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All symbols, subscripts, and nondimensionalized hydrodynamic coef- i
ficient expressions appearing in the body of this report are defined ;
below. Any dimensions involved will be consistent with the foot-pound-

NCSL TR-327-7¢

GLOSSA'Y OF TERMS

second system of units. All angles are in degrees.

SYMBOLS

Symbol

AR

B

Definition

Aspect ratio of surface = b2/s.

Buoyancy force which is positive upwards, B = p¥ (except

where used in fluid kinetic energy equatioms).
Exposed root-to-tip span of surface.

Chord.

Mean chord of surface = s/b = b/AR.

Root chord of surface.

Tip cherd of surface.

Added moment of inertia.

Moment of inertia of an underwater vehicle about the

x-axis.

Added moment of inertia about the x-axis.

Moment of inertia of an uncderwater vehicle about the

y-axis.

Moment of inertia about the y-axis of the fluid
displaced by the body.

Moment of inertia of an underwater vehicle about the

z—-axis.

Moment about the x-axis exerted on the body by the

dynamic pressure of the surrounding fluid.

Lamb's inertial coefficient for a prolate ellipsoid

in axial flow.
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Symbol (Conrtinued) Definition

2 lLamb's inertial coefficient for a prolate ellipsoid
in cross flow.

Coefficient for added moment of inertia for a flat plate.

ké Lamb's coefficient for added moment of inertia for a
prolate ellipsoid body.

2 Overall length of the vehicle.

loment about the y-axis exerted on the body by the
dynamic pressure of the surrounding fluid.

Mass of the vehicle including the water in the free-
flooding spaces.

m Additional mass.
Mass of fluid displaced by hull envelope.

lfoment about the z-axis exerted on the body by the
dynamic pressure of the surrounding fluid.

Component of angular velocity about th: body
fixed x-axis.

Component of angular velocity about the body
fixed y-axis,

Componant of angular velocity about the body
fixed z-axis.

Exposed planform area of surface.
Maximum cross-sectional area of the body.
Total kinetic energy of the body~fluid system.

. Kinetic energy of the fluid representing the system c’ .
- impulsive pressures exerted by the surface of the body

on the fluid during accelerationm.

h Kinetic energy of the vehicle representing linear and
ve angular momentum of the body.

t Time.

Linear velocity of origin of body axes relative to a
fluid-fixed axis system.
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v Symbol (Continued) Definition
3

u Component of U along the body x-axis.

L Displaced volume of the hull envelcpe.
] v Component of U along the body y-axis.
f Y w Component of U along the body z-axis.
1 X Force along the x~axis exerted on the body by the
% dynamic pressure of the surrounding fluid. :
3 chb x-distance from nose to cb.

chg x-distance from nose to cg.
f X x-distance from nose to centroid of the horizontal

nht
5 tail fins.
E X Longitudinal axis of the body fixed coordiuate axis
; Systemo
i Y Force along the y~axis exerted on the body by the
3 dynamic pressure of the surrournding fluid.
? y Transverse axis of the body fixed coordinate axis
L system,
E pA Force along the z-axis exerted on the body by the
] dynamic pressure of the surrounding fluid.
g z Vertical axis of the body fixed coordinate axis
: system.
§ Z. The z~distance to the center of buoyancy (cb) from the
‘ center of gravity (cg), positive down.
: a Angle of attack.
( B Angle of side-slip.
] Gbp Deflection angle of bowplane (or sailplane).
f Gr Deflection angle of rudder.
i GS Deflection angle of sternplane.
iii
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v Symbol (Continued) Definition

3 A Planform taper ratio of surface = Ctlcr'
w Angular velocity.

! ] Yaw angle.

¢ Roll angle.

p Mass density of seawater.

] Pitch angle.

! The component in the plane of a surface of the perpen-
dicular distance between the axis of rotation and the
centroid of the area of the surface.

! A prime over any symbol signifies nondimensionalization.

; . A dot ovaer any symbol signifies differentiation with
| respect to time.
; SUBSCRIPTS
§ Subscript Definition
é a Added or additional inertia.
g b Body.
g bp Bow plane.
f cb Distance from cg to cb.
% cg Distance to cg.
: df Displaced fluid.
f Fluid.
, ht Horizontal tail.
E vt Lower vertical tail section.
!
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NCSL TR-327-78
o Subscript (Continued) Definition
n( ) Referenced from nose to some point, ( ), e.g., ncb
3 implies nose-to-cb.
P Plate.
r Rudder.
{ s Sternplane.
sh Shroud.
t Tip.
uvt Upper vertical tail section.
4 veh Vehicle.
% x Pertaining to the x-axis.
% y Pertaining to the y-axis.
E 2z Pertaining to the z-axis.
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: NONDIMENSIONALIZED HYDRODYNAMIC COEFFICIENT EXPRESSIONS i
F X, X, X,
3 ' = L L - ;
R (YRR e ™ o X'e = Tor® ;
Y, Y, Y, -
Y, = = Y', = A Y', = -—y——g ]
; a " Coer’ ? v " Operd w (9o .
2, z, Z. .
z'. - -_—l'l_? z'u - —v1 z'c - -—w'—g .
{ U (gee’? v o (e’ w (9ot
: X X X,
' . ’ { - ’ ‘o=
X3 = Toor X4 = Mot X'e = @or® :
. s
: Y Y Y,
: ' m ’ ' - ’ ' - r
; Yy T Yy e e " Tor” :
p z, Z,
! - Et ’ ' - ’ " r d
% 25 = et A T 2y = ot ;
K, K, K, i
K', = 4 K'. = Y K', = = 5 :
: a - CGoert AR " TY A w (ool !
’
E | |} Mﬁ M' M‘.' ] M! M‘.v %
g S CTTR @ " Oer @ " Woer” ;
N, N, N, |
' N', = 1 N', = ____I‘_V N', = = G
! a - (et ? v (et ? w (oot |
F K K . K, 3
? ' - ] - '. - r i
K'y = Tpers » K'y = ot K¢ = e ]
M M M ‘
: 4 +
3 \ - ' - '. = H
M = et Mg ™ o> My ™ ers
t . N, N, N, ;
LI ' - ’ ' =
E NI Ny = el Ny = Bper® j
\ i
; Note that X'a = 3X'/su', X'p = 3X'/3p', etc. 3

vi




NCSL TR-327-78

TABLE OF CONTENTS

E IMRODUCT ION L] L[] L] L] L] . L] . L ] . . L) . L] - L ] . L] L] L] L[] L] L] . L] . 1 E
]

