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It is necessary to estimate manoeuvring characteristics of submerged bodies at the design stage in order to ensure the safe operations,

In this study, added mass coefficients in the mathematical model of submerged bodies are estimated by captive model tests and numerical

calculations, Two kinds of models, MARIN  'BB2" submarine model and AUV (Autonomous unmanned vehicle) model are utilized in

the forced oscillation tests, Compared to BB2 submarine, AUV with cylindrical type hull form shows relatively small added masses in

roll, pitch, and yaw directions, Next, numerical calculations based on potential theory are performed under the assumption that viscous

effects on inertia forces are negligible, Added masses obtained by numerical calculations are in good agreements with forced oscillation

test results, And if slow manoeuvres of submerged bodies are presumed, some of velocity coupled terms can be approximated by

combinations of added mass coefficients,
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Table 1 Added mass coefficients used in mathematical

model
Degree of freedom Added mass coefficient
Surge X,
Sway Y., Y. Y
Heave Z, . Z
Roll K, K. K
Pitch M, M
Yaw N, N, N
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Table 2. Main dimension of full-scale and model ‘BB2’

Dimension Full-scale Model
Scale 1 15

LBP, L [m] 70.2 4.680

Breadth, B [m] 9.6 0.640

Height, D [m] 10.6 0.707

Displacement volume, vV [m®] 4365.2 1.293

Longitudinal center of 40

buoyancy, LCB [%], fwd (+)

Propeller diameter, DP [m] 5.0 0.333

Fig. 4 1/15 scaled BB2 model in vertical plane (up) and
horizontal plane (bottom)
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Table 3 Forced oscillation test program of BB2 (10 knots)

Range of Derived added mass
Test L

frequency [Hz] coefficient
Pure sway f <0437 Y., K, . N,
Pure heave f <0437 Z, , M,
Pure pitch <0522 Z . M,
Pure yaw f <0437 Y. . K , N
Pure roll f <0453 .. K ., N
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Table 4. Main dimension of ‘AUV’
Dimension Model
Scale 1
LBP, L [m] 4.449
Breadth, B [m] 0.450
Height, D [m] + O(.)éggo(,i;'?elzgna)
Displacement volume, V [m®] 0.612
Longitudinal center of 0135
buoyancy, LCB [%], fwd (+)
Propeller diameter, DP [m] 0.181

Fig. 6 AUV model in vertical plane (up) and horizontal
plane (bottom)

Table 5 Forced oscillation test program of AUV (3 knots)

Range of Derived added mass
Test .
frequency [Hz] coefficient
Pure heave f <0525 Z, . M,
Pure pitch f < 0.586 Z, . M,
Pure yaw f < 0.586 Y., K , N,
Pure roll f <0574 Lo KN
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Table 6 Added mass coefficients of BB2 and AUV by
forced oscillation tests

BB2 (10 knots) AUV (3 knots)

m 2.535 E-02 1.457 E-02
I,(=1.) 1.321 E-03 8.603 E-04

X, -1.267 E-03 —-7.285 E-04

Y, -3.220 E-02 -

Y -8.361 E-04 too small ( = 0)

Y. —2.058 E-03 —7.556 E-04

Z, -2.098 E-02 -1.308 E-02

Z,-1 1.130 E-03 9.972 E-04

K -5.277 E-04 -

K, too small too small

K, -4.190 E-05 too small ( = 0 )

M, 6.350 E-04 6.988 E-04

A[() -1.111 E-03 -8.969 E-04

N, -8.164 E-04 -

N, -6.137 E-05 too small ( = 0)

N, -1.277 E-03 -9.442 E-04
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Table 7 Added mass coefficients of BB2 at 10 knots
by experiments and numerical calculations

Experiment Calculation (Cal)
(Exp) Coefficient | Cal / Exp
Y, -3.220 E-02 -3.363 E-02 1.04
Z, ~2.098 E-02 | -2.242 E-02 1.07
K, too small -5.050 E-05 -
/W,'] -1.111 E-03 -1.238 E-03 1.1
N. -1.277 E-03 -1.461 E-03 1.14

Table 8 Added mass coefficients of AUV at 3 knots
by experiments and numerical calculations

