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A b str a ct 

T his t h esis pr es e nts  t h e r ati o n al e x pl a n ati o n o n t h e i nfl u e n c e of li q ui d sl os hi n g o n F L N G m oti o n b y 

m e a ns of a s pri n g -m ass t y p e m e c h a ni c al m o d el r e pr es e nti n g t h e b e h a vi o ur of li q ui d c ar g o a n d 

c o u pli n g eff e cts o n fl o ati n g b o d y m oti o n. 

T h e m e c h a ni c al m o d el t o si m ul at e sl os hi n g w as ori gi n all y d e v el o p e d i n t h e mi d- 1 9 6 0s t o r e pr es e nt 

t h e c o u pli n g eff e cts o n s p a c e cr aft m oti o n f or pr e di cti n g a n d c o ntr olli n g its b e h a vi o u r a n d st a bilit y.  

A ut h or b eli e v es t h at t h e m e c h a ni c al m o d el is a us ef ul t o ol f or b ett er u n d erst a n di n g t h e i nt er a cti o n 

of li q ui d c ar g o a n d fl o ati n g b o d y m oti o n a n d als o a n  eff e cti v e  t o ol i n coll a b or ati v e w or ks i n v ol vi n g 

e x p erts wit h v ari o us t e c h ni c al b a c k gr o u n ds. 

S t arti n g wit h t h e c o n c e pt, t h e p ar a m et ers of t h e m e c h a ni c al m o d el f or a r e ct a n g ul ar t a n k ar e 

d et er mi n e d  a n al yti c all y. V ali dit y a n d li mit ati o n of t h e m e c h a ni c al m o d el ar e j ustifi e d b y c o m p ari n g 

t h e r es ults fr o m e x p eri m e nt a n d c al c ul ati o n b y ot h er m e a ns. 

T h e n u m eri c al a n al ysis of c o u pl e d fl o ati n g m oti o n of b ar g e wit h t w o (2) r e ct a n g ul ar t a n ks a n d 

F L N G wit h si x (6) r e ct a n g ul ar t a n ks ar e p erf or m e d a n d t h e r es ults ar e c o m p ar e d wit h t h e o n es 

o bt ai n e d fr o m t h e e x p eri m e nt a n d t h e c al c ul ati o n b y ot h ers.  

N e xt, r ati o nal e x pl a n ati o n o n t h e i nfl u e n c e of li q ui d sl os hi n g o n b ar g e a n d F L N G m oti o n  is 

pr es e nt e d , a n d tr a ns p ar e n c y a n d a c c o u nt a bilit y of t h e m e c h a ni c al m o d el ar e d e m o nstr at e d. 

Fi n all y,  t h e c as e st u di es f or F L N G ar e p erf or m e d a n d t h e eff e cti v e n ess of t h e m e c h a ni c al m o d el i n 

t h e b asi c d esi g n of F L N G is d e m o nstr at e d. 
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𝑚𝑚 𝑇𝑇   T ot al li q ui d m ass ( k g)  

p   Fl ui d pr ess ur e ( N m- 2) 

s   R el ati v e l o c ati o n fr o m t a n k b ott o m t o t h e C O G of fl o ati n g b o d y ( m) 

𝑤𝑤 𝑎𝑎   In ci d e nt w a v e a m plit u d e  ( m) 

𝑥𝑥 𝑛𝑛  D efl e cti o n of t h e sl os h m ass ( m)  

(𝑥𝑥 𝐺𝐺 , 𝑦𝑦 𝐺𝐺 , 𝑧𝑧 𝐺𝐺 )  Ce ntr e of gr a vit y of fl o ati n g b o d y i n cl u di n g li q ui d c ar g o ( m) 

(𝑥𝑥 𝐵𝐵 𝐺𝐺 , 𝑦𝑦 𝐵𝐵 𝐺𝐺 , 𝑧𝑧 𝐵𝐵 𝐺𝐺 ) C e ntr e of gr a vit y  of fl o ati n g b o d y e x cl u di n g li q ui d c ar g o ( m) 

(𝑥𝑥 𝑇𝑇 𝐺𝐺 , 𝑦𝑦 𝑇𝑇 𝐺𝐺 , 𝑧𝑧 𝑇𝑇 𝐺𝐺 )  Ce ntr e of gr a vit y  of li q ui d c ar g o ( m) 

(𝑥𝑥 𝑏𝑏 , 𝑦𝑦 𝑏𝑏 , 𝑧𝑧 𝑏𝑏 )  C e ntr e of b u o y a n c y of fl o a ti n g b o d y ( m) 

(𝑥𝑥 𝑓𝑓 , 𝑦𝑦 𝑓𝑓 , 𝑧𝑧 𝑓𝑓 )  C e ntr e of fl o at ati o n of fl o ati n g b o d y ( m) 
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N o m e n cl at ur e ( C o nti n u e d)  

𝑚𝑚 𝑚𝑚 𝑛𝑛  W at er pl a n e ar e a of fl o ati n g b o d y  ( m2 ) 

𝑚𝑚   Br e a dt h of fl o ati n g b o d y ( m) 

𝑇𝑇  T a n k  h ei g ht ( m) 

𝑤𝑤 0  Fi x e d m ass h ei g ht ( m)  

𝑎𝑎 𝑥𝑥  Sl os h m ass h ei g ht ( m)  

𝑛𝑛 𝑥𝑥   n-t h s pri n g c o nst a nt ( N m- 1) 

𝐺𝐺0  Fi x e d m ass i n erti a ( k g m2 ) 

𝑦𝑦𝐺𝐺    M ass i n erti a of ri gi d c ar g o ( k g m2 ) 

𝑧𝑧𝐺𝐺  M ass i n erti a of fr e e r ot ati n g li q ui d ( k g m2 ) 

𝑥𝑥   M ass of fl o ati n g b o d y i n cl u di n g li q ui d c ar g o ( k g)  

𝐵𝐵 𝐺𝐺   M ass of fl o ati n g b o d y e x cl u di n g li q ui d c ar g o ( k g)  

𝑦𝑦 𝐵𝐵   Di s pl a c e d v ol u m e of fl o ati n g b o d y ( m3 ) 

𝐺𝐺 0  Li n e ar di s pl a c e m e nt al o n g x a xis ( m)  

 

𝑧𝑧 0   A n g ul ar r ot ati o n a b o ut a n a xis t hr o u g h t h e C O G of li q ui d c ar g o (r a d) 

𝐵𝐵 𝐺𝐺   n-t h fr a cti o n of criti c al d a m pi n g (-) 

𝑥𝑥   D e nsit y of s urr o u n di n g w at er  ( k g m- 3) 

𝑇𝑇 𝐺𝐺   D e nsit y of c ar g o li q ui d ( k g m- 3) 

Φ   Vel o cit y p ot e nti al  ( m2  s- 1) 

𝑦𝑦   A n g ul ar fr e q u e n c y (r a d s- 1) 

𝑇𝑇 𝐺𝐺   n-t h n at ur al a n g ul ar fr e q u e n c y (r a d s- 1) 
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1. I ntr o d u cti o n 

1. 1 B a c k gr o u n d  

O v er  t h e p ast d e c a d e, t h e d e m a n d f or  li q u efi e d n at ur al g as ( L N G) h as i n cr e as e d s h ar pl y. L N G is 

t h e n at ur al g as t h at is li q u efi e d b y c o oli n g it t o a p pr o xi m at el y − 1 6 2 ◦C i n or d er t o r e d u c e its v ol u m e 

b y 1/ 6 0 0 t h. It is c ol o url e ss, o d o url ess, n o n- t o xi c, n o n- c ar ci n o g e ni c a n d i n li q ui d f or m is a b o ut 4 6 % 

of t h e d e nsit y of w at er. It c a n b e st or e d a n d tr a ns p ort e d i n i ns ul at e d t a n ks at st a n d ar d at m os p h eri c 

pr ess ur e.  Its d e m a n d is e x p e ct e d t o i n cr e as e f urt h er i n t h e n e ar f ut ur e, as L N G  is c o nsi d er e d 

“ cl e a n er ” t h a n ot h er f ossil f u els ( e. g. oil a n d c o a l) a n d s u p pl y of w hi c h is “ m or e st a bl e ” t h a n 

r en e w a bl e e n er g i es ( e. g. wi n d, s ol ar, et c.). 