[ s B‘ ckg ro und L] » L] 1 ] L] . L] . L] L] L] L] . L L] - L] . L] . L] . L) [ ] 1
4
Acceleration Coefficients. . + ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o 3 3

E_ ACCELERATION COEFFICIENTS IN POTENTIAL FLOW THEORY. . . . . . . 4

METHODS FOR COMPUTING ACCELERATION HYDRODYNAMIC COEFFICLENTS. . 9
Introduction L L L] L] L] . L . - . L] L] . . L] . . L] L] . . LJ . 9

Longi 1dinal Coefficients. . « .+ « ¢« ¢ & « ¢« ¢ & o ¢ & ¢ & 9

U I L

x' L] L] L] L] . . L] L] . L] L] L L] . . . L] L] . L] . - * * L] . 9
i

Ek z' L] L] . - . L] . . L] L] L] ° L) . L] . L L] - . . L] . - - L] 1A F
s u s
M. - L] L] . L] L] . L] . L] - . L L] . - . * L] L) . . * . L] * 16 !l
x' [ ] L] L - - - L] - . L ] . . L] . L] L] . . . . L] L] L] L] L] L) 16 :
v ;
z' L] L] L] L] L] L] L] . . - - - - . . L] L] - L] * . L] . . e L) 17 i
:
M' * . L] » - * - . L] . . L] L] L] . L] . . L] L] . L] L] . - L] 26 1
s

X' 29

e

z'o e ° & e ® 8 ¢ & & & * e & & & & s *o T B 6 s . 29 4

oL

3 M' e & e a . e & e & e * e & e+ o s o s T W * s e s 2 29

Lateral Coefficients « « « « « « o« « o s o o o o ¢ o o o+ 38

vii




e T

_E SUMMARY . « « ¢ v v v o o o o o o o o

% APPENDIX A - DERIVATION OF HYDRODYNAMIC COEFFICIENTS

NCSL TR-327-78

TABLE OF CONTENTS (Cont'd)

RELATIONSHIPS FROM ENERGY EQUATIONS. .

EXPERIMENTAL DATA. . . .

USED FOR SENSITIVITY ANALYSIS. .

APPENDIX D - DESCRIPTION OF MANEUVERS USED IN

i TRAJECTORY SIMULATION. .

viii

APPENDIX B - COMPARISON OF ANALYTICAL PREDICTIONS WITH

APPENDIX C - DESCRIPTION OF TYPICAL HYDRODYNAMIC VEHICLE

*

Page No.

44
44
50
54
56
56
59
59

A-l

B-1

bk 1A 7 ek

N R PP

PP S

PP DU U T




R o ac- Tl i

I N e AL El S

TTTRE AR RR T . YRR et

TN TERORITTS T e e

R R T T —p—

Figure No.
1

10

11

NCSL TR-327-78

LIST OF ILLUSTRATIONS

Positive Directions nf Axes, Angles, Velocities,
Forces, and Moments

Trajectory Simulation Plot of x'a Contribution to

X-Force During a GS = +30° Dive/Climb Maneuver

Percent Contribution of X'& to X-Force During a
8, = +30° Dive/Climb Maneuver

Lamb's Inertia Coefficients k;, k, and k'
Plotted as a Function of Vehicle 2/d

Trajectory Simulation Plot of Z'& Contribution to
Z-Force During a Gr = 30° Steady Turn
(Automatic Depth-Keeping)

Percent Contribution of Z'Q to Z-Force During a

Gr = 30° Steady Turn (Automatic Depth-Keeping)

Trajectory Simulation Plot of Z'Q Contribution
to Z-Force During a Gs = +30° Dive/Climb Maneuver

Percent Contribution of Z'Q to Z-Force During a
68 = +30° Dive/Climb Manecuver

Trajectory Simulation Plot of Z'& Contribution to
Z-Force During a Br = +30” Turn Reversal Maneuver

(Automatic Depth-Keeping)

Percent Contribution of Z'& to Z-Force During a
Gr = +30° Turn Reversal Maneuver

(Automatic Depth-Keeping)

Root Locus Plot of u/Gs for a Generalized
Underwater Vehicle, Varying Z'&

ix

A e ks et

Page No.

10

12

12

15

18

18

19

19

20

21

SN IVE SRRSO S P A PP

EWINERNIP

e Tt et ACOAEAL e, L | M i bt

4 Ketmin




NCSL TR-327-78

LIST OF ILLUSTRATIONS (Cont'd) )

Figure No. Page No. 5
12 Root Locus Plot of w/Gs for a Generalized
Underwater Vehicle, Varying Z'& 21
i 13 Root Locus Plot of 9/6s for a Generalized
{ 4
v Underwater Vehicle, Varying Z': 21 - 3
¥ w
E 14 Coefficients of Additional Mass for Rectangular
g Plates 25
5 15 Top View of Body and Horizontal Tail Fin :
; Configuration with Descriptive Dimensions 26 :
: 16 Trajectory Simulation Plot of M'& Contribution to
Pitch Moment During a §_ = 30° Steady Turn
(Automatic Depth-Keeping 31
17 Percent Contribution of M'i to Pitch Moment During
. a Gr = 30° Steady Turn (Automatic Depth-Keeping) 31
1
f 18 Trajectory Simulation Plot of M'é Contribution to
Pitch Moment During a §_ = +30° Dive/Climb é
Maneuver 32 3
19 Percent Contribution of M'& to Pitch Moment g
During a 68 = +30° Dive/Climb Maneuver 32 g
20 Trajectory Simulation Plot of M'é Contribution to %
Pitch Moment During a Gr = +30° Turn Reversal 2
Maneuver (Automatic Depth-Keeping) 33 . g
5
21 Percent Contribution of M'& to Pitch Moment During ]
: ]
' a Gr = +30° Turn Reversal Maneuver (Automatic i
i Depth-Keeping) 33 }
: 22 Root Locus Plot of u/Gs for a Generalized !
f Underwater Vehicle, Varying M'i 34 p
: :
| x




