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NOMENCLATURE

- Follower Force Equation

C Damping matrix
e(C) Vector of cubic shape functions
E Viscous resistance coefficient
E.(t) Excitation function of rth mode
EI Flexural rigidity of a column
f(r) Excitation vector with order NV X 1
E Excitation force that are functions of time
Il Unit matrix
j nonnegative real number
k Spring constant of elastic foundation
k, Spring constant of the partial elastic foundation
K Stiffness matrix
L Total length of a column
m Mass per unit length of a column
m, Mass of pipe per unit length
my Mass of fluid per unit length
M Mass matrix

M Concentrated mass at the free end
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=

Generalized mass of rth mode

N Number of elements

P Dimensionless follower force

P Follower force

Dx Dimensionless critical follower force of undamped column
D; Complex numbers

q Dimensionless distributed follower force

q., Dimensionless critical distributed follower force

Q Distributed follower force

t Time

T Kinetic energy

U Dimensionless fluid velocity

U, Dimensionless critical fluid velocity

U, Eigenvector components of r-th mode

[u] Modal matrix
[u]” Transpose of [u]

U Elastic potential energy

|74 Fluid speed
v(7) Vector of nodal displacements

w, Work done by the conservative component of follower force
’W;R Nonconservative component force
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oW,

ow,

nc

oW,

Virtual work done by the internal damping

Virtual work done by the nonconservative component of a follower
force

Virtual work done by the outer damping

Axial coordinate of a column

Deflection of a column

Response vector of 2/V X 1

Dimensionless axial coordinate of the partial elastic foundation
proportional coefficient

Mass ratio

Dimensionless internal damping

Principal coordinate of rth mode

Dirac delta function

Dimensionless axial local coordinates

Modal damping factor of rth mode

Dimensionless transverse displacement

Dimensionless spring constant of the elastic foundation
Dimensionless spring constant of the partial elastic foundation
Complex eigenvalue

Dimensionless concentrated mass at the free end
Dimensionless axial coordinate

2N X1 vector of arbitrary constants which are determined by the
initial conditions



p Density

o Real part of complex eigenvalue A

T Dimensionless time

w Eigenvalue-frequency

w; Natural frequency of ith free vibration

w, Undamped natural circular frequency of rth mode

- Supercavitation Equation

A projected area

C chord length of cavitator

Cp drag coefficient

CDU drag coefficient at zero cavitation number
G, sound speed of phase k

Cy Wood’s speed of sound

Cy frozen mixture sound speed
CFL CFL(Courant-Friedrichs-Lewy condition) number
D cavitator diameter

D, height of tunnel

FE total energy of mixture

e internal energy of mixture

F,, F, F, body force of each direction
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M
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Ye

Py

Froude number

gravitational acceleration

center of a channel of height

temperature relaxation parameters

cavity length

mach number

pressure

energy reference

entropy reference

heat transfer

cross area of upstream on cavitation tunnel

cross area of downstream on cavitation tunnel

physical time

tV,
D

non-dimensional time, t =
velocity

unit vector normal to the wall
phase transition kinetics parameters

point of ordinate on the cavity
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Y, mass fraction of phase k

)'/k mass transfer of phase k
oy, volume fraction of phase k
dk volume fraction source term
I6} angle of cavitator nose
¥ half angle of cavitator nose
Y specific heat ratio of phase k
I, Gruneisen coefficient of phase k
" pressures relaxation coefficient
s pi, ratio of the circumference of a circle to its diameter
P density
o cavitation number

Obiockage> Tb blockage cavitation number
%) velocity potential
\% gradient of a velocity potential
A Laplaceoperator
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ABSTRACT

Structual Stability Analysis Accoding to the Lumped Mass of High

Speed Vehicles in Underwater

by OH, Kyungwon
Advisor : Prof. Kong, Changduk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

In this paper, the effect of the position and size of a lumped mass on the
structural stability of a high speed underwater vehicle is presented. For simplicity, a
real vehicle was modeled as a follower force subjected beam that was resting on an
elastic foundation, and the lumped mass effect was simplified as an elastic intermediate
support. The stability of the simplified model was numerically analyzed based on the
Finite Element Method (FEM). This numerical simulation revealed that flutter type
instability or divergence type instability occurs, depending on the position and stiffness
of the elastic intermediate support, which implies that the instability of the real model

is affected by the position and size of the lumped mass.
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Table. 1 Comparison of drag reduction approaches for underwater vehicles(Ref. DARPA)