T h e gr o wi n g i nt er est of g o v er n m e nts a n d m aj or oil a n d g as c o m p a ni es i n L N G d e v el o p m e nt h as 

r es ult e d i n t e c h ni c al i n n o v ati o ns i n L N G s u p pl y c h ai n, s u c h as a n i n cr e as e i n c a p a cit y of L N G t a n k 

s yst e m s, d e v el o p m e nt of fl o ati n g L N G pr o d u cti o n, st or a g e a n d offl o a di n g u nits ( F L N G), fl o ati n g 

st or a g e a n d r e g asifi c ati o n u nits ( F S R U), et c. T h e a d v a n c e m e nt of F L N G s yst e m h as cr e at e d hi g h 

e x p e ct ati o ns i n d e v el o p m e nt of offs h or e str a n d e d g as fi el ds a n d m o n eti zi n g t h e g as fr o m t h e 

e xisti n g offs h or e oil fi el d s.  

O n e of t h e m aj or iss u es  t o b e o v er c o m e i n r e ali z ati o n of F L N G is t h e m oti o n pr e di cti o n of fl o ati n g 

b o di es . T his is ess e nti al t o esti m at e t h e r eli a bilit y a n d a v ail a bilit y of F L N G. R es e ar c h a n d 

d e v el o p m e nt of m oti o n pr e di cti o n of fl o ati n g b o d y h a v e b e e n p erf or m e d b y a n u m b er of 

r es e ar c h ers a n d r es e ar c h gr o u ps o v er a l o n g p eri o d of ti m e. T h a n ks t o t h e i n cr e as e d c o m p uti n g 

p o w er, t h e st u d y of m oti o n pr e di cti o n h as a c hi e v e d a s uffi ci e nt l e v el of s o p histi c ati o n f or pr a cti c al 

a p pli c ati o n — e v e n t h o u g h t h er e ar e still t e c h ni c al iss u es i n i m pr o vi n g t h e a c c ur a c y, s u c h as t h e 

n e e d f or m et h o ds t o i n c or p or at e t h e vis c o us eff e ct, g a p r es o n a n c e, wi n d a n d c urr e nt l o a d 

esti m ati o n, li q ui d c ar g o eff e cts i n cl u di n g sl os hi n g, et c. 

T h is t h esis f o c us es o n t h e eff e ct of li q ui d c ar g o o n t h e F L N G m oti o n c a us e d b y t h e li q ui d 

m o v e m e nt i n cl u di n g sl os hi n g, fr e e s urf a c e a n d fr e e r ot ati o n. T h e t a n ks i nsi d e t h e F L N G c o nt ai n a 

l ar g e a m o u nt of li q ui d pr o d u ct s u c h as L N G, L P G, c o n d e ns at e, et c.  Si n c e t h e t a n ks i n F L N G ar e  

us e d as a t e m p or ar y st or a g e of s u c h li q ui d pr o d u ct s, t h e li q ui d l e v el i n t h e t a n k will al w a ys c h a n g e 

a n d n e v er b e fill e d c o m pl et el y.  I n s u c h a c o n diti o n wit h p arti all y fill e d t a n k, t h e li q ui d i n t a n ks is 

e x cit e d b y t h e F L N G m oti o n, a n d t h e m o v e m e nt of t h e li q ui d m a y b e i nt e ns e at a c ert ai n fr e q u e n c y. 

T his i nt e ns e li q ui d m o v e m e nt  is c all e d sl os hi n g, a n d t h e d a m a g e t o t h e t a n k d u e t o sl os hi n g a n d its 

i nfl u e n c e o n t h e F L N G m oti o n ar e m aj or c o n c er n s r e g ar di n g s af et y, o p er a bilit y, pr o d u cti vit y a n d 

c ost . 1), 2), 3) , 4), 5)  

 

1. 2 Lit er at ur e R e vi e w  

T h e r es e ar c h es f o c usi n g o n t h e c o u pli n g of li q ui d m o v e m e nt  i n t a n ks a n d fl o ati n g b o d y m oti o n ar e 

o n g oi n g si n c e l o n g a g o. As e arl y as 1 8 8 0, t h er e w as a n i d e a t o i nst all “ w at er c h a m b ers ” i n a s hi p t o 
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r e d u c e t h e r oll m oti o n 6) , 7). I n t h e mi d- 1 9 6 0s, B os c h a n d V u gts 8), 9)  r edi s c o v er e d t h is al m ost 

f or g ott e n i d e a, a n d p erf or m e d s yst e m ati c m e as ur e m e nts t o g at h er  n e c ess ar y i nf or m ati o n t o 

u n d erst a n d w h y t h e t a n k p erf or m e d  as a n a nti -r olli n g d e vi c e a n d t o a p pl y t h e m t o d esi g n t a n ks f or 

pr a cti c al a p pli c ati o ns.  

Als o i n t h e mi d - 1 9 6 0s, t h e r es e ar c h w or ks i n “sl os hi n g ” w er e c o m pil e d a n d p u blis h e d i n t h e U nit e d 

St at es f or t h e s p a c e cr aft a p pli c ati o n  1 0) , 1 1). T h e m o n o gr a p h p u blis h e d i n 1 9 6 6 as N A S A  S P - 1 0 6, 

“ T h e D y n a mi c B e h a vi or of Li q ui ds i n M o vi n g C o nt ai n ers ” h as b e e n wi d el y us e d b y t h e c o m m u nit y 

r es e ar c hi n g o n sl os hi n g eff e cts . As t h e m ai n p ur p o s e w as t o c o ntr ol s p a c e cr aft b e h a vi or a n d 

st a bilit y, e m p h asis w as pl a c e d o n fr e q u e n ci es  a n d t ot al f or c es at s m all e x cit ati o n a m plit u d es . T h e 

N A S A S P - 1 0 6 is u nf ort u n at el y o ut of pri nt n o w; h o w e v er, a r e vis e d e diti o n iss u e d b y D o d g e 1 0)  i s 

a v ail a bl e n o w.  

Si n c e t h e 1 9 7 0s, t h e a d v e nt of l ar g e v ess els s u c h a s oil t a n k ers, L P G c arri er s, L N G c arri ers, et c. 

c arr yi n g l ar g e q u a ntiti es of li q ui d,  d a m a g e  t o i nt e grit y of t a n k a n d h ull str u ct ur es d u e t o vi ol e nt 

sl os hi n g of li q ui d c ar g o h as b e g u n t o attr a ct att e nti o n . T h a n ks t o t h e i n cr e as e d c o m p uti n g p o w er 

a n d d e v el o p m e nt of C F D, it h as n o w b e c o m e p ossi bl e t o si m ul at e a c o m pli c at e d fl ui d b e h a vi o ur 

a n d l o c al pr ess ur e t o s o m e e xt e nt wit h hi g h a c c ur a c y. M e a n w hil e, t h e i nt er a cti o n b et w e e n li q ui d 

m o v e m e nt i n t a n ks a n d fl o ati n g b o d y m oti o n c o nti n u e d t o b e a n i m p ort a nt c o n c er n, a n d t h e i nt er est 

s hift e d fr o m t h e d e v el o p m e nt of a nti -r olli n g d e vi c e t o t h e i m pr o v e m e nt of a c c ur a c y  i n m oti o n 

pr e di cti o n of fl o ati n g b o d y . 

T h e b ar g e m oti o n i n b e a m w a v es i nfl u e n c e d b y t h e r e ct a n g ul ar t a n ks p arti all y fill e d wit h w at er  w as 

i n v esti g at e d b y Y a m as hit a 1 2)  a n d M oli n et al 1 3)  b y m e a ns of n u m eri c al c al c ul ati o n a n d t est 

c o n d u ct e d o n a n  e x p eri m e nt al m o d el.  M al e ni c a et al  1 4)  pr es e nt e d t h e c al c ul ati o n m et h o d f or t h e 

d y n a mi c c o u pli n g b et w e e n sl os hi n g a n d s e a k e e pi n g a n d v ali d at e d it a g ai nst t h e r es ults fr o m M olin 

et al  1 3) . T h eir c al c ul ati o n m et h o d w as  b as e d o n t h e li n e ar p ot e nti al t h e or y i n t h e fr e q u e n c y d o m ai n. 