e oAt s a TS ma_ﬂ;,_,;d

NCSL TR-327-78
E
; . LIST OF ILLUSTRATIONS (Cont'd)
Figure No. Page No. ;
23 Root Locus Plot of w/d8 for a Generalized ;
Underwater Vehicle, Varying M'& 34 1
24 Root Locus Plot of 6/6_ for a Generalized !
H
Underwvater Vehicle, Varying M'& 34 p
i
25 Coefficient of Additional Moment of Inertia for A
Rectangular Plates 37 i
: :
26 Trajectory Simulation Plot of Y'G Contribution to i
] Y-Force During a 6 = 30° Steady Turn 39 E
f 27 Percent Contribution of Y'G to Y-Force During ;
% a §_ = 30° Steady Turn 39 i
N 4
v ‘
: 28 Trajectory Simulation Plot of Y'G Contribution to 4
! : i
§ Y-Force During a 6r = +30° Turn Reversal Maneuver 40 3
[
t 29 Percent Contribution of Y'G to Y-Force During a é
E Gr = +30° Turn Reversal Maneuver 40 E
? 30 Root Locus Plot of v/Gr for a Generalized g
? Underwater Vehicle, Varying Y'G 41 !
3
E i1 Root Locus Plot of wldr for a Generalized 4
]
: Underwater Vehicle, Varying Y'G 41
; 32 Root Locus Plot of ¢/6r for a Generalized 1
E . Underwater Vehicle, Varying Y'G 41 5
‘ 1
E 33 Trajectory Simulation Plot of K'G Contribution :
E ) to Roll Moment During a Gr = +30° Turn Reversal é
i Maneuver 47 i
¢ . 1
E 34 Percent Contribution of K'G to Roll Moment During i
j a 8 = +30° Turn Reversal Maneuver 47
x1i

G aa . . L e R
aknciiladd min A i okl ary X SO TRUABNL KA b AR b e A D atlend L meeas . sean T e




rTW au g t T = - —y—— T TR T - e Ly T TR e 1 e yongs e e s e S
.

NCSL TR~327-78

‘ LIST OF ILLUSTRATIONS (Cont'd) !

v
! Figure No. Page No.
35 Root Locus Plot of ¢/6r for a Generalized
= Underwater Vehicle, Varying K'G 48
: 36 Dependence of the Additional Moment of
) Inertia on Taper Ratio 53 .
: 37 Variation of the Additional Moments of Inertia {
of a Single Plate With Dihedral Angle 54 4
]
' 38 Trajectory Simulation Plot of N'£ Contribution to ?
5 Yaw Moment During a Gr = +30° Turn Reversal Maneuver 60 j
i 39 Percent Contribution of N'f to Yaw Moment During a ;
| Gr = +30° Turn Reversal Maneuver 60 A
E 40 Root Locus Plot of v/Gr for a Generalized
% Underwater Vehicle, Varying N'f 61 ;
P {
41 Root Locus Plot of wldr for a Generalized ;
Underwater Vehicle, Varying N'f 61 g
42 Root Locus Plot of ¢/6r for a Generalized !
Vehicle, Varying N'é 61 d

T P G T e Ty sy s ST = 1T
5 bt e

e 2 e RN 2

R A T

.
L e i a2 L2

x11 i




Table No.

1A

1B

1C

2B

2C

T T BT S P T A TR . TR e

. T

3A

e TR

3B

NCSL TR-327-78

LIST OF TABLES

Longitudinal Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying X'l.1 +100%

Longitudinal Sensitivity Analysis of U Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying X'ﬁ +100%

Longitudinal Sensitivity Analysis of W Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying X".1 +100%

Longitudinal Sensitivity Analysis of 6 Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying X'l.1 * 100%

Longitudinal Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying Z'& +100%

Longitudinal Sensitivity Analysis of U Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Z'ﬁ +100%

Lougitudinal Sensitivity Analysis of W Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Z'& +100%

Longitudinal Sensitivity Analysis of © Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Z'& *+100%

Longitudinal Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying M'ﬁ *1007%

Longitudinal Sensitivity Analysis of U Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying M'& +100%

Longitudinal Sensitivity Analysis of W Numerator

Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying M'& +100%

xiil

T T RTINS TSI oy e e S i - s g sy e S T

Pa

13

13

13

13

22

22

22

22

28

28

28

s U i




v e

ey e e T e

I

v

Table No.

3D

A

4B

4C

4D

5A

5B

5D

6A

6B

NCSL TR-327-78

LIST OF TABLES (Cont'd)

Longitudinal Sensitivity Analysis of 6 Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying M'& +100%

Longitudinal Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying Z'q +100%

Longitudinal Sensitivity Analysis of U Numerator
Non-Dimensjonal Roots for a Generalized Underwater
Vehicle, Varying Z'c.1 +1007%

Longitudinal Sensitivity Analysis of W Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Z'el +100%

Longitudinal Sensitivity Analysis of 6 Numerator

. Non-Dimensional Roots for a Generalized Underwater

Vehicle, Varying Z".1 +100%

Longitudinal Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying M'c.l +100%

Longitudinal Sensitivity Analysis of U Numerator
Non~-Dimensional Roots for a Generalized Underwater
Vehicle, Varying M'ﬁ +1007%

Longitudinal Sensitivity Analysis of W Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying M'ﬁ +100%

Longitudinal Sensitivity Analysis of 6 Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying M'q +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying Y'Q +100%

Lateral Sensitivity Analysis of V Numerator

Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'ﬁ +100%

xiv

Page No.

28

30

30

30

30

35

35

35

35

42

42

s il ™ i e Fa mee it s

e 2 e VR AR AT SNV 2k, Al 5 o e 4k D, 2




i e e R T T

T T TR e

Table No.

6C

6D

7B

iC

7D

8A

8B

8C

8D

9A

NCSL TR-327-78

LIST OF TABLES (Cont'd)

Lateral Sensitivity Analysis of Yy Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'G +100%

Lateral Sensitivity Analysis of ¢ Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'ﬁ +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying Y'ﬁ +100%

Lateral Sensitivity Analysis of V Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'ﬁ +100%

Lateral Sensitivity Analysis of ¢y Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'ﬁ +100%

Lateral Sensitivity Analysis of ¢ Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'ﬁ +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying Y'i +100%

Lateral Sensitivity Analysis of V Numerator
Non~Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'i +100%

Lateral Sensitivity Analysis of { Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'i +1007%

Lateral Sensitivity Analysis of ¢ Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying Y'f +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying K'b +100%

i
1
1
i
El
1
{
3
j
El
ke ik Lot st . T il N ,;J

Page No.

42

T 42

45

45

45

45

46

46

46

46

b ikt et e i

ot Dbl e e

ORIV U P O




e e

b Ry -

T W

Table No.