Experiment Calculation (Cal)
(Exp) Coefficient | Cal / Exp
Y, - -1.471 E-02 -
Z, -1.308 E-02 —-1.340 E-02 1.02
K, too small -3.537 E-06 -
M, -8.969 E-04 -8.277 E-04 0.92
N, -9.442 E-04 -8.556 E-04 0.91
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Aol roll ZHMutAe Zk2E0.40 B2t 71 mf roll 22
SHE 7,0 et $IIMMRHE K 0 HISES Table 99 2

=

Table 9 Roll added moment of inertia under assumption
of roll radius of gyration of 0.40 B

BB2 (10 knots) AUV (3 knots)

m [-] 2.535 E-02 1.457 E-02

R a[s_s]urigj)o B, 5.470 E-02 4.046 E-02

I, [-] 7.584 E-05 2.385 E-05

K, [-] 5,050 E-05 ~-3.537 E-06
K/1L, 66.6 % 14.8 %
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5 =7 IIIEtQ il—.g_él- o= oM O |7:”* EalEd 710 BHIE ESIEH Kirchhoff ZFAIR A (26)2} 2k,

T/ IE2o= =L o T
olHo| 1 X oT oT oT
E_I_——l |—AI- _l_csl d A:T a’UA q awA XA (26)

dt ou
d 07T, 07, 0T,
—-r ou Y,

orM 3% 2 4TlojAs B T B0l BEjsk AR At dv ! dw
MED MR FHsR) TRt 2 Fe aesy 0 49T 0T 0T
) . _ dt Jw ou ov
of Byl o) LSt BE g Zisict &l ofuix| i 9T, 9T, 9T, T, 0T,
of #5f2i0|0d, Lamb <1945) %rﬂd orRT kel o3t @ ap Y ov U ow | aq T ar fa
= A d 0T oT 0T oT, 4T
ESOIL T= A 24 dt aan:uaawAwat??LAera&rA raapAﬂ[A
- . d 07, T, 7y Ty Ty
TA:%VT']L[A'V (24) @ or U ou Y ow tp op P 0q ~ N
XXX XXX 5lod aluh ZskE B4 CiEle| BAE}
Y. Y, Y Y Y Y. Z Imlay (1961)0ll 2|51 2ldt Z=ahd = Z M
, 47277277 SR ajo| T BYRol M Sof £7i20| HEE B IIEE
:5[uvaqu K, K, KprK;K; » of v|zels &tMad & L= 0ofl ZRACE 2174 olAI= & 1174
M, M, M, M, M. M.| |4 2 Al Q)X 022 ZARE 4= Uct
N, NN, N, NN
‘ ' X=X, =X =X=X= @27
o IS Ble|sks AR MAo| olxlE ¥ske ojojsp)| Y, =5 =0
m2of 0|4+ RS 7S Z2 Newman (1977)2 ZFD5104 Al Z, K=Z; =
(24)2 &= 0l thslod A, = M B MEfEich &, =
Y. =X, 7 =Y, Sol2z Hes s u|74|¢: Azt '
2ol & 21712 ZASIc) 2171 X3! 0|HLE o251 2= A (25)2 A (26)0ll thelstod i = A (27)0l] w2} oof|
olLix| 7,2 Al (25)0fl M7HaIICE Ttz €52 AFSH A (28)2F 2ol SRR 2feh A
BARS S48t 3 4 2ok BF A (28)2 OlAk R 71 Bof
27 == Xu' = Yo' = Zw’ (25)  MRHMRIBICE X9 22 JKST B HAol %glo| Richs

=2Y vw—2X wu—2X uv Kol &

_ 2 _ 2
Kp M;ﬂz N YoorZ} 22 &5 oM 82 ool CHEH FAJo| 95kl i
—2M.qr—2K.rp— Qdeq v

—2p(Xu+ Yo+ Zw) 0|2 F7|= T2islofo} sk} _
~20(Xut Yo+ Zuw) =, A6 RE0IM ChaFZ} e S ol Folle B #
~2r(Xut Yot Zw) oFoffet A sk S 24T TaECH A (28)0 S5 o

Maise mneinl Zsizio] B 23 0pISE [ |B015 At

&FH Mine-Thomson (1968)0l| 2[5104 72| 2Sol|Lix|t w4 25104 LIERH 4] (29)9F ZCh.