M a n y ot h er r es e ar c h ers als o st u di e d t h e c o u pli n g of li q ui d m o v e m e nt  i n t a n ks a n d fl o ati n g b o d y 

m oti o n  usi n g t h e li n e ar p ot e nti al t h e or y 1 5), 1 6) , 1 7), 1 8) . 

T h e fl o ati n g b o d y m oti o n aff e ct e d b y n o n-li n e ar sl os hi n g i n t a n ks p arti all y fill e d wit h w at er w as 

i n v esti g at e d b y J o ur n é e 1 9) , R o g n e b a k k e a n d F alti ns e n 2 0) , L e e et al  2 1), 2 2), 2 3) , W a n g a n d Ar ai 2 4), 2 5), 

2 6) , 2 7), K a w a h as hi, Ar ai et al 2 8), 2 9) , Ki m et al 3 0 ) a n d R o c h a et al  3 1 ). T h e b e h a vi or of li q ui d i n t a n ks 

w as  r e pr es e nt e d b y t h e fl ui d d y n a mi c m et h o ds s u c h as b o u n d ar y el e m e nt m et h o d, fi nit e diff er e n c e 

m et h o d, p arti cl e m et h o d, et c. a n d it w as  c o u pl e d wit h t h e fl o ati n g b o d y m oti o n. 

 

1. 3 O bj e cti v es  

T h e o bj e cti v e of t his t h esis is t o pr o vi d e a r ati o n al e x pl a n ati o n o n t h e c o m pl e x p h e n o m e n a of t h e 

F L N G  m oti o n aff e ct e d b y li q ui d sl os hi n g. 

As a  r es ult of p ast r es e ar c h eff orts , it h as n o w b e c o m e p ossi bl e t o si m ul at e a c c ur at el y t h e c o m pl e x  

p h e n o m e n a of sl os hi n g its elf  a n d its i nfl u e n c e o n fl o ati n g b o d y m oti o n usi n g n u m eri c al c al c ul ati o n. 

D es pit e t h e i m pr o v e m e nt i n a c c ur a c y of t h e si m ul ati o n  t h e c orr e ct n ess of r es ults fr o m s u c h a hi g hl y 
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el a b or at e n u m eri c al c al c ul ati o n is diffi c ult t o v erif y. T h e pr o v e n c a l c ul ati o n m et h o ds a v ail a bl e s o 

f ar d o n ot g u ar a nt e e t h e c orr e ct n ess of t h e c al c ul ati o n r es ults . T h er e ar e m a n y f a ct ors  s u c h as 

i n c orr e ct i n p ut p ar a m et er s, i n c orr e ct a n al ysis s etti n gs, et c.  t h at pr o vi d e err o n e o us r es ults. 

C o m p aris o n of r es ults fr o m e x p eri m e nt s c o n d u ct e d o n p h ysi c al m o d els is t h e m ost r eli a bl e 

v erifi c ati o n m et h o d ; h o w e v er, t his is ti m e c o ns u mi n g a n d e x p e nsi v e. A n alt er n ate a p pr o a c h is t o 

c o nfir m w h et h er t h e m aj or c h ar a ct eristi c i n di c at or s u c h as t h e n at ur al p eri o d or t h e p eri o d 

c orr es p o n di n g t o t h e p e a k r es p o ns e is cl os e t o t h e o n e pr e di ct e d b y ot h er m e a ns.  Alt h o u g h t his 

a p pr o a c h o nl y pr o vi d es p arti al r eli a bilit y, it c a n b e d o n e e asil y. A n ot h er b e n efit of t his a p pr o a c h is 

t h at it is p ossi bl e t o i d e ntif y t h e f u n d a m e nt al m e c h a nis m of t h e p h e n o m e n o n of i nt er est. L e e et al  2 2)  

u s e d t h e “ si m plifi e d m as s -s pri n g sl os hi n g m o d el ” t o e x pl ai n t h e m e c h a nis m of t h e t w o p e a ks of r oll 

m oti o n  i n his D o ct or at e  t h esis. 

T h e m ass -s pri n g t y p e m at h e m ati c al m o d el , i n ot h er w or ds “m e c h a ni c al m o d el ”, pr es cri b es  t h e 

m e c h a nis m of t h e p h e n o m e n a of i nt er est  1 0) , 1 1). T hi s m et h o d c a n o nl y r e ali z e t h e p h e n o m e n a of t h e 

pr es cri b e d m e c h a nis m, b ut its c al c ul ati o n pr o c ess is si m pl e, tr a ns p ar e nt a n d e as y t o tr a c e t h e li n k 

b et w e e n t h e i n p ut p ar a m et ers a n d t h e o ut p ut. 

F or t h e p ur p os e of e x pl ai ni n g t h e c o m pl e x p h e n o m e n a of fl o ati n g b o d y m oti o n i nfl u e n c e d b y 

sl os hi n g, t his a p pr o a c h is t h e pr ef err e d c h oi c e o v er C F D b as e d n u m eri c al c al c ul ati o n m et h o d. 

 

1. 4 A p pli c ati o ns  f or B asi c D esi g n of F L N G  

I n a ut h or’s o pi ni o n, t h e C F D b as e d n u m eri c al c al c ul ati o n m et h o d , es p e ci all y  c a p a bl e of si m ul ati n g 

t h e n o n-li n e ar li q ui d b e h a vi o ur is s uit a bl e t o si m ul at e t h e p h e n o m e n o n as a c c ur at e l y as p ossi bl e; 

h o w e v er, t his is n ot s uit a bl e f or s e e ki n g a n o pti m al s ol uti o n. 

It is n ot pr a cti c al t o us e t h e C F D b as e d n u m eri c al c al c ul ati o n s t h at pr e di cts t h e fl o ati n g b o d y 

m oti o n t a ki n g i nt o a c c o u nt of li q ui d c ar g o eff e cts a n d  d et er mi n e  i m p ort a nt F L N G d esi g n 

p ar a m et ers s u c h as t a n k t y p e a n d t a n k arr a n g e m e nt . I nst e a d, si m pl er c al c ul ati o n m et h o ds ar e 

n e c ess ar y at t h e i niti al d e si g n st a g e.  

T h e c al c ul ati o n m et h o d b as e d o n t h e li n e ar p ot e nti al t h e or y i n t h e fr e q u e n c y d o m ai n c o ul d b e us e d . 

H o w e v er, c al c ul ati o n m et h o d b as e d o n t h e m e c h a ni c al  m o d el is a b ett er  o pti o n. 

T h e m ost n ot e w ort h y b e n efit of t h e m e c h a ni c al m o d el is t h at t h e li n k b et w e e n i n p ut p ar a m et ers a n d 

o ut p ut is e as y t o tr a c e. T h e a ut h or d e m o nstr at es t his b e n efit i n t h e t h esis. 

T h e tr a ns p ar e nt tr a c e a bilit y a n d  a c c o u nt a bilit y ar e  p arti c ul arl y i m p ort a nt i n F L N G  a p pli c ati o n  t o 

d e m o nstr at e its cr e di bilit y t o t h e e x p erts wit h v ari o us t e c h ni c al b a c k gr o u n d s s u c h as  pr oj e ct 

m a n a g e m e nt, n at ur al g as pr o c essi n g, el e ctri c al, i nstr u m e nt, str u ct ur e, et c.  w h o ar e i n v ol v e d i n 

F L N G d esi g n . 

Si n c e m e c h a ni c al m o d el is c a p a bl e of e x pl ai ni n g t h e c o m pl e x p h e n o m e n a of fl o ati n g b o d y m oti o n 

i nfl u e n c e d b y t h e sl os hi n g eff e ct a n d s atisf yi n g t h e a b o v e m e nti o n e d crit eri a i n s h ari n g t h e 

k n o wl e d g e wit h ot h er e x p erts, it is a b ett er c h oi c e t h a n t h e n u m eri c al c al c ul ati o n b as e d o n C F D .  
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2 . M e c h a ni c al M o d el of L i q ui d C ar g o 

2. 1 G e n er al  

T h e eff e ct of l at er al sl os hi n g , w hi c h is d y n a mi c i n n at ur e, is m ai nl y d u e t o a h ori z o nt al os cill ati o n 

of c e ntr e of li q ui d m ass r el ati v e t o t h e t a n k. T his c a n b e w ell r e pr es e nt e d b y a n e q ui v al e nt 

m e c h a ni c al m o d el . 