9B

9D

10A

10B

10C

10D

11A

11B

11C

11D

NCSL TR-327-738

LIST OF TABLES (Cont'd)

Lateral Sensitivity Analysis of V Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying K'b +1007%

Lateral. Sensitivity Analysis of { Numerator
Non-Dimensional Roots for a Generalized Under
Vehicle, Varying K'O *+100%

Lateral Sensitivity Analysis of ¢ Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying K'b +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying K'ﬁ +100%

Lateral Sensitivity Analysis of V Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying K'ﬁ +100%

Lateral Sensitivity Analysis of { Numerator
Non-Dimensional Roots for a Generalized Underwater

Vehicle, Varying K'ﬁ +*100%

Lateral Sensitivity Analysis of ¢ Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying K'ﬁ +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying K'i +100%

Lateral Sensitivity Analysis of V Numerator
Non-Dimensional Roots for a Generalized Underwater

Vehicle, Varying K'i +100%

Lateral Sensitivity Analysis of { Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying K'i +100%

Lateral Sensitivity Analysis of ¢ Numerator

Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying K'f +100%

xvi

K i ik i 2 e 3.2 N R it

Page No.

49

49

49

52

52

52

52

55

55

55

55

s Nt A ek 0 Aok o sk s

P P P IO

Mt T e © 3 e R A A bl

i e Mk 1




Table No.

12A

‘12B

s 12¢

13aA

13B

13C

TSI YT AT TR g

13D

14A

14B

NCSL TR-327-78

LIST OF TABLES (Cont'd)

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying N'V +100%

Lateral Sensitivity Analysis of V Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying N'b +100% .
Lateral Sensitivity Analysis of % Numerator
Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying N'ﬁ +100%

Lateral Sensitivity Analysis of ¢ Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying N'ﬁ +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying N'ﬁ +100%

Lateral Sensitivity Analysis of V Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying N'ﬁ +100%

Lateral Sensitivity Analysis of y Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying N'ﬁ +100%

Lateral Sensitivity Analysis of ¢ Numerator
Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying.N'ﬁ +100%

Lateral Sensitivity Analysis of Characteristic
Equation Non-Dimensional Roots for a Generalized
Underwater Vehicle, Varying N'i +100%

Lateral Sensitivity Analysis of V Numerator

Non-Dimensional Roots for a Generalized Underwater
Vehicle, Varying N'f +100%

xvii

Page No.

57

- 57

57

57

58

58

58

58

62

62

ki, s

DR e BT e it e AL ek

ikt i o e ARG | T e Ty hn

T T




i
e il

NCSL TR-327-178
. Table No. Page No. :
t ; » 14C Late al Sensitivity Analysis of ¢ Numerator i
2 Non-Dimensional Roots for a Generalized Underwater .
Vehicle, Varying N'. +100% 62 o
r
: 14D Lateral Sensitivity Analysis of ¢ Numerator :
L Non-Dimensional Roots for a Generalized Underwater ;
[ 9 B
‘ Vehicle, Varying N ; *100% 62 é
N 15 Root Sensitivity Analyses for Derivative Variation %
3 of *100% 64
! i

|

P
xviii ff

Gl o R N .
FTY it » R T T T T T v N T




r—-'wm“*vw o TR RS . —— T ———

NCSL TR-327-78

4
b
i Mt it ki T st L il B A1 MJ

INTRODUCTION

BACKGROUND

This report is primarily a compilation of methods for analytically
predicting the acceleration hydrodynamic coefficients from the geometric
and mase distribution characteristics of an underwater vehicle. It rep-
resents the current results of an effort to fin' the most generally ap-
plicable and accurate techniques for calculating these coefficients.

. VR W Ry TETORRRTT Ty
PR “

The need for such analytical techriques grew from the many unique
underwater vehicle requirements inherent to the Naval Coastal Systems
Laboratory mission areas. Typically these requirements include design,
modification, or simulation of towed, “~thered, or free vehicles for
[ which analytical calculation of the hv ‘odynamic coefficients is neces-
i sary. This necessity arises from the need for some combination of the
following:

= TR T T
e i e 1 s s i Sk bt .8 st b it Bt LA

1. Flexibility. The user's project is in a design phase
where vehicle requirements imposed by hardware sub-
systems are subject to change and it is desirable to
assess the effect of many more vehicle configurations
than would be practical for experimental determination.

L D e

SRS SO A e “ R R

2. Responsiveness. The project is of a research and develop-
ment nature such that there is a requirement for rapid and
frequent updating of the vehicle's predicted performance
in response to changes in performance goals and/or subsys-
tem hardware.

e ek A A b s s e e

3. Economy. Cost constraints on the project will not permit
use (or extensive use) of model basin testing, but the ;
project still requires some degree of assurance that there
are no potential catastrophic failures due to problems
such as dynamic instability.

TV AR T T TR e SRR e e

To more effectively meet each of these requirements, all of the
methods presented herein, as well as methods for computing all of the
remaining hydrodynamic coefficients, have been computer-implemented in
the complete stability and control analysis program GEORGE. The GEORGE
computer program uses vehicle geometric and mass distribution information
to compute vehicle dynamic characteristics.
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It should be pointed out that the procedure yielding the highest
degree of confidence for an underwater vehicle design involves the use
of both model basin testing and analytical techniques. An example of
a desirable scquence of design steps would be the implementation of a
computerized hydrodynamic math model of the proposed vehicle using con-~
ceptual information available in the very early design phases. llsing
this model and incorporating updated information as it becomes avail-
able, the effect of various sizing, distributing, and shaping ideas on

the vehicle dynamics can be assessed,

As soon as a reasonably firm design configuration is laid out,
model basin tests can be performed to validate the computer modeling.
These tests can be much less extensive than those necessary to produce
the parametric information required as a basis for new design tech-
niques—techniques sufficiently general to maintain predictive accuracy
for the redesigns or modifications frequently necessary in vehicle de-
sign. This reduction in model testing requirements is primarily the
result of having a computer model to use in defining what needs to be
verified experimentally, and in providing a sophisticated tool for
describing complicated trends, thus reducing data requirements.

The validated computer simulation model can then be used in many
ways to support the project. Trajectory simulations can be made for
given operational conditions so that motion information can be genera-
ted for performance evaluation or definition of hardware specifications.
Examples of work performed using simulations in this manner are trajec-
tory analyses of submarine-launched acoustic countermeasure devices and
notion prediction of a swimmer delivery vehicle to assess the motion in-
fluence on the design of a high-resolution, side-looking sonar.*

Another use has been to provide the hydrodynamic coefficients for
analog or hybrid simulation models to study man-machine interface prob-
lems or to provide training. An example of recent work in this area is
the implementation of a hybrid model of the Mine Neutralization Vehicle
(MNV) as a performance evaluation and training device. The MNV simula-
tion solves the nonlinear equations of motion for a tethered vehicle
(including four propulsors, bowplanes, and cable tension) and produces
a motion display for either body or inertial reference frame, all in
real time. Of course, the computer simulation model is most often used
to assess the influence of design variations of the vehicle hydrodynamic

and control system parameters on dynamic stability and control
characteristics.

