actual data. The results of this correlation showed very good agreement, as indi-

cated in Table 1.

GEOMETRY DEVELOPMENT

In order to compare the different shapes and to understand their variation in

performance, a method was sought which would allow the variation of geometric

6



tt

it-

do#.at:jo

Vd- - d



0

4 1o

I-o

4,I3*ldO frH



2:0.013 DIAMETER HOLES!

180 dog APART (TYPICAL)
r..

"I

80 dog

ALL TUBES
0.042 X 0.006

NMI STAIN LESS STEEL

I Figure 4 -Boundary Layer Rake Schematic

t !

+• • I



TABLE I - CORRELATION BETWEEN TAPS PREDICTION AND WIND TUNNEL DATA

Wind Tunnel Predicted Measured VariationModel, ZLd C p* (%)

6 0.0201 0.0206 2.5

5 0.0202 0.0200 1.1

4 0.0195 0.0193 1.0

parameters. These parameters include fineness ratio, prismatic coefficient, nose

radius of curvature, and the location of maximum thickness. Two approaches are

available to accomplish this. The first approach, the direct method, is to define

a geometry based on the four parameters and then analyze its flow charactelistic.

The second approach, the inverse method, is to prescribe a velocity distribution

and find the geometry that matches.

DIRECT METHOD

The direct method is a modification to the work done by Gertler and Landweber 7

in 1950. The problem simply stated: A polynomial is desired which defines the

geometry of a body of revolution. It is desired that four parameters be available

for the user to vary, thereby generating a family of geometrically similar bodies.

The parameters are fineness ratio, prismatic coefficient, nose radius for curvature,

and the location of maximum thickness. The equation takes the form:

y 2 (x) - 2 ro R(x) + C2 Q(x) + CvP(x) (6)

where R(x), Q(x), and P(x) are fifth-order polynomials.

The one parameter that is not apparent, but of major importance, is the

location of maximum thickness of the body, M. Due to the mathematical limitations

of Equation (6), M was chosen to be 0.7 of the body length for all geometries

10



analyzed. The derivation of R(x), Q(x), and P(x) is shown in the appendix and is

similar to the method presented in Reference 7.

The major portion of this study was done with geometries generated by the

direct method. Certain restrictions are imposed in Equation (6) in order to

ensure a smooth body. An example of these limitations is shown in Figures 5 and

6. Figure 5 shows a region within which only one point of zero slope exists on the

"body contour. This alone does not ensure a realistic geometry nor a smooth one.

"Figure 6 shows regions in which y < 0 or y" >0, which would indicate a nonrealis-

tic geometry and a geometry with inflection points, respectively. An example of

a polynomial generated body is shown in Figure 7 for a fineness ratio 5 body.

For a fineness ratio of 4, a range of prismatic coefficients and radii of

curvature were tested. The investigation of fineness ratio 4 geometries was done

to understand the influence that the prismatic coefficient and nose radius of

curvature have on the power required to self-propel the bodies.

The very nature of this method enables it to be converted easily to a

computer program. After conversion, a systematic procedure was developed to start

with a geometry and result in a final C p*. This method was also extended from a

fifth-order to a sixth-order polynomial. As no significant improvement was shown,

this was not pursued.

INVERSE METHOD

Included in the TAPS package is an inverse potential flow program developed

by James 8 and the McDonnell-Douglas Corporation. 9 ' 1 0 Input to the program is a

velocity distribution, and by means of iteration a resulting geometry is output.

<I'-.



Uj

4-4

CR I

10

U. 0

440

0

0441

S0

d . *d 0

a)
in a >

It 11

V)

Ao~~~ ~ ~ 0j~o~~~33jVq~

12~

ws0



r - - -

- -U1*� '!

I

- q
C I-.

0
V -4J

0

o
4 0

�j *1*I
- 0

z �
I- 0

@2 4-�w U
�I Q�

H
o �

-J �

2
�w
0! �

o �'
2 �
o
2 �

I.'