T h e m e c h a ni c al m o d el of sl os hi n g w as ori gi n all y d e v el o p e d i n t h e mi d- 1 9 6 0s t o r e pr es e nt t h e 

c o u pli n g eff e cts wit h s p a c e cr aft m oti o n f or pr e di cti n g a n d c o ntr olli n g its b e h a vi o ur a n d st a bilit y as 

s h o w n i n Fi g ur e 2. 1. T h e p e n d ul u m m o d el w as a d o pt e d i n s p a c e cr aft a p pli c ati o n si n c e t h e gr a vit y 

a c c el er ati o n w as tr e at e d e x pli citl y as a v ari a bl e p ar a m et er.  T h e s pri n g -m as s m o d el is a n ot h er w a y 

t o r e pr es e nt t h e m e c h a ni c al m o d el, w hi c h d o es n ot tr e at t h e gr a vit y a c c el er ati o n e x pli citl y, f or 

w hi c h d eri vi n g t h e e q u ati o n of m oti o n is m or e str ai g htf or w ar d t h a n t h e p e n d ul u m m o d el. 

 

 

Fi g ur e 2. 1. M e c h a ni c al M o d el A p pli c ati o n f or S p a c e cr aft 

 

T h e s pri n g- m ass t y p e m e c h a ni c al m o d el is a b ett er c h oi c e f or m ari n e a n d offs h or e i n d ustr i al 

a p pli c ati o n s as  it is n ot n e c ess ar y t o c o nsi d er t h e c h a n g e i n gr a vit y a c c el er ati o n.  

A ut h or a d o pt e d t h e s pri n g-m ass t y p e m e c h a ni c al m o d el f or a n al ysi n g t h e i nfl u e n c e of li q ui d c ar g o 

o n F L N G m oti o n a n d pr e di cti n g t h e F L N G m oti o n c o nsi d eri n g t h e li q ui d c ar g o eff e ct as s h o w n i n 

Fi g ur e 2. 2. 

T h e d et ails of m at h e m ati c al e x pr essi o n ar e pr o vi d e d i n A p p e n di c es 1, 2 a n d 3. 
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Fi g ur e 2. 2. M e c h a ni c al M o d el A p pli c ati o n f or F L N G  

 

2. 2 D es cri pti o n  of M e c h a ni c al M o d el  

T h e d y n a mi c b e h a vi o ur of li q ui d i n a t a n k is r e pr es e nt e d b y t h e m e c h ani c al m o d el as s h o w n i n 

Fi g ur e 2. 3. T h e li q ui d i nsi d e t h e t a n k is r e pl a c e d b y m ass es, s pri n gs, d a m p ers a n d a dis k. 

 

 

Fi g ur e 2. 3. S pri n g- M ass M e c h a ni c al M o d el of Li q ui d i n Ta n k  

 
T h e fi x e d m ass a n d m ass i n erti a ar e r e pr es e nt e d b y 𝑚𝑚 0  a n d  𝑚𝑚0 , r es p e cti v el y. E a c h of sl os h m o d es 

c orr es p o n di n g t o t h e sl os hi n g n at ur al fr e q u e n c i es i s r e pr es e nt e d b y t h e s pri n g- m ass a n d d a m p er 

s yst e m. O nl y t w o s yst e m s ar e s h o w n i n Fi g ur e 2. 3 f or cl arit y, b ut t h er e ar e t h e or eti c all y i nfi nit e 

s yst e ms a n d sl os h m o d es. T h e m ass  f or e a c h sl os h m o d e is l o c at e d at 𝑛𝑛 𝑚𝑚  w hi c h i s t h e h ei g ht fr o m 

t h e c e ntr e of gr a vit y of t h e li q ui d. T hr o u g h o ut t his t h esis, t h e p ositi v e dir e cti o n of 𝑇𝑇 0  i s t a k e n 

o p p osit e t o t h e h ei g ht of sl os h m ass es. 𝑤𝑤 𝑎𝑎 , i. e., t h e h ei g ht of 𝑥𝑥 𝑛𝑛 , i s p ositi v e w h e n t h e n-t h m o d e 
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m ass is l o c at e d a b o v e t h e C O G, b ut 𝑚𝑚 0  i s p ositi v e w h e n it is l o c at e d b el o w t h e C O G. T h e d a m pi n g 

i s n e gl e ct e d. I n a d diti o n, a dis k 𝑚𝑚𝑛𝑛  i s i ntr o d u c e d as t h e m ass i n erti a of fr e e r ot ati n g li q ui d w hi c h  

d o es n ot c o ntri b ut e t o t h e m ass i n erti a of t h e li q ui d. 

W h e n t h e t a n k is e x cit e d at a n g ul ar fr e q u e n c y 𝑚𝑚  b y a s m all ti m e -v ar yi n g li n e ar dis pl a c e m e nt 𝑇𝑇 0  

al o n g t h e x a xis a n d  a n g ul ar r ot ati o n 𝑤𝑤 0  a b o ut a n a xis t hr o u g h t h e C O G, t h e a m plit u d e of t h e 

h ori z o nt al f or c e a n d m o m e nt e x ert e d b y 𝑎𝑎 0  a n d 𝑥𝑥 0  ar e o bt ai n e d as f oll o ws: 
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w h er e 𝑛𝑛 𝑥𝑥 , 𝐺𝐺 𝑦𝑦 , ℎ , 𝐺𝐺  a n d 𝑧𝑧𝐺𝐺  ar e t ot al li q ui d m ass, n -t h n at ur al a n g ul ar fr e q u e n c y, li q ui d h ei g ht, 

gr a vit y c o nst a nt a n d m as s i n erti a of ri gi d c ar g o, r e s p e cti v el y. 

 

2. 3 V erti c al a n d Y a w Os cill ati o n  

W h e n t h e t a n k is e xit e d h ori z o nt all y, it is ass u m e d t h at t h e C O G of t h e li q ui d i n t a n k d o es n ot m o v e 

u p a n d d o w n. T h er ef or e, li n e ar v erti c al sl os hi n g d o es n ot o c c ur. 

W h e n t h e t a n k is e xit e d v erti c all y, t h e v erti c al sl os hi n g will o c c ur. T h e v erti c al sl os hi n g is a  n o n-

li n e ar p ar a m etri c vi br ati o n d u e t o p ar a m etri c i nst a bilit y si n c e w a v es ar e n ot e x cit e d  dir e ctl y b y 

vi br ati o n n or m al t o t h e fr e e s urf a c e.  T h e v erti c al  sl os hi n g is cr e at e d m or e  e asil y  w h e n t h e 

e x cit ati o n fr e q u e n c y is cl os e t o t wi c e t h e sl os hi n g n at ur al fr e q u e n c y of t h e f u n d a m e nt al m o d e. 

I n t his t h esis, th e v erti c al m oti o n of t h e li q ui d a n d sl os hi n g ar e  o mitt e d si n c e it is a n o n -li n e ar, hi g h 

fr e q u e n c y a n d i nsi g nifi c a nt p h e n o m e n a. 

T h e v erti c al m oti o n a n d sl os hi n g aff e ct t h e h e a v e a n d pit c h m oti o n of t h e fl o ati n g b o d y, h o w e v er, 

t h e e x p eri m e nt al m e as ur e m e nts a n d n u m eri c al c al c ul ati o ns b y ot h er r es e ar c h ers s h o w e d t h at t h e 

i nfl u e n c e is n e gli gi bl e . 