*Trajectory simulations have usually been performed using suitable modi-
fied versions of the standard six-degrees-of-freedom submarine simulation

computer program, ZZMN, developed by LTNSRDC.
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Having briefly stated the background for the prediction and simula-
tion capahility regarding the stability and control of underwater
vehicles at NCSL, attention will now be focused on the analytical tech-
niques for aasigning a value to acceleration, nunlinear, and cross-
coupled hydrodynamic coefficients.* These techniques have been applied
to a wide variety of body types, including torpedoes, submarines, swim-
mec delivery vehicles (SDV's), and many other special purpose vehicles
such as the Deep Submergence Rescue Vehicle (DSRV), the Shipboard Mine-
hunting System (SMS) towed sonar body, and submarine-launched torpedo
countermeasures devices.

Generality in applicability has been sought; that i3, use of a
method that yields accurate results for only a specific class of
vehicles, such as torpedoes, has been avoided. A more generally appli-
rable and, in the experience of the authors, more accurate, formulation
based on theoretical derivation and experimental verification is pre-
sented. The relative importance of each hydrodynamic coefficient as it
contributes to the responsive motion of the vehicle is noted. In addi-
tion, important relationships between acceleration, cross-coupled, and
nonlinear hydrodynamic coefficients are derived from potential flow
theory.

ACCELERATION COEFFICIENTS

The forces represented by acceleration hydrodynamic coefficients
are attributed to the acceleration of fluid particles surrounding a sub-
merged body. Some of the forces appear in the equations of motion as
additions to terms representing the inertia of the body. They are known
as acled mass or mass accession terms and, when combined with the in-
ertial parameters of a body, have been called apparent, virtual, and
hydrodynamic mass.

Analytical methods for estimating the acceleration coefficients of
the bare hull differ from the methods used for the contributions of ap-—
pendages in that they are not estimated using semi-empirical formulae.
Rather, the body is assumed to be moving through an infinite, inviscid,
circulation-free fixed fluid. For these conditions,Lamb(l) derives the
complete expression for the kinetic energy of the body-fluid system
which, coupled with inertia coefficients for prolate ellipsoids(1),
ylelds estimates of body bare-hull acceleration derivatives.

*Although techniques are also available for the prediction of static
and dynamic velocity terms with viscous effects included, the scope
of this report is limited to the acccleration coefficients.

(1)Lamb. Sir Horace, Hydrodynamics, Dover Publications, New York,
Sixth Edition, 1932. pps 172 and 154.
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The basis for the added masses and moments due to body appendages,
such as fins and bowplanes, is largely semi-empirical. Theoretical ex-
pressions for thin, flat plates moving in a perfect fluid have been
derived from hydrodynamic theory with experimentally determined correc-
tion factors for non-ideal conditions and shapes. A great deal of the
primary work done in this area was accomplished by Munk¢2)¢(2) <dth
latar significant experimental work by Gracey“), and Malvestuto and

Gale(®),

ACCELERATION COEFFICIENTS IN POTENTIAL FLOW THEORY

The forces and moments represented by the acceleration hydrodynamic
coefficients can, to a very great extent, be modeled as potential flow
phenomena. Neglecting the details of the boundary layer in modeling
acceleration-dependent forces and moments acting on a submerged body
yields quite satisfactory results for most stability and control simula-
tion. Coefficient contributions due to appendages are most noticeably
influenced by boundary layer effects. Acceleration coefficient values
predicted using potential flow theory are probably most suspect in their
application to fins that have a sigrificant portion of their planform
area in separated flow. There are a few considerations concerning these
sources of error that should be mentioned before launching into further

development.

Acceleration-dependent forces can arise from changes in the bound-
ary layer, resulting, in turn, from changes in angle-of-attack or drift
angle. There are several interesting facts in this regard. One is that
the speed/power relationship for underwater vehicles generally encourages
a designer to fair his vehicle so that the boundary layer has a signifi-
cant thickness over as little of the vehicle as possible. The result

(3)National Advisory Committee for Aeronautics T.N. No. 197, Some Tables
of the Factor of Apparent Additional Mass, by Max M. Munk, 1924.

(3)Munk, Max M., Fluid Mechanics, Part 11, Aerodynamic Theory, Vol. 1,
edited by W. F. Durand, Dover Publications, Inc., New York, 1934,

(4)National Advisory Committee for Aeronautics T.N. No. 707, The Addi-
tional~Mass Effect of Plates as Determined by Experiments, by

William Gracey, 1941,

(®)National Advisory Committee for Aeronautics T.N. No. 1187, Formulas
for Additional-Mass Corrections to the Moments of Inertia of
Airplanes, by Frank S. Malvestuto, Jr. and Lawrence J, Gale, 1946.
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is that the pressure distribution over 80 percent of the surface area
of a typical underwater vehicle can be described very accurately by
potential flow theory. Consequently, the acceleration coefficients
most impor-ant to the description of underwater vehicle dynamics can
usually be accurately computed as potential flow phenomena. Some less
important acceleration coefficients, especially those resulting from
the imbalance of added mass effects distributed fore and aft of the cg,
can be significantly erroneous if the boundary layer is neglected. Un-
fortunately, those coefficients influenced by boundary layer effects
suffer from similar problems in experimental model testing; e.g., im-
proper Reynolds number scaling leads to nondynamic similarity in the
modeled boundary layer.

Describing acceleration-dependent effects on fins is simplified
somewhat by the vehicle designer's avoidance of the sizing and place-
ment of fins so that they lose effectiveness in regions of separated
flow. Consequently, more often than not, treatment of the added mass
effects of fins as if they are in unspoiled flow provides good results.
Tube-launched devices are often exceptions to this rule. They are gen-
erally constrained by tail size and after-body taper so that large por-
tions of the fins are in separated flow.

Decisions on "effective" fin aspect ratios based on past experi-
ence with similar vehicles may be necessary to achieve a«curacy in
those coefficients with significant fin contributions. Since the fins
on a torpedo are generally small, their contributions to the major coef-
ficients of importance are less significant than is the case with other
types of underwater vehicles. Roll coefficients are :;# important ex-
ception since they are due almost completely to fin c¢¢tibutions.