DrAag Reduetion Speed + Mechanism
pproaches
Shaping 10% Reduces from and wave drag
Polymers 20% Reduce boundary layer frictional drag
Microbubbles 12% Reduce boundary layer frictional drag
Coating 4% Reduce frictional drag of boundary layer
Supercavitation 65% Eliminates most frictional drag
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Table. 2 Generating procedure of supercavitation[83]

Table. 3 Exaples of dynamic control failures due to structural instability of supercavitation
torpedo[83]
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Table. 4. Drag Coefficient for Zero Cavitation Number

Two —dimensional bodies Axisymmetric bodies

Flat plate :

Theoretical models

Disk :

Experiment;

Riabouchinsky[2] /_ Free-jet tunnel[1] 0.79
Reentrant jet[12] 0.880 Free-jet tunnel[4] 0.80
Transition flow[13] = ‘ Closed tunnel[16]
\ Theoretical;
Iteration[17] 0.827
Rotate two-dimensional pressure[2] 0.8053
Wedges : Cones :

Riabounchinsky model[2] Theoretical: Rotate two-dimensional|[2]

™
#=120° 0.745 = ﬂ 6=120° 0.635

#=90" 0.637 c 0=90" 0.518
#=60" 0.489 0=60"° 0.376
#=30"° 0.284 6=30"° 0.205

Linear theory for slender wedges[14, 15]
20 _ 2T

s e

Experimental: Free-jet tunnel[18]

(T<0.15¢) Cp0)= 0=45"° 0.26
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Fig. 19. Models for a finite wake or cavity.(Adapted from Wu[19])
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Fig. 21. Length and maximum diameter of symmetric vapor cavities on disks.
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Fig. 40. Finite element model of the beam
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NOMENCLATURE

- Follower Force Equation

C Damping matrix
e(C) Vector of cubic shape functions
E Viscous resistance coefficient
E.(t) Excitation function of rth mode
EI Flexural rigidity of a column
f(r) Excitation vector with order NV X 1
E Excitation force that are functions of time
Il Unit matrix
j nonnegative real number
k Spring constant of elastic foundation
k, Spring constant of the partial elastic foundation
K Stiffness matrix
L Total length of a column
m Mass per unit length of a column
m, Mass of pipe per unit length
my Mass of fluid per unit length
M Mass matrix

M Concentrated mass at the free end
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=

Generalized mass of rth mode

N Number of elements

P Dimensionless follower force

P Follower force

Dx Dimensionless critical follower force of undamped column
D; Complex numbers

q Dimensionless distributed follower force

q., Dimensionless critical distributed follower force

Q Distributed follower force

t Time

T Kinetic energy

U Dimensionless fluid velocity

U, Dimensionless critical fluid velocity

U, Eigenvector components of r-th mode

[u] Modal matrix
[u]” Transpose of [u]

U Elastic potential energy

|74 Fluid speed
v(7) Vector of nodal displacements

w, Work done by the conservative component of follower force
’W;R Nonconservative component force

_iX_



oW,

ow,

nc

oW,

Virtual work done by the internal damping

Virtual work done by the nonconservative component of a follower
force

Virtual work done by the outer damping

Axial coordinate of a column

Deflection of a column

Response vector of 2/V X 1

Dimensionless axial coordinate of the partial elastic foundation
proportional coefficient

Mass ratio

Dimensionless internal damping

Principal coordinate of rth mode

Dirac delta function

Dimensionless axial local coordinates

Modal damping factor of rth mode

Dimensionless transverse displacement

Dimensionless spring constant of the elastic foundation
Dimensionless spring constant of the partial elastic foundation
Complex eigenvalue

Dimensionless concentrated mass at the free end
Dimensionless axial coordinate

2N X1 vector of arbitrary constants which are determined by the
initial conditions



p Density

o Real part of complex eigenvalue A

T Dimensionless time

w Eigenvalue-frequency

w; Natural frequency of ith free vibration

w, Undamped natural circular frequency of rth mode

- Supercavitation Equation

A projected area

C chord length of cavitator

Cp drag coefficient

CDU drag coefficient at zero cavitation number
G, sound speed of phase k

Cy Wood’s speed of sound

Cy frozen mixture sound speed
CFL CFL(Courant-Friedrichs-Lewy condition) number
D cavitator diameter