N

0

�p.. I
IA..
gui ii a)
.uoz '.4
�b.

ao
�L4

I I I - q. a
a

I- a
A0 '±NII�IddUOO OIJ.VWIWd

13



-5

z .4

V4.

i/A~~~o *siv w iumao

14-



The following are sample input:

2
"K1 Sfi 0 S < I

( - 1 K2 I < S <. Ste

where S - I at the location of the Inlet, and S * 0 at the nose.

By varying K1, K2, n, and Ste a family of velocity distributions can be

generated (Figure 8).

SR1/21_CEDISTANCE,

Fi e 8 Id-,p V

8 KY2  1000-'n -

1.0 St

SURFACE DISTANCE, S

Figure 8 - Input Velocity Distribution

A numter of attempts were made using the TAPS inverse code, but the approach

was discontinued due to unsatisfactory results. Subsequent analysis of an output

geometry did not compare with the input velocity distribution. The failure of the

TAPS inverse method is believed due to the convergence logic and its particular

coding; therefore, a second inverse method was developed. This method, based on a

surface discrete vortex distribution, was originally coded on a Tektronix terminal

15
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for two-dimensional flow. Later, the method was developed for an axisymmetric flow

and finally coded in FORTRAN for use on the CDC-6600-type computers.

The program receives as input a function for the body length. The function

used was a series of straight lines; see Figure 9. The broken line in the figure

results in a cusp-type of afterbody and is similar in shape to the velocity

distribution for such a body. The solid line represents a symmetric velocity

distribution (the type of input used in this analysis). The resulting geometry

is symmetrical, which would change in shape based on changes in the slopes in

the fore and aft input distribution. The resulting geometries were checked in the

TAPS potential flow code to verify a flat velocity distribution. A sample result

is shown in Figure 10.

-F1

0.0 0.2 0.4 0.6 0.8 1.0
NONDIMENSiONAL SURFACE DISTANCE, S/Se

Figure 9 - Typical Input Function for Inverse Code

A number of other geometries were analyzed to put the final results in

perspective. The laminar flow forebody shape of Goldschmied 1 1 was analyzed along

with the wind tunnel model of fineness ratios of 4, 5, and 6.

16
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RESULTS AND DISCUSSION

At low fineness ratios, the component of drag due to flow separation (residual

drag) becomes more important. This phenomenon is seen in Figure 11 where the

total drag of a typical Series 58 body is shown along with the components of drag,

skin friction, and residual. Note that at the low fineness ratios the residual drag

controls the shape of the total drag curve. By applying afterbody boundary layer

control, the residual drag component can be eliminated, and the optimum fineness

ratio for reducing propulsive power can be found based on a tradeoff of skin

friction drag alone.

When attempting to reduce the skin friction of a body of revolution, there is

a distinct tradeoff. By reducing fineness ratio, the wetted area required to

enclose a given body is reduced as shown in Figure 12. This should reduce skin

friction drag. However, reducing fineness ratio also increases the flow velocities

over the surface, increasing skin friction drag. An analysis was conducted, using

the methods previously described, to define the fineness ratio which optimizes the

reduction in wetted area with the increase in surface velocity. (An assessment of a

low drag spherical submersible was conducted at DTNSRDC in 1981.

The analysis was conducted as a two-step process. First, for a single

fineness ratio, (Lid - 4), the influence of prismatic coefficient and nose radius

of curvature was determined. The results in Table 2 show a range of less than 2

percent. Despite such a small range, it was apparent that the higher prismatic

coefficient and nose radius of curvature bodies resulted in the lower power

coefficients. This was the assumption used for the other fineness ratios.

*As documented by Leitner and McCabe in a report of higher classification.