The acceleration, cross--coupled, and nonlinear coefficient equali-
ties derived in Appendix A must be used with great caution when simu-
lating vehicle trajectories. The NCSL approach has been to assess the
importance of coefficient accuracy using two computer-implemented tools.
One computer program performs root locus sensitivity studies for the
linear coefficients on the vehicle of interest. The required accuracy
is determined on a coefficient-by-coefficient basis, taking advantage
of the insight that can be gained by a control system analysis approach
to the vehicle system.

A more thorough evaluation of the math model simulating the vehicle
fluid system, including the nonlinear and cross-coupled terms, must be
done on a maneuver-by-maneuver basis., To assess the relative importance
of each contributing force and moment, the authors have modified the
standard six-degrees—of-freedom submarine simulation computer program(e)

(6)Naval Ship Research and Development Center Test and Evaluation Report
P-433-H-01, User's Guide NSRDC Digital Program for Simulating Subma-
rine Motion ZZMN-Revision 1.0, by Ronald W. Richards, June 1971.
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to plot the following on any maneuver: (1) time histories of the force
(or moment) of each contributing coefficient, propulsor, buoyancy/
gravity, and control surface term together with the total force (or
moment); and (2) time histories of the motions of the vehicle with the
contribution of a single term removed, and repeated for each term. Know-
ing the degree of accuracy expected in the computed value for each ¢ of-
ficient, one can analyze the plots on the maneuvers of interest and assign
a level of confidence. This procedure will give an indication of which
coefficients are most critical in achieving accurate simulation on a
given maneuver.

Using these techniques and a multitude of comparisons with planar
motion mechanism and rotating arm results, the methods presented in this
report are, on the basis of the authors' experience, considered to be
quite accurate on any hydrodynamically-faired vehicle for all but ex-
treme maneuvers. This is especially true for linear models, as will be
shown by examples in Appendix B.

The modeling accuracy achleved for acceleration terms under these
assumptions is quite contrary to the extremely poor results obtained
when the same assumptions are applied to velocity-dependent terms. The
assumptions are: (1) the body is submerged so that there are no near-
surface or near-bottom effects; (2) the fluid is inviscid; and (3) there

is z2ro circulation.

Under these conditions the momentum equations for the body-fluid
system may be written in the six Lagrange equations:

E%g_:=q§%-p%€--z; (1)
ﬁ%:w%-v%+r%:--q%%-l(, (2)
£%=u%-w%§+p%?£—r—g§-M, (2)

where X, Y, 2, K, M, and N represent the forces and moments exerted on
the body by the pressure of the surrounding fiuid, and the total kinetic
energy T may be written

T = Tveh + Tf’

R
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with T,o, representing the linear and angular momentum of the vehicle
itself, and Tf representing the system of impulsive pressures exerted
by the surface of the solid on the fluid in the supposed instantaneous
generation of motion from rest.

If we rewrite Equations (1) and (2), isolating the terms due to Tg,
we obtain expressions for the forces exerted on the body by the dynamic
pressure of the surrounding fluid, e.g.:

aT 9T aT
- __g8 f f £
X dt 3u tr av 4 w . (3
" and
$
T aT 9T 9T AT
.4 f £ £ f f
K dt Jp tvw Ve Tt aq Y%t ° (3
etc,

The fluid kinetic energy, Tg, can be expressed as a quadratic form
of the body axis velocities u, v, w, p, q, and r with no explicit time
dependence.* The quadratic expression for T¢ may be written():

2T¢ = Au2 + sz + sz + ZA'vw + 2B'wu + 2C'vu + sz + qu
+ Rr“ + 2P'qr + 2Q'rp + 2R'pq + 2Lup + 2Mvq + 2Nwr

+ 2F(vr + wq) + 2G(wp + ur) + 2H(uq + vp) + 2F'(vr - wq)
+ 2G'(wp - ur) + 2H'(uq - vp). 4)
The body axes are generally chosen so that the xz-plane is a plane
of symmetry (port-starboard symmetry). This eliminates nine of the
coefficients, A', C', P', R'", L, M, N, G, and G', since by symmetry argu-
ments, sign changes in v, p, or r should not change Tg¢. Letting

F+F' =F), F~F =Fy, H+ H' =Hy, and H -~ H' = H,, (5)

(Mypid.

*Recent investigations indicate that there can be significant time vari-
ant terms arising from vortices shed from the forward appendages and
hull, The mathematical modeling of this phenomenon is accomplished
using force and moment terms in the equations of motion that are convo-
luted in time. These terms are outside the set of acceleration, non-
linear, and cross~coupled hydrodynamic coefficients under consideration
here. '
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the remaining 12 coefficients are included in the equation
2Tf = Au2 + sz + sz + 2B'wu + sz + qu + er

+ 2Q'rp + 2F1vr + 2F2wq + ZHluq + 2H2vp . (6)

The complete expressions, assuming no planes of symmetry, are pre-
sented in Appendix A. ‘

Proceeding as indicated in Equation (3), the full six-degrees-—of-
freedom momentum equations can be written in terms of the 12 remaining
coefficients‘”). The coefficients are written in hydrodynamic coeffi-

cient notation as follows.

Added inertia terms:

A= X, P= —Kﬁ, B =-Y,, N
Q = —Mq, C=-Z,, and R =-N, . M

Inertial intermodal coupling terms:

F1 = _Yi' = —N\.r, FZ = -Zﬁl = —M‘.v, and HZ = -Xr..’ —K\., . (8)

The remaining three are

= =K., and H, = ~X,
T

I
&

B' = -X, = -Z;, Q' = -N

w P

1f, as shown in the complete expressions in Appendix A, there is
also fore-aft symmetry (symmetry about the yz-plane), then, in addition
to the aforementioned zeroced terms

B'=Q' =F, =F,=0.

Vehicles having symmetry about both the xz-plane and the xy-plane have
the additional zeroed terms

B'=Q'=H1=H2=O.

(7?)Massachusetts Institute of Technology, Instrumentation Laboratory
Report R-570-A, Deep Submergence Rescue Vehicle Simulation and Ship
Control Analysis, by Charles Broxmeyer, Pierre P. Dogan, et al,

1967, p. 31.
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These relations will be used extensively in the following coeffi-
cient formulations. It should be noted that the coefficient identities, ¥
such as Equations (8) and (9), result from derivation under no assump- ;
tions of symmetry. The existence of symmetry results in some of the i
terms being equal to zero. The complete set of identities of accelera- ]
tion, nonlinear and cross-coupled coefficients is presented in Appendix A. a

.. . METHODS FOR COMPUTING ACCELERATION HYDRODYNAMIC COEFFICIEN.:

. INTRODUCTION

B

Methods for estimating the acceleration-dependent hydrodynamic co~
efficients are given in this section. Each coefficient is described

using the following format:

1. Introductory description.

2. Relative importance - major or minor, and under what
circumstances.

8t St e i kb e 2,

3. Causal relationship - important assumptions.

4, Analytical expression ~ including normal range of coefficients
in the expression and necessary references.