D, height of tunnel

FE total energy of mixture

e internal energy of mixture

F,, F, F, body force of each direction
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P, P,P

v’

M

@

u

N

Vik

Ye

Py

Froude number

gravitational acceleration

center of a channel of height

temperature relaxation parameters

cavity length

mach number

pressure

energy reference

entropy reference

heat transfer

cross area of upstream on cavitation tunnel

cross area of downstream on cavitation tunnel

physical time

tV,
D

non-dimensional time, t =
velocity

unit vector normal to the wall
phase transition kinetics parameters

point of ordinate on the cavity
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Y, mass fraction of phase k

)'/k mass transfer of phase k
oy, volume fraction of phase k
dk volume fraction source term
I6} angle of cavitator nose
¥ half angle of cavitator nose
Y specific heat ratio of phase k
I, Gruneisen coefficient of phase k
" pressures relaxation coefficient
s pi, ratio of the circumference of a circle to its diameter
P density
o cavitation number

Obiockage> Tb blockage cavitation number
%) velocity potential
\% gradient of a velocity potential
A Laplaceoperator
c cavity

d down stream
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ABSTRACT

Structual Stability Analysis Accoding to the Lumped Mass of High

Speed Vehicles in Underwater

by OH, Kyungwon
Advisor : Prof. Kong, Changduk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

In this paper, the effect of the position and size of a lumped mass on the
structural stability of a high speed underwater vehicle is presented. For simplicity, a
real vehicle was modeled as a follower force subjected beam that was resting on an
elastic foundation, and the lumped mass effect was simplified as an elastic intermediate
support. The stability of the simplified model was numerically analyzed based on the
Finite Element Method (FEM). This numerical simulation revealed that flutter type
instability or divergence type instability occurs, depending on the position and stiffness
of the elastic intermediate support, which implies that the instability of the real model

is affected by the position and size of the lumped mass.
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Table. 1 Comparison of drag reduction approaches for underwater vehicles(Ref. DARPA)

DrAag Reduetion Speed + Mechanism
pproaches
Shaping 10% Reduces from and wave drag
Polymers 20% Reduce boundary layer frictional drag
Microbubbles 12% Reduce boundary layer frictional drag
Coating 4% Reduce frictional drag of boundary layer
Supercavitation 65% Eliminates most frictional drag
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1) DARPA(Defense Advanced Reaserch Projects Agency) : 7] = 159 A4
2) ONR : Office of Naval Research
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Table. 2 Generating procedure of supercavitation[83]

Table. 3 Exaples of dynamic control failures due to structural instability of supercavitation
torpedo[83]
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Table. 4. Drag Coefficient for Zero Cavitation Number

Two —dimensional bodies Axisymmetric bodies

Flat plate :

Theoretical models

Disk :

Experiment;

Riabouchinsky[2] /_ Free-jet tunnel[1] 0.79
Reentrant jet[12] 0.880 Free-jet tunnel[4] 0.80
Transition flow[13] = ‘ Closed tunnel[16]
\ Theoretical;
Iteration[17] 0.827
Rotate two-dimensional pressure[2] 0.8053
Wedges : Cones :

Riabounchinsky model[2] Theoretical: Rotate two-dimensional|[2]

™
#=120° 0.745 = ﬂ 6=120° 0.635

#=90" 0.637 c 0=90" 0.518
#=60" 0.489 0=60"° 0.376
#=30"° 0.284 6=30"° 0.205

Linear theory for slender wedges[14, 15]
20 _ 2T

s e

Experimental: Free-jet tunnel[18]

(T<0.15¢) Cp0)= 0=45"° 0.26
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Fig. 19. Models for a finite wake or cavity.(Adapted from Wu[19])
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Fig. 20. Length and maximum diameter of symmetric vapor cavities
on spheres.(Self and Ripken[4])
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Fig. 21. Length and maximum diameter of symmetric vapor cavities on disks.
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Fig. 24. The relationship between o and D, : D obtained from Ref.[20]
Table. 5. 0yppqge for different D, : D for disk(Cohen and Di Prima[20]
D,:D 5:1 6:1 8:1 10:1 16:1
Thlockage 0.08 0.067 0.05 0.04 0.025
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speed conditions[22]
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Fig. 30. Acting force at the free end
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Fig. 37. Numerical results of the number of finite elements
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Fig. 40. Finite element model of the beam
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