W h e n t h e t a n k is e xit e d r ot ati o n all y a b o ut t h e v erti c al a xis, n o n et f or c e is g e n er at e d, b ut it cr e at es 

m o m e nt a b o ut v erti c al  a xis.  I n t his t h esis, t h e m o m e nt a b o ut v erti c al  a xis is als o o mitt e d , si n c e its 

m a g nit u d e is s m all. 
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2. 4  D et er mi n ati o n  of P ar a m et ers  f or R e ct a n g ul ar T a n k M o d el  

T o d et er mi n e t h e p ar a m et ers of a m e c h a ni c al m o d el, h ori z o nt al f or c e a n d m o m e nt c o ul d b e 

o bt ai n e d b y a n al yti c al, n u m eri c al or e x p eri m e nt al  m e a ns . F or si m pl e t a n k g e o m etr y s u c h as a 

r e ct an g ul ar t a n k as s h o w n i n Fi g ur e 2. 4, a n a n al yti c al s ol uti o n is p ossi bl e. A p p e n di c es 4 a n d 5 

pr o vi d e a d diti o n al c o nsi d er ati o n f or ot h er t a n k g e o m etr y. 

T w o  c o or di n at e s yst e ms, gl o b al a n d l o c al t o t h e t a n k ar e d efi n e d. T h e gl o b al c o or di n at e s yst e m 

O X Y Z is ri g ht h a n d e d i n erti al c o or di n at e s yst e m wit h t h e Z - a xis p oi nti n g v erti c all y u p w ar ds. T h e 

l o c al c o or di n at e s yst e m o x y z t o t h e t a n k is ri g ht h a n d e d wit h t h e ori gi n fi x e d at t h e li q ui d c e ntr e of 

gr a vit y, a n d m o v es wit h t h e t a n k. T h e a x es of c o or di n at e s yst e m l o c al t o t h e t a n k ar e p ar all el t o t h e 

gl o b al c o or di n at e s yst e m.  

T h e t a n k is r e ct a n g ul ar wit h pl a n di m e nsi o ns of a  a n d b , a n d i nt er n al li q ui d h ei g ht as  h . 

 

 

Fi g ur e 2. 4 . R e ct a n g ul ar Ta n k 

 

Ass u mi n g t h e li q ui d i n t h e t a n k is i n c o m pr essi bl e, i n vis ci d a n d irr ot ati o n al, li q ui d m oti o n c a n b e 

d es cri b e d b y v el o cit y p ot e nti al, Φ  w hi c h s atisfi es t h e f oll o wi n g b asi c e q u ati o ns : 
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w h er e p  a n d 𝑚𝑚 𝑚𝑚  ar e fl ui d pr ess ur e a n d fl ui d d e nsit y, r es p e cti v el y. 
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W h e n t h e t a n k is e x cit e d at a n a n g ul ar fr e q u e n c y  𝑚𝑚  b y a s m all ti m e -v ar yi n g li n e ar dis pl a c e m e nt 𝑚𝑚 0  

al o n g x a xi s t h e b o u n d ar y c o n diti o ns ar e s p e cifi e d as f oll o ws: 
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First, b y s ol vi n g t h e ei g e n v al u e pr o bl e m, n at ur al fr e q u e n ci es ar e d et er mi n e d as f oll o ws:  
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T h e n , s ol vi n g t h e b asi c diff er e nti al e q u ati o n t o s atisf y t h e b o u n d ar y c o n diti o ns, t h e v el o cit y 

p ot e nti al of li q ui d i n t h e r e ct a n g ul ar t a n k e x cit e d h ori z o nt all y is o bt ai n e d a s f oll o ws: 
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T h e u nst e a d y li q ui d pr es s ur e is: 
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T h e fr e e s urf a c e el e v ati o n is : 
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T h e h ori z o nt al f or c e a n d m o m e nt i n t h e r e ct a n g ul ar t a n k e xcit e d h ori z o nt all y ar e o bt ai n e d  b y 

i nt e gr ati n g t h e li q ui d pr e ss ur e o v er t h e t a n k w all ar e a . 
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W h e n t h e t a n k is e x cit e d at a n a n g ul ar fr e q u e n c y  𝑚𝑚  b y a s m all ti m e -v ar yi n g a n g ul ar r ot ati o n  𝑚𝑚 0  

a b o ut a n a xis t hr o u g h t h e C O G, t h e b o u n d ar y c o n diti o ns ar e s p e cifi e d as f oll o ws: 
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S ol vi n g t h e b asi c diff er e nti al e q u ati o n t o s atisf y t h e b o u n d ar y c o n diti o ns, t h e v el o cit y p ot e nti al of 

li q ui d i n t h e r e ct a n g ul ar t a n k e xcit e d r ot ati o n all y a b o ut Y a xis is o bt ai n e d as f oll o ws: 
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T h e h ori z o nt al f or c e a n d m o m e nt i n t h e r e ct a n g ul ar t a n k e xc it e d r ot ati o n all y ar e o bt ai n e d  b y 

i nt e gr ati n g t h e li q ui d pr e ss ur e o v er t h e t a n k w all ar e a . 
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3. V ali d ati o n of M e c h a ni c al M o d el  

3. 1 G e n er al  

I n or d er t o d e m o nstr at e t h e cr e di bilit y  of t h e a ut h or’s  m et h o d pr es e nt e d  i n t his t h esis, t h e m o m e nt 

g e n er at e d b y t h e r ot ati o n al os cill ati o n of r e ct a n g ul ar t a n k is c al c ul at e d a n d c o m p ar e d wit h t h e 

r es ults o bt ai n e d b y t h e e x p eri m e nt or c al c ul ati o n b y ot h er m e a ns.  

 

3. 2 M o m e nt f or R ot ati o n al O s cill ati o n 

O n e of t h e t ar g ets f or c o m p aris o n , t h e m o m e nt f or r ot ati o n al os cill ati o n of t h e r e ct a n g ul ar t a n k w as 

o bt ai n e d b y B os c h et al 8) , 9) ex p eri m e nt all y . A n ot h er w as c al c ul at e d  b y t h e 3 D fi nit e diff er e n c e 

m et h o d ( F D M) d e v el o p e d b y Ar ai et al  3 2) . 

T h e p ar a m et ers of r e ct a n g ul ar t a n k wit h w at er f or t h e v ali d ati o n ar e s h o w n i n T a bl e 3. 1. T h e r es ults 

ar e pr es e nt e d usi n g a n o n - di m e nsi o n al f or m us e d b y B os c h et al.  

bg a

M
M

c

a m p

a m pn d 3_
ρ

=  

g

a
ωσ =  

w h er e 𝑚𝑚 𝑚𝑚 𝑛𝑛 𝑚𝑚 , 𝑇𝑇 𝑤𝑤 , 𝑎𝑎  a n d  𝑥𝑥  ar e t h e m o m e nt a m plit u d e , fl ui d d e nsit y, gr a vit y c o nst a nt a n d  a n g ul ar 

fr e q u e n c y, r es p e cti v el y. 

 

T a bl e  3. 1. Par a m et ers of R e ct a n g ul ar T a n k f or V ali d ati o n  

 

T h e f or c e a m plit u d e al o n g x- a xis a n d t h e m o m e nt a m plit u d e a b o ut y- a xis t h at c oi n ci d es wit h t h e 

li q ui d c e ntr e  of gr a vit y  ar e o bt ai n e d b y t h e f oll o wi n g f or m ul as: 

{ } { }BhAX
m

F

T

a m px

002

_
1 α

ω
++=  

 C as e 1  C as e 2  C as e 3  
h/ a  0. 0 4  0. 3 2  0. 5 8  
h/ H  0. 0 6  0. 5 0  0. 9 0  
s/ a  0. 0 0  0. 0 0  0. 0 0  

 

a 
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W h e n t h e r ot ati o n a xis d o es n ot c oi n ci d e wit h t h e li q ui d c e ntr e of gr a vit y, c o or di n at e c o n v ersi o n is 

p erf or m e d t o c al c ul at e t h e m o m e n t ar o u n d t h e r ot ati o n a xis. 
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w h er e,  𝑚𝑚 𝑚𝑚 𝑛𝑛  i s t h e li q ui d c e ntr e  of gr a vit y al o n g t h e z-a xis  a n d 𝑚𝑚 0  i s t h e l o c ati o n of t h e r ot ati o n a xis 

al o n g t h e z- a xis . 