18
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TABLE 2 - PROPULSIVE POWER AS A FUNCTION OF PRISMATIC COEFFICIENT

AND NOSE RADIUS OF CURVATURE
(W/d - 4)

C Cv ro
p 0

0.01907 0.55 0.005

0.01897 0.60 0.005

0.01893 0.015

0.01894 0.65 0.005

0.01887 0.015

0.01883 0.025

0.01897 0.70 0.005

0.01893 0.015

0.01886 0.020

0.01879 0.035

0.01884 0.75 0.030

0.01882 0.035

The second step was to determine the influence of fineness ratio. The results

of this analysis are shown in Figure 13 and Table 3. The primary method used was

the polynomial generated shapes which make up the base-line curve. The polynomial

shapes range from fineness ratios of I up to 10. Figure 13 also includes the

various geometries used in the program analysis. The wind tunnel model with the

Reichardt nose displays somewhat lower values than the base line. A third family

of geometric shapes is shown with still lower propulsive power coefficient. These

shapes, representing a flat pressure distribution, show an improvement of approxi-

mately 3 percent from the base line with a smaller improvement over the wind

21
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tunnel model. The characteristic pressure distributions of these four geometries

are shown in Figure 14.

TABLE 3 - TABULATED RESULTS OF POWER COEFFICIENT VERSUS FINENESS RATIO

R/d Cp Geometry Type

0.02765 Polynomial geometry

2 0.02137

3 0.01920

4 0.01880

I 5 0.01880

b 0.01910

7 0.01955

8 0.01990

10 0.02055

4 0.01850 Wind tunnel model

5 0.01860

b 0.01895

2.8 0.01870 Symmetric body

3.5 0.01830

4.9 0.01835

3 0.01950 Goldschmied

CONCLUSIONS

Although the optimum fineness ratio appears to be 4, the curve is quite flat.

An important consequence of this is that other design issues, which may necessitate

changes in the vehicle's length or diameter, can be accommodated with impunity over

a range of fineness ratios (2.5 to 8). (In practical terms, this relative
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insensitivity might extend to even lower fineness ratio bodies since the imposition

of transition to turbulent flow at 10 percent body length may be overconservative

for them. The sphere, for example, has a powerful favorable pressure gradient

extending much further than 10 percent of length which might maintain a signi-

ficantly greater region of laminar flow even in rather unfavorable practical

conditions.)

For a constant fineness ratio, the different shapes varied by at most about

4 percent of * Relative to the Reichardt shape selected for the wind tunnel

model improvements of 1.5 percent were obtained.

By application of boundary layer control to underwater submersibles, a low-

power vehicle can be designed with a fineness ratio of 2.5 and still have a high

prismatic coefficient.
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APPENDIX

FIFTH-ORDER POLYNOMIAL DERIVATION
"-- '-,, __i -•• 2(x 2rRVP2

The form of equation v(x) 2r R(x) + C P(x) + C Q(x), which is the

sectional area curve, is of the fifth order. The resultant meridian section

can be easily defined by taking the square root of y2. Substituting, f(x) for

y 2 (x) gives the following boundary conditions:

a. f(x - 0) - 0

b. f(x - 1) - 0
m.....=df c. - (x - 0) - 2r,

dx

d. f (x - M) = C2

S~df
e. - (x M H) = 0

dx

f. f(x) dx C2 CV

where M - location of maximum thickness.

Since f(O) - 0, regardless of the values of ro, C, and Cv,

R(O) - P(O) - Q(O) - 0 (1)

Similarly, Equations (1) through (6) are obtained from:

Condition b

R(1) - P(1) - 0(1) - 0 (2)

Condition c

R-(-) - 1, P'(0) Q Q*(0) - 0 (3)

where the prime denotes differentiation with respect to x.

Condition d

R(M) - P(M) - 0, Q(M) 1 1 (4)

Condition e

R'(1,) - P'(M) - Q'(M) - 0 (5)
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Condition f

f R(x)dx f JQ(x)dx 0, f ~~x C2  (6)
0 0

The values of R(x), P(x), and Q(x) are derived on the basis of the relation in

Equations (1) through (6).