X, =Xu—Yur+Z wq+ Zq — Yo' = Yorp (28)
Y, = Yv+ Ypp+ Yr+X ur— 2, wp— quq

Zy=Z w+Zq+ Ypp —X,ugt+ Yup+Yrp

K, = Y;U+Kpp+Krr+( Y;7+Zw)vw+(Yr+Zé)vq* waer(* Y;*Z(»I)wr+](,;pq+(*]bf(} +[\/;)qr

M, =Zé1l)+[ll(-l(.]*[(;p2+](}r2+(Xd *Zﬂ;)uw*Zéuq* Y,;vp+ Yl»yerr(K]»,*N%)rp

N, = Yok Kp+ Nor+ (= X, + Y, Juv+ Yiup+ Yiur — Yivg+ Zuwp + (= K, + M, )pg— K.qr

X, =X’-11.Hr (X Jor+[X, Jwg+[X " q2+[X,,T]T2+[er]rp (29)

or wq

Y, = Yot Yopt Yir+ Y, Jur+[Y, Jup+[Y, Ipg

ur wp pq
Z, = Zw+ Za+| 2,0 + (2, Jug+1Z, Jop+1Z, Jrp
K, = Yv+Kp+Kr+[ K, Jow+[K, Jog+[K, Jwp+ K, Jwr+ K, Ipg+ K, lqr

Vg wr 'pg

M, = qu+[l4qq+[]b }p +[]b ]7“ +[]Ww]uw+[M,q]uq+[]bq,p]vp+[]b[7,T]vr+[M ]rp
NA=Y7U+Krp+N,r+[N Juv+ [NV }uer[N }ur+[1\7q,q]vq+[ “p]wan[ pq]pq+[ qr]qr

uv up ur

up}
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Table 10 Velocity coupled coefficients with viscous effects

X, ]=-v,, [x,]=2

v

XJ=Zz . 2,]=-Y,

[Y}?ﬁXa

ur

Z,]=—

uq
(M,,] = (X; *Zi;,.) , []Wuq} Zq ;
(M,]= Y,

TR OIS S0i rpt 20l MZ CIE gl & f2of oY
ol /st so|2H FA ofske H|mA A2 Hoz EMEIC) I
A

— Ao R
B SAsiel DHAIZOIME ol2t Zo| I BRI 4 258 5
Aloll TEi517| Ofgict. FZlo|Lt FHSH ek £F AehS Al

S0z Aeisk= Aol F Z2Xo|2fH, A kMol 2t
edo| X[ufo|2k= ME|Sloll Table 11X ZAK = UCE
(Kim, 2005)

=22 LIS AIREE SAll Fote = e FHAEE O

[25101 F=F0| Table 112 ZAAIES0] Cist X|&HH HED

[m]

—_

Tesict, MURHAL 7IME F2 chelo] B 4 ok
ARl $E2SH BHAEY Bl ol o2 ARE

2t AN oA=& FEE 4= ?J= Coning Motion Test (CMT)7F
224X ATk Rnee et al. (2000), Kang (2000) 2| AsH od2of|
Me st 7ilg 29e iAoz PMMZE CMT AlES ¥
0f FIHEE 2 roll B oM o|ASE FE6Hdf Ut F
Hof L& Xjo[7} 2U0{M Table 112] ZE o|AHLE &l5k
ofz{ed, tEXCZ [y, |9 7 ]& 22t th3sks F7HE
—Z,, Y,2 t|wsiH Table 122 ZTh

—

0%
ol
=L

F

1ot

N
Ol'i rr H
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Table 11 Velocity coupled coefficients approximated by
added mass coefficients

[X,)=—Y,

v,l==2, , v,]l=-2

Z,)= 7Y, , Z,)= Y.