 

3. 2. 1 A c c ur a c y of C al c ul ati o n  

T h e a n al yti c al s ol uti o n of sl os hi n g i n t h e r e ct a n g ul ar t a n k is r e pr es e nt e d b y t h e s u m of i nfi nit e 

s eri es; h o w e v er, o nl y t h e first, i. e., t h e l o w est, fr e q u e n c y sl os h m ass c a n pr a cti c all y  b e us e d w h e n 

t h e m e c h a ni c al m o d el p ar a m et ers ar e d eri v e d b y ot h er t h a n a n al yti c al s ol uti o n.  

It is c o m m o nl y a c c e pt e d t h at hi g h er or d er m o d es ( n > 2) c a n us u all y b e i g n or e d si n c e t h e 

m a g nit u d es of t h e sl os h m ass f or t h os e m o d es ar e v er y s m all c o m p ar e d t o t h e f u n d a m e nt al m o d e. 

T a bl e 3 . 2 s h o ws t h e r ati o of t h e c al c ul at e d m o m e nt a m plit u d e a d di n g u p t o n m o d es t o t h e 

c al c ul at e d m o m e nt c o nsi d eri n g 1 0 0 m o d es. T h e c o n v er g e n c e is q ui c k a n d t h e s u m m ati o n u p t o 1 0 0 

m o d es is s uffi ci e ntl y a c c ur at e as t h e a n al yti c al s ol uti o n. T h e err or of c al c ul at e d  m o m e nt a m plit u d e 

c o nsi d eri n g o nl y t h e 1st m o d e ( n = 1) i n t h e r a n g e fr o m q u asi-st ati c r e gi o n t o r es o n a nt r e gi o n is 
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wit hi n 2 %. I n hi g h fr e q u e n c y r e gi o n, t h e a c c ur a c y b e c o m es w ors e; h o w e v er, t h e m o m e nt i n t his 

fr e q u e n c y r e gi o n is s m all a n d n ot s o i m p ort a nt f or pr a cti c al a p pli c ati o n. 

 

T a bl e 3 . 2. A c c ur a c y of C al c ul ati o n f or C ut- Off M o d e i n C as e 1 ( h/ a = 0. 0 4) f or 1. 9 d e g 

 N o n -di m e nsi o n al  fr e q u e n c y, σ  
0. 0 3 2  0. 2 5 5  0. 5 1 1  0. 7 6 6  0. 9 9 0  

n = 1  0. 9 8 5 6  0. 9 8 7 6  0. 9 9 4 6  1. 0 0 9 5  1. 0 3 6 4  
n = 5  0. 9 9 9 8  0. 9 9 9 9  0. 9 9 9 9  1. 0 0 0 1  1. 0 0 0 3  
n = 2 0  1. 0 0 0 0  1. 0 0 0 0  1. 0 0 0 0  1. 0 0 0 0  1. 0 0 0 0  
n = 1 0 0  1. 0 0 0 0  1. 0 0 0 0  1. 0 0 0 0  1. 0 0 0 0  1. 0 0 0 0  

 

3. 2. 2 C o m p aris o ns  

C o m p aris o ns of m o m e nts f or t h e r ot ati o n al os cill ati o n of r e ct a n g ul ar t a n k ar e s h o w n i n Fi g ur e 3. 1. 

T h e m o m e nt i n t h e vi ci nit y of t h e sl os hi n g n at ur al fr e q u e n c y  d o es n ot b e c o m e as l ar g e as pr e di ct e d 

b y li n e ar t h e or y d u e t o n o n- li n e ar li q ui d m oti o n s u c h as a tr ai n of s m all w a v es, h y dr a uli c j u m p, et c. 

Fi g ur e  3. 1 ( a) s h o ws t h at t h e a ut h or’s m et h o d pr es e nt e d i n t his t h esis o v er e sti m at es t h e m o m e nt i n 

t h e vi ci nit y of t h e sl os hi n g n at ur al fr e q u e n c y a n d t h e 3 D F D M r e pr o d u c es t h e e x p eri m e nt al 

m e as ur e m e nt. I n Fi g ur e 3. 1 ( b), t h e a ut h or’s m et h o d s h o ws g o o d a gr e e m e nt wit h t h e m o m e nt 

c al c ul at e d b y t h e 3 D F D M w h e n t h e r ot ati o n al os ci ll ati o n is s m all. 

Fi g ur e 3. 1 ( c) s h o ws t h at f or c as e of t h e i nt er m e di at e w at er l e v el, t h e a ut h or’s m et h o d r e pli c at es t h e 

3 D F D M c al c ul ati o n b ett er t h a n t h at of l o w w at er l e v el s h o w n i n Fi g ur e 3. 1 ( a). 

Fi g ur e 3. 1 ( d) a n d ( e) s h o w t h at f or c as e of t h e hi g h wat er l e v el, t h e a ut h or’ s m et h o d d o es n ot 

r e pli c at e m o m e nt i n t h e vi ci nit y or hi g h er r e gi o n of t h e sl os hi n g n at ur al fr e q u e n c y w h e n t h e 

r ot ati o n al os cill ati o n is l ar g e. I n a d diti o n, t h e m o m e nt is li mit e d d u e t o t h e p h e n o m e n o n t h at t h e 

w at er l e v el r e a c h es t o t h e t a n k c eili n g w hi c h is n ot pr es cri b e d b y t his m et h o d. H o w e v er, t his 

m et h o d r e pli c at es t h e 3 D F D M c al c ul ati o n  w ell w h e n t h e r ot ati o n al os cill ati o n is s m all .  

 

A ct u all y, t h e si m ul ati o n b y t h e 3 D F D M s h o ws t h at e v e n i n t h e l o w a n d hi g h fr e q u e n c y r a n g e a p ar t 

fr o m t h e sl os hi n g n at ur al fr e q u e n c y, t h e n o n-li n e ar li q ui d m oti o n es p e ci all y m ulti- m o d al b e h a vi o ur 

i s o bs er v e d. T h er ef or e t h e m o m e nt c al c ul at e d b y t h e 3 D F D M d o es n ot m at c h e x a ctl y wit h t h e o n e 



 2 7 / 1 4 0 

c al c ul at e d b y t h e a ut h or’ s m et h o d pr es e nt e d i n t his t h esis. H o w e v er, it is al s o c o nfir m e d t h at t h e 

li n e ar li q ui d m oti o n is t h e m aj or c o ntri b ut or. 

 

 

Fi g ur e  3. 1. M o m e nt f or R ot ati o n al O s cill ati o n of R e ct a n g ul ar T a n k  

  

 ( a) C as e 1 ( h/a = 0. 0 4) f or 1. 9 d e g ( b) C as e 1 ( h/ a= 0. 0 4) f or  0. 1 d e g 

  

 ( c) C as e 2 ( h/a = 0. 3 2) f or 1. 9 d e g 

  

  ( d) C as e 3 ( h/ a= 0. 5 8) f or 1. 9 d e g  ( e) C as e 3( h/a = 0. 5 8) f or 0. 1 d e g 
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3. 3 V ali dit y a n d Li mit ati o n  

B as e d o n t h e v ali d ati o n p erf or m e d o n t h e m e c h a ni c al m o d el, its v ali dit y a n d li mit ati o n ar e  

c o n cl u d e d as f oll o ws: 

 

  Sl os hi n g b e h a vi o ur i n s m all os cill ati o n is w ell pr e di ct e d.  

  T h e f u n d a m e nt al sl os hi n g m o d e r e pr es e nts t h e sl os hi n g b e h a vi o ur s uffi ci e ntl y a n d t h e hi g h er 

or d er m o d es c a n b e i g n or e d as c o m m o nl y a c c e pt e d. 

  R e s o n a nt r es p o ns e i n l ar g e os cill ati o n is o v er pr e di ct e d. 

  N o nli n e ar b e h a vi o ur t h at is n ot pr es cri b e d i n t h e m e c h a ni c al m o d el li mits t h e m a g nit u d e of 

sl os hi n g m o m e nt. 