EVALUATION OF R(x)

Since R(0) - R(M) - R'(M) - R(M) - 0, and R(x) is a polynomial of the fifth

degree, Equation (7) becomes

R(x) - x(x - 1) (x-M) 2 (ao + a1x) (7)

The terms ao and a1 are solved from Equations (3) and (6). Substituting Equation

(7) into Equation (3), R*(O) - 1,
1

co n- -- (8)
M2

Equation (7) can be written as

R(x) ao [x 4 - x 3 (2M + 1) + x2 (M2 + 2M) - xM2 j (9)

S+ aI [X5 - x4 (2M + 1) + x 3 (M2 + 2M) - x2 M2 ]

Using this form of R(x) and applying Equation (6),

R(x) dx - -(2M + 1) + (M2 + 2M) - 1 M2 (10)

0 [5 4 3 2 J I
+ L-5 (2M + 1) + L (M2 + 2M) _ -M 0

16 5 4 3

Then, applying Equation (8) and solving for

a -1OM + IOM1 ( 3
M2 (-5M2 + 6M -2)
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EVALUATION OF P(x)

Since P(O) - P0(O) = P(M) = P'(M) = P(1) 0 0, and since P(x) is a

polynomial of the fifth degree, Equation (12) takes the form
P(x) = x2 (x - M)2 (x - 1) Bo (12)

The term $o is solved from Equation (6). By expanding Equation (12),

P(x) - 8o[x 5 
- x4 (2M + 1) + x 3 (M2 + 2M) - x2 M2 ] (13)

substituting into Equation (6),
1

f P(x)dx = C2

0
[o !- (2M + 1) + (M2 + 2M) - -- M2 (14)

Solving for 00 ,

o= C2/[' - (2M + 1)+ 2) M2]

EVALUATION OF Q(x)

Since Q(0) Q'(0) = Q(1) = 0, and P(x) is a polynomial of the fifth degree,

Equation (16) becomes

Q(x) = x 2 (x-1) (Y0 + Y1x + y2 x2 ) (16)

The terms T0 1 T1, and T2 are solved from Equations (4), (5), and (6). From

Equation (4), Q(M) 1 1, and

YoM 2 (M - 1) + Y1M3 (M- 1) + 12 M4 (M- 1) = 1 (17)

Also, from Equation (5), Q*(M) - 0, and

To0 (3M4 - 2) + T1M
2 (4M - 3) + T2M

3 (5H - 4) - 0 (18)

Equation (16) can be written as

Q(x) Yo (x3 - x2 ) + T' (x 4 - x3 ) + y2 (x5 - x4) (19)
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Finally, from Equation (6), Q(x)dx * 0, and Equation (19),
t0

/~ ~x-Y I) 2 1 0 (20

From Equations (17), (18), and (20), the system of three equations and three

unknowns can be simplified and solved simultaneously for yo, YI, and y2. The

resulting values are

Y - 2.5M2 12.5M2 - 10H2 
- 3M + 2 (21)

(I - 1.5M)M 7.5M3 - 6M2 
- 4M + 3

1 - yo (1 - 2.5M2) (M -1) M2

m "1 3 (M - 1) (1 - 1.5M)

-Y2 - (2.5 YO + 1.5 Yl) (23)

The set of equations to describe an axisymetric body by means of a fifth-

order polynomial can be summarized as

y2 2roR(x) + CvP(x) + C2 Q(x) (24)

where

R(x) - x(x _ 1) (x - M)2 (% 0+ QX)

P(x) . x2 (x -M)2 (x - 1) a0  (25)

Q(x) - x2 (x - 1) (Y0 + Ylx + y2x2)

and

0 M2
1o - -- 102 10 3

a -lOM2 + IOM - 3

M2 (-5M2 + 6M - 2)
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00- c -- (2M + 1) +-I (m2 + 2M) --- M2
YL6 5 4 3

1 - 2.5M2 l2.5M3 - IOM2 - 3M + 2
YoM-- +(1-1.5M)M 7.5M3 - 6M2 - 4M + 3

I - Y0 (1 - 2.5M2 ) (M - 1)M2

YI" M3(M - 1) (1 - 1.5M)

S- -(2.5Yo + 1.5•Y)

As noted, not all combinations of ro, CV, C, and M define shapes that are

either realistic or smooth. To ensure a satisfactory shape, equations have been

defined that must be satisfied. These restrictions, which are the same as those

imposed in Reference 7, include the existence of a single maxima between the

nose and tail of the body and at a prescribed location, M. Also, y must always

be greater than zero, and the slope of the body must continuously be decreasing

as x goes from nose to tail.
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