Sy
e allo s Dot A

Appendix C provides a physical description of the underwater vehicle
used as the basis for calculations 1llustrated graphically in this report,
and Appendix D contains time history plots of the four maneuvers from
which the trajectory simulation and percent contribution plots were ob-
tained. Reference frame conventions are as shown in Figure 1.

T b e

P

A word of caution is appropriate here. When comparing computed ac-
celeration coefficient values with experimentally determined values,
attention must be given to the location of the reference frame origin.

’ If the origin during the experimental tests is not the vehicle cg, then
erroneous comparisons will result for those coefficients where distances

from the cg are involved.
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LONGITUDINAL COEFFICIENTS

x'
—u

1. X'ﬁ is an acceleration coefficient resulting from the resisting
force of thé fluid on a vehicle accelerating in the x-direction. This

(Text Continued on Page 11)

ditkat . o G i . o
e Ao i i




Y T T O 4, I T AT T SO S TAT TR M TR T3 1 T R I S T T8I LI e T e i S e s AROEA K o

SINIWOW ONV “S32¥04 SIILI013A *SIMONV “S3IXV 40 SNOILIIWIQ 3AILISOd °L 3YNOId

o e ki .

CRUERCHE ) POXTg .

z
/

£ I°N 4 -~
1
NE
3ouaIayay ) AN ”
Tejuoztaoy ;
z A

OQEUHQHUN
Tejuoztaoy

10

NCSL TR-327-78




S P -

e

NCSL TR-327-78

force is required to change the flow field about the vehicle, whereas
the static coefficients represent the forces necessary to maintain a
flow field configuration at a constant vehicle velocity. More simply,
X'. may be thought of as a mass of fluid that must be accelerated along
with the vehicle, thus giving the vehicle an "added" or "apparent" mass
which is manifest during vehicle acceleration.

2. Insight to the relative significance of }{".l can be gained by
noting that X'ﬁ appears in the linear equations of motion in the mass
term

(m' - X'ﬁ) .

Thus, in cases where the value of X', represents a significant contribu-
tion to this term, accuracy in predigting X".1 is important. The x'ﬁ
contribution to vehicular moti - during a control surface step input

is generally minor, and dissipaies rapidly as the vehicle attains a
steady state. In control surface reversal maneuvers, as illustrated

in trajectory simulation and x-force percent contribution plots in
Figures 2 and 3, X', becomes slightly more significant and longer-acting,
but still remains a relatively minor influence. For nearly neutrally
buoyant faired vehicles having an %2/d4 ratio higher than 8.0, X'. typi-
cally contributes less than 3 percent to the mass term. X', ha$ in-
creasing relative significance for lower %/d ratios. Root Yocus studies
for typical submarine and torpedo-like bodies has corraborated the fore-
going, indicating very minor sensitivity to large percentage errors in
predicting X'ﬁ.

When performing a two-degree-of-freedom linear analysis in the lon-
gitudinal plane (M and Z equations), three roots of the characteristic
equation are obtained. The investigator may find a fourth root arising
from the x-degree of freedom equation by assuming that the only signifi-
cant terms are X' and X'. (this is often acceptable for an axisymmetric

vehicle). The fourth root is found by the relation

x'
%' TEEE (10)
u

Tables 1A through 1D present the results of a sensitivity analysis of
nondimensional roots of the characteristic equation (transfer function
denominator) and u, w, and f (numerators) for a generalized underwater
vehicle, varying X'ﬁ from -100 percent to +100 percent.

3. Mathsmatically, given the linearizing truncation of the Taylor
series expansion to the first term, X'ﬁﬁ is the force additional to the

inertial force occurring with a vehicular x~acceleration. In the com~
putation of X'ﬁ, the body is approximated by a prolate ellipsoid having

11
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NCSL TR~-327-78

like length and maximum diameter, and neglecting appendages to the body
due to their comparatively small froutal area. Using the results of
Lamb{ ), derived assuming potential fiow, we have:

k.,m
R - 1 df
4, X', =X ﬁb ey alt (11)
where
a
0
k1 t7- oy ’ 12
with
2
o 2(l-e) 1+el_
aq 5 (en [1 = e] e) , (13)
e being the eccentricity of the rotated ellipse expressed in common
terms as
b
2 s
=2(%2 _ D
e =7 < 7 Tr) . (14)

The inertia coefficient for axial flow, kj, ranges from 0.5 to 0
for fineness ratios of 1.0 to =, kl is graphically presented in Figure 4.

Z|
_u

1. The acceleration coefficient Z', represents a z-force resulting
from an acceleration in the x-direction.

2. Root locus sensitivity studies on typical submarine and torpedo-
like vehicles show extreme insensitivity to large magnitude excursions
and sign changes of Z', . Thus the coefficient is generally assumed

negligible and set to Zero.

3. Vehicles exhibiting symmetry about the xy-plane produce balanced
z-forces during acceleration along x, indicating Z'. = 0. In potential
theory, symmetry about the xy-plane or yz-plane caufles 2', = 0 &3 shown
in Appendix A. u

4, 1In the vast majority of cases, the combination of near symmetry
about the xy-plane and minor influence on roots of the characteristic

equation leads to setting Z'ﬁ = 0,

(L)ybid.

(Text Continued on Page 1¢)
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M'

Ce

1. The term M'. represents the pitchinz moment resulting from an
acceleration parallel to the x~axis,

2. Root locus sensitivity studies on typical submarine and torpedo-
like bodies show extreme insensitivity to large magnitude changes in M'ﬁ .

3. As was the case with Z',, vehicles having symmetry or near symme-
try about the xy-plane will create a negligible M-moment due to x-
acceleration, Potential theory predicts Hﬁ = 0 for yz-plane symmetry
(see Appendix A). Extreme vertical separation of the cb and cg, coupled
with a large X'. force (arising from low &/d ratio), could conceivably
cause a signifigantly large M'.. For free-flooded vehicles, launcher de-
vices, and torpedo-like bodies? this is a highly unlikely occurrence.