  C eili n g eff e ct t h at is n ot pr es cri b e d i n t h e m e c h a ni c al m o d el li mits t h e m a g nit u d e of sl os hi n g 

m o m e nt.  
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4. C o u pl e d E q u ati o n of Fl o ati n g B o d y M oti o n a n d Li q ui d C ar g o Eff e cts 

4. 1 Fl o ati n g B o d y M oti o n wit h o ut Li q ui d C ar g o  

T h e fl o ati n g b o d y m oti o n r el ati v e t o its  C O G is d es cri b e d b y  t h e f oll o wi n g e q u ati o n i n fr e q u e n c y 

d o m ai n. 

( )[ ] DI
GGGGA _ GG FXCBMM =⋅+++− ωω i2

 

 

w h er e  XX GG  i s t h e fl o ati n g b o d y m oti o n m atri x , MM GG  i s t h e m ass m atri x of t h e fl o ati n g b o d y, MM A_A_ GG  i s t h e 

h y dr o d y n a mi c a d d e d m a ss m atri x , BB GG  i s t h e h y dr o d y n a mi c p ot e nti al a n d q u a dr ati c d a m pi n g m atri x , 

CC GG  i s t h e h y dr ost ati c r est ori n g m atri x, a n d 𝑚𝑚 𝑚𝑚
𝑛𝑛𝑚𝑚  i s t h e h y dr o d y n a mi c e x cit ati o n f or c e m atri x d u e t o 

i n c o mi n g a n d diffr a cti o n w a v es. All m atri c es ar e o bt ai n e d r el ati v e t o t h e C O G of t h e fl o ati n g b o d y. 

T h e m ass m atri x of t h e fl o ati n g b o d y r el ati v e t o its C O G , MM GG  i s d es cri b e d b el o w: 
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T h e h y dr ost ati c r est ori n g m atri x of t h e fl o ati n g b o d y r el ati v e t o its C O G, CC GG  i s d es cri b e d b el o w: 
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Fi g ur e 4. 1. St ati c Pr o p erti es of Fl o ati n g B o d y  
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4. 2 C o u pl e d Fl o ati n g B o d y M oti o n wit h Li q ui d C ar g o  

T o o bt ai n t h e e q u ati o n of c o u pl e d m oti o n of t h e fl o ati n g b o d y a n d t h e eff e cts d u e t o li q ui d c ar g o, 

t h e f or c es i n d u c e d b y t h e li q ui d c ar g o ar e a d d e d t o t h e e q u ati o n of t h e fl o ati n g b o d y m oti o n. W h e n 

t h er e ar e m ulti pl e t a n ks, li q ui d f or c es fr o m all t h e t a n ks ar e a d d e d t o g et h er.   

( )[ ] [ ]∑ ⋅++=⋅+++− GT G
L
T

DI
GGGGA _ GB _ G XFFFXCBMM ωω i2

 

 

w h er e MM B_B_ GG  i s t h e m ass m atri x of t h e fl o ati n g b o d y ( e x cl u di n g li q ui d c ar g o) r el ati v e t o its C O G 

(i n cl u di n g li q ui d c ar g o), 𝑚𝑚 𝑚𝑚
𝑛𝑛  i s t h e t a n k li q uid f or c e m atri x r el ati v e t o t h e l o c al t a n k ori gi n a n d FF TT GG  i s 

t h e m atri x tr a nsf erri n g t h e c o or di n at e of t h e t a n k li q ui d f or c e fr o m t h e l o c al t a n k ori gi n t o t h e C O G. 

N ot e t h at t h e m ass m atri x , MM B_B_ GG  e x cl u d e s t h e li q ui d m ass, b ut m ass i n erti a is c al c ul at e d r el ati v e t o 

t h e C O G of t h e fl o ati n g b o d y i n cl u di n g li q ui d c ar g o. 
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T h e m ass m atri x of t h e fl o ati n g b o d y ( e x cl u di n g li q ui d c ar g o) r el ati v e t o its C O G (i n cl u di n g li q ui d 

c ar g o)  is d es cri b e d b el o w: 
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𝑚𝑚 𝑚𝑚
𝑛𝑛  i s t a n k li q uid f or c e m atri x r el ati v e t o l o c al t a n k ori gi n . 
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F T G  i s t h e m atri x tr a nsf erri n g t h e c o or di n at e of t h e t a n k li q ui d f or c e fr o m l o c al t a n k ori gi n t o C O G. 
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T h e  f or c es i n d u c e d b y li q ui d c ar g o ar e fi n all y di vi d e d i nt o a d d e d m ass p art a n d h y dr ost ati c 

r est ori n g p art. T h e h y dr o st ati c r est ori n g p art r e pr e s e nts t h e fr e e s urf a c e eff e ct. D et ails of t h e t a n k 

li q uid f or c e m atri x  ar e pr o vi d e d i n A p p e n di x 6. 

L _ GL A _ GT G
L
T CMFF +=+ 2ω  

 

A n d t h e e q u ati o n of t h e fl o ati n g b o d y m oti o n c o u pl e d wit h t h e li q ui d c ar g o eff e cts is o bt ai n e d as 

f oll o ws: 

( )[ ] DI
GGL _ GGGL A _ GA _ GB _ G FXCCBMMM =⋅−++++− ∑∑ ωω i2

 

or 

( )[ ] DI
GGL _ GGGL _ GA _ GG FXCCBMMM =⋅−++++− ∑∑ ωω i2
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4. 3 H y dr o d y n a mi c M atri x  

T h e h y dr o d y n a mi c  m atri c es,  MM A_A_ GG  , BB GG  a n d 𝑚𝑚 𝑚𝑚
𝑛𝑛𝑚𝑚  ar e pr o vi d e d b y t h e r a di ati o n a n d diffr a cti o n 

c al c ul ati o n . A N S Y S A Q W A 3 3)  pr o gr a m i s utili z e d f or t his p ur p os e i n t his t h esis. 

T h e r ef er e n c e p oi nt of t h e h y dr o d y n a mi c m atri c es i n A N S Y S A Q W A c oi n ci d es wit h t h e C O G of 

t h e fl o ati n g b o d y; h e n c e, t h e o ut p ut fr o m A N S Y S A Q W A is dir e ctl y us e d. 

 

T h e v el o cit y  p ot e nti al of i n c o mi n g w a v e a n d p h as e d efi niti o n ar e d es cri b e d i n A p p e n di x 7. 

 

T h e h y dr o d y n a mi c m atri c es o bt ai n e d b y r a di ati o n a n d diffr a cti o n c al c ul ati o n fr o m ot h er pr o gr a m s 

s u c h as W A MI T  3 4) , W A D A M, et c., t h e r ef er e n c e p oi nt of t h e h y dr o d y n a mi c m atri c es a n d t h e 

fl o ati n g b o d y m oti o n ar e n ot at t h e C O G of t h e fl o ati n g b o d y, b ut t h e p oi nts ar e o n t h e still w at er 

s urf a c e.  

I n s u c h a c as e, t h e h y dr o d y n a mi c m atri c es r el ati v e t o t h e r ef er e n c e p oi nt s h all b e t r a nsf or m e d 

r el ati v e t o t h e C O G or t h e ot h er m atri c es, MM GG  , MM BB __GG  , CC GG  a n d 𝑇𝑇 𝑤𝑤
𝑎𝑎  s h all b e tr a nsf or m e d r el ati v e t o t h e 

r ef er e n c e p oi nt. 

T h e m atri x tr a nsf or m ati o n r el ati v e t o t h e r ef er e n c e p oi nt a d o pt e d i n W A MI T a n d W A D A M is 

pr o vi d e d i n A p p e n di x 8. 
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5. V ali d ati o n of C o u pl e d Fl o ati n g B o d y M oti o n  

5. 1 G e n er al  

I n or d er t o d e m o nstr at e t h e cr e di bilit y  of t h e a ut h or’s m et h o d pr es e nt e d i n t his t h esis, t h e R A O of 

s w a y a n d r oll m oti o n wit h a n d wit h o ut t h e li q ui d c ar g o eff e cts ar e c al c ul at e d a n d c o m p ar e d wit h 

t h e r es ults o bt ai n e d fr o m t h e lit er at ur e, e x p eri m e nt or c al c ul ati o n b y ot h er m e a ns. 