&, |=(z-Y), [K]J=(Y.+Z),
[K,,)==Y,, K, =(-Y.-%),
(K, ] =K., (K, ] = (N.— )
M, =-Y., (M,) ~ (K~ N.)
V) ==—Y, , Nl =2, ,
N)=-K) , [N,]=—K

Table 12 Comparison of coefficients of a submerged body

(Rhee et al., 2000; Kang, 2000)
Submerged body
Hull Sail
L 0.709 m Chord 0.14 m
D 0.098 m Height (Model A) | 0.04 m
Coefficient

Added mass Coefficient Zgggét'%r;g
coeff. by PMM by CMT coeff

—Z, =3212 02 [Y, ] =4.558 E-02 | — Z, /1Y, 1=718%

wp
Y, = -3.282 E-02 |7, ] =-3.856 E-02| ¥./[Z,] = 85.1 %

vp

Rhee et al. (2000), Kang (2000) 2| 9i70lM= M =0|E
0.04, 0.08, 0.12 m=zZ &St Model A, B, CE CHAICZ HEA|
s —’F°”0P°:‘EP £ CHAF Zst BB2= Mo Z=8) =0(7}
282t 2EM 09| 16 %, 7 % O|2Z 0|} 7IE 7k galol
Model AS MEHSIICE Table 12 OIAXZ CMT AlEolM F&Est
x| I3'|74|—|— T S0 2F 70~85 % HIES XFK[5H04, Table

12| CiE 0[AFEX 0l2t ARG 7Y ez FHECEH
3T BEAIY AnE J|2O= ol 47 FR|AMSZ Helst
LA S| §712Zks Table 132 20| £(Z ZHMSIFUCE ZEA|
go| E5EsHL 4fo| ZhotM AlHo| of2{2 o|AH$, S BB2
ol K, AlVel Y, K= RAL 22 tiASIch Auvel
NE ZEARES AY US| pX|n SO ddol22

=
Seet x| AU AlRollM i a7, of 3717 2ot 7t
H5IQICt Al AUVE| OIS H|QI3h MAI7 STHE salels
Zotslo S Tksmol o3t SEE 2IEY v, N, 58
o 7iETol oot BEL Y K, K. 42 022 A
st =
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Table 13 Final results of added mass coefficients of BB2

and AUV

BB2 (10 knots) AUV (3 knots)
Y, -3.220 E-02 (-1.471 E-02 )
Y, -8.361 E-04 (=0)
Y, -2.058 E-03 ~7.556 E-04
Z, -2.098 E-02 -1.308 E-02
Z 1.130 E-03 9.972 E-04
K, -5.277 E~04 (=0)
K, (-5.050 E-05 ) | ( -3.537 E-06 )
K. -4.190 E-05 (=0)
M, 6.350 E-04 6.988 E-04
M, -1.111 E-03 -8.969 E-04
N, -8.164 E-04 (-6.988 E-04 )
N, -6.137 E-05 (=0)
N, -1.277 E-03 -9.442 E-04

Table 14 Estimated velocity coupled coefficients of BB2

and AUV with added mass coefficients

BB2 (10 knots) AUV (3 knots)
(X, 8.361E-04 0
[v,,] 2.098E-02 1.308E-02
[v,,] -1.130E-03 -9.972E-04
Z,) -3.220E-02 ~1.471E-02
1z, -2.058E-03 ~7.556E-04
K] 1.122E-02 1.630E-03
[&,,] -9.280E-04 2.416E-04
K] 8.361E-04 0
x,,] 9.280E-04 -2.416E-04
K,] -4.190E-05 0
K] ~1.660E-04 ~4.730E-05
(,,] 2.058E-03 7.556E-04
(A,)] 1.227E-03 9.407E-04
(] 8.361E-04 0
[V,,,] 1.130E-03 9.972E-04
[V,,] -1.061E-03 -8.934E-04
[N,] 4.190E-05 0

6. d 2
2 AF0M= F O] +E2SH 2| ZHSA Y ¥ =HA
AMoR SoiNE e TE F 2RY MM B2

Ch 2 ZE2 ck31t 2ot

VPMM AlgiZt|2 Zet 37HME BB22F AUV 2&ol 2
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CEEHE RS2 MY ) MY AT 3 AR BpEas
gesiol & 4 ok Hzlolt FHsIA| e =F A
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