4. The combination of near symmetry about the xy-plane and minor
influence on the roots of the characteristic equation usually leads to
setting M', = 0, For a vehicle with an extremely large vertical cg - cb
separation and/or an X', value that is significant when compared to m',

M'ﬁ is calculated as

v.va
M, X Pl

where zZy = z~distance from the cg to the cb, positive down.
X',
w

1 The acceleration derivative X', represents the x-force resulting

- .

from an acceleration in the z=direction.

2, As with Z't.1 and M',, the roots of the characteristic equation
show negligible change witth'a set equal to zero, then varied' positively
and negatively over a range much greater than would be likely in reality,

3. Near balanced z-force during z-acceleration due to near fore-
aft symmetry yields resultants of a large z-force component and some
pitching moment, but very little x~force. It is significant to note
that I':".1 = x'w according to potential theory (Equatiocn (9)). If the cg
and cb are significantiy separated along both the x- and z=-axes then,
since those forces arising from potential flow theory are in a reference
frame with a cb origin, the pitching moment term M'ﬁ will yield an X', term
when transferred to the cg. As with Z,, though, even variation through
extreme ranges showed that setting X', = 0 was justified for application
to the vast majority of underwater veﬁicles.

4. X', = 0.
w
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zl

b

1. The resisting hydrodynamic force resulting from a 2z~
acceleration is represented in the equation of motion by Z', . The
term (m' - Z2',) is the nondimensional "apparent mass' of thé vehicle
when one is considering heave accrleration.

2. 2', is one of the most important acceleration derivatives.
Trajectory simulation and z-force percent contribution plots in Fig-
ures 5 through 10 illustrate its significance to vehicular motion
during various maneuvers. The root locus plots in Figures 11, 12, and
13 illustrate the wide variation in the locations of the poles due to
variation in Z',. Tables 2A through 2D present the results of a sensi-
tivity analysis of nondimensional roots of the characteristic equation
(transfer function denominator) and u, w, and & (numerators) for a gen-
eralized underwater vehicle, varying Z', from -100 percent to +100 per-
cent. As in X', and M',, insight into Yhe influence of Z'ﬁ can be gained
by noting the sggnificance of 2', in the hydrodynamic mass term (m' -
2',). Vehicles with 2/d ratios greater than 8.5 will usually have
negrly a 50 percent 2', contribution to the apparent mass. That is, the
added mass will be roughly equal to the mass. Horizontal fins will con-
tribute to Zf&'and requently cause it to be larger than m'.

3. As with #.,%he body is approximated by a prolate ellipsoid
having like lengta any maximum diameter. Lamb's‘l) inertial coefficient
for such a body in ciisswise flow is used as follows:

L komge k¥
zil- 3 =3 (15)
b M2 1)
where v
B
0
k2778, (26)
with
8 __;_ - 1l - e2 on l+e a7
0 2 3 l-e’?
e 2e

e being the eccentricity of the rotated ellipse as noted in Equation (14).
k, is graphically presented in Figure 14. Fortunately, this very impor-
tant body coefficient has proved to be accurate to %5 percent in compari-
son with experimental data on the majority of underwater vehicles

(1) 1bid.

(Text Continued on Page 23)
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FIGURE 7. TRAJECTORY SIMULATION PLOT OF Z'i CONTRIBUTION TO Z-FORCE
DURING A L +30* DIVE/CLIMB MANEUVER
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FIGURE 8. PERCENT CONTRIBUTION OF Zlv't TO Z-FORCE DURING A
6, = +30° DIVE/CLIMB MANEUVER
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Z'\; variation using the formula

A(IOO+Coginnt! x (l‘;‘),
where Constant » £100.
!
negyse 8 ?
-S-ig\,;?’g/; R :
S8 AN A A A A A e 4

FIGURE 11, ROOT LOCUS PLOT OF u/é, FOR A GENERALIZED UNDERWATER VEHICLE, VARYING Z'*

i
3 Z"; variation using the formula
{100+Constant) x (z,;‘)'
EoC where Constant = £100. 3
1 d
J: W ;
[}
g . ‘;
o -
w owo b} S
w oVo 8 w o w =
g T3 T %R %
—0- !*.L' \F’] T ; ‘|'. ,l‘: l ‘lw‘i# \ a
e A A A A A T A :
s
| i
3 - - !
E v
E FIGURE 12, ROOT LOCUS PLOT OF w/s, FOR A GENERALIZED UNDERWATER VEHICLE, VARYING Z'..’
E’
' Z'v-l variation using the formula ]
E {100+Constant) x (Z';'), ]
4 z
: where Constant = +100. A
1 Jg w 'j
3

,0+50

El-ib— -100
&—J‘— -100
j

‘A—J

8
L - gus mgog i ¢
8gs g % 3% ¢
"o+ [} [] X+ a
P | YR
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FIGURE 13. ROOT LOCUS PLOT OF 8/5, FOR A GENERALIZED UNDERWATER VEHICLE, VARYING Z".l
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compared. In applicatioun to a wide variety of underwater vehicles, it
has been our experience that if a body is nearly axisymmetric then

Lamb's inertial coefficient is a reliable formulation for Z', . This :
is especially true for large %/d ratios. “b ;

; This is the first hydrodynamic coefficient with significant con-

- . tribution from appendages to the body. The discussion and formulations
that follow can be applied to any surface projecting from the body that
can be approximated as a flat plate in accelerated fluid flow normal to
its surface. The equations given will be for horizontal tail fins, but

. they are applicable to any horizontal surfaces such as bowplanes, sail-

3 planes, fairwater planes, depressors, wings, faired struts, sails, etc.

3 : Tail contributions to other longitudinal hydrodynamic coefficients are
S formulated using the expressions given below. Theoretical values of the
additional mass of a number of types of bodies (bodies of infinite length,
bodiee of revolution, ellipsoids or elliptic plates of finite dimensions) 3
have been derived by Lamb‘?’ and Munk!2)3) | "values for bodies of finite
dimensions not covered by the theory; for example, rectangular plates and
wings, have been the object of many experimental research programs on the
| phenomenon. !

ikt mat.

Extensive test programs on additional-mass and additional-moment
1 effects were conducted by the National Advisory Committee for Aero- !

? nautics (NACA) from 1933 to 1940. The coefficients given here are based %
on the results of these tests as reported by Gracey(4), and Malvestuto i
and Gale{®). A very similar formulation is given by Pastor and %

]

Abkowitz(®) .

N TR T AT E BT R e e e

For a thin flat plate of infinite span moving in a perfect fluid at
constant velocity, V, along the normal to its surface, the momentum im-
parted to the fluid per unit span is given by hydrodynamic theor