 

5. 2 B ar g e wit h R e ct a n g ul ar T a n ks  

M oli n et al  1 3)  pr o p os e d a t h e or eti c al m o d el f or pr e di cti n g t h e fl o ati n g b o d y m oti o n c o u pl e d wit h a 

sl os hi n g i n i nt er n al t a n ks, b as e d o n t h e li n e ar p ot e nti al t h e or y. T h e y p erf or m e d a m o d el t est ai m e d 

at pr o vi di n g d at a t o v ali d at e t h e t h e or eti c al m o d el. 

T h eir e x p eri m e nt al  m o d el w as  a r e ct a n g ul ar b ar g e wit h t w o ( 2) r e ct a n g ul ar t a n ks l o c at e d o n t h e 

b ar g e d e c k  as s h o w n i n Fi g ur e 5. 1. T h e s w a y a n d r oll m oti o n of t h e b ar g e f or b e a m w a v es wer e  

m e as ur e d a n d c al c ul at e d wit h t h e t a n ks fill e d t o diff er e nt l e v els wit h w at er.  

T h e pri n ci p al p arti c ul ars of t h e b ar g e a n d t a n ks ar e pr es e nt e d i n T a bl es 5. 1, 5. 2 a n d 5. 3, a n d 

c al c ul at e d n at ur al fr e q u e n c y is pr es e nt e d i n T a bl e 5. 4. 

T h e c o m p aris o n of t h e s w a y a n d r oll m oti o n of t h e b ar g e m e as ur e d a n d c al c ul at e d b y M oli n et al 

a n d t h e a ut h or’s m et h o d pr es e nt e d i n t his t h esis is s h o w n i n Fi g ur e  5. 2 w hi c h c o nfir ms t h at t h e 

r es ults ar e i n g o o d a gr e e m e nt. 

 

 

Fi g ur e 5. 1. B ar g e M o d el wit h T w o R e ct a n g ul ar Ta n ks  

 

  

w o  
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T a bl e  5. 1. Pri n ci p al P arti c ul ars of E m pt y B ar g e  

L e n gt h B P  3. 0 0 0 m  
Br e a dt h  1. 0 0 0 m  
D e pt h  0. 2 6 7 m  
M ass  0. 1 6 9 k g  
K G  0. 2 4 0 m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of e m pt y b ar g e  

0. 4 1 4 m 

 

T a bl e  5. 2. Pri n ci p al P arti c ul ars of T a n k  

L e n gt h  0. 2 5 0 m  
Wi dt h  0. 8 0 0 m  
D e pt h  0. 6 0 0 m  
B ott o m el e v ati o n fr o m b ar g e k e el  0. 3 0 0 m  

 

T a bl e  5. 3. Pri n ci p al P arti c ul ars of F l o ati n g B ar g e wit h W at er F ill e d T a n ks 

 C as e 1  C as e 2  
Dr aft  0. 1 0 8 m  0. 1 0 8 m  
W at er l e v el i n t a n k 1  0. 1 9 0 m  0. 1 9 0 m  
W at er l e v el i n t a n k 2  0. 1 9 0 m  0. 3 9 0 m  
Dis pl a c e m e nt  0. 2 8 5 m 3  0. 2 8 5 m 3  
K G  0. 2 8 7 m  0. 3 3 0 m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of fl o ati n g b ar g e  

0. 3 7 2 m  0. 3 7 3 m  

G Mt  0. 6 3 8 m  0. 5 9 4 m  

 

T a bl e  5. 4. C al c ul at e d N at ur al Fr e q u e n c y 

 C as e 1  C as e 2  
R oll n at ur al fr e q u e n c y wit h o ut li q ui d 
c ar g o eff e cts  (s oli d c ar g o) 

4. 7 4  r a d/s 4. 5 5  r a d/s 

Sl os hi n g n at ur al fr e q u e n c y of t a n k 1  4. 9 4  r a d/s 4. 9 4  r a d/s 
Sl os hi n g n at ur al fr e q u e n c y of t a n k 2  4. 9 4  r a d/s 5. 9 2 r a d/s  
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Fi g ur e  5. 2. R A O of S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts 

  

   

 ( a)  C as e 1 R oll ( M oli n et al.) ( b) C as e 1 R oll (pr es e nt m et h o d) 

   

 ( c) C as e 2 R oll ( M oli n et al.)  ( d) C as e 2 R oll ( pr es e nt m et h o d) 

   

  ( e) C as e 2 S w a y ( M oli n et al.) (f) C as e 2 S w a y ( pr es e nt m et h o d) 
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5. 3 F L N G wit h R e ct a n g ul ar T a n ks  

R o c h a et al 3 1)  m e as ur e d t h e 6 - D O F F L N G m oti o n c o u pl e d wit h a n d wit h o ut t h e li q ui d c ar g o 

eff e cts a n d c al c ul at e d t h e m b y n u m eri c al m et h o d b as e d o n li n e ar p ot e nti al t h e or y ( W A MI T). T h eir 

F L N G m o d el w as  a b ar g e t y p e h ull e q ui p p e d wit h si x ( 6) r e ct a n g ul ar t a n ks l o c at e d i nsi d e t h e h ull 

as s h o w n i n Fi g ur es 5. 3 a n d 5. 4. T h e l o a di n g c o n diti o ns c orr es p o n d e d t o t h at all t h e si x ( 6) t a n ks 

w er e fill e d wit h w at er u p t o 1 5 %, 5 0 % a n d 9 0 % of t h e t a n k h ei g ht. 

 

 
Fi g ur e 5. 3. F L N G M o d el wit h Si x R e ct a n g ul ar Ta n ks 

 

 

Fi g ur e 5. 4. T a n k Arr a n g e m e nt of F L N G M o d el ( u nit: m) 
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F or v ali d ati o n, t h e s w a y a n d r oll m oti o n f or b e a m w a v es wit h t w o (2) l o a di n g c o n diti o ns of 1 5 % 

a n d 5 0 % ar e s el e ct e d. T h e pri n ci p al p arti c ul ars a n d pr o p erti es of t h e l o a di n g c o n diti o n ar e 

pr es e nt e d i n T a bl es 5. 5, 5. 6  a n d  5. 7. 

 

T a bl e  5. 5. Pri n ci p al P arti c ul ars of F L N G  

L e n gt h O v er all  4 7 1 m  
L e n gt h B P  4 5 0  m  
Br e a dt h    8 1 m  
D e pt h    3 8 m  

 

T a bl e  5. 6. Pri n ci p al P arti c ul ars of T a n k  

L e n gt h  5 8. 4 1 m  
Wi dt h  4 5. 1 0 m  
D e pt h  2 9. 0 4 m  
B ott o m el e v ati o n fr o m F L N G  k e el    5. 0 0 m  

 

T a bl e  5. 7. L o a di n g C o n diti o ns 

Dr aft  1 2. 2 2 m  1 6. 6 0 m  
W at er l e v el i n t a n ks   4. 3 6 m ( 1 5 %)  1 4. 5 2 m ( 5 0 %)  
Dis pl a c e m e nt v ol u m e  4 3 2, 3 6 4 m 3  5 9 1, 6 8 3 m 3  
K G  2 2. 9 9 m  1 8. 5 3 m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of F L N G  

3 1. 8 6 m  2 6. 0 2 m  

G Mt  2 8. 6 2 m  2 3. 1 9 m  
R oll n at ur al p eri o d wit h o ut li q ui d 
c ar g o eff e cts  (s oli d c ar g o) 

1 5. 2 s  1 4. 0 s  

Sl os hi n g n at ur al p eri o d of t a n k  1 4. 0 s   8. 7 s  

 

As s h o w n i n Fi g ur e s 5. 5 a n d 5. 6 , t h e n u m eri c al c al c ul ati o n of t h e a ut h or’s m et h o d pr es e nt e d i n t his 

t h esis is c o m p ar e d wit h t h e F L N G m oti o n m e as ur e d a n d c al c ul at e d b y R o c h a et al. T h e R A O 

c al c ul at e d b y t h e a ut h or’ s m et h o d is v er y cl os e t o t h e o n e c al c ul at e d b y W A MI T.  

W hil e c o m p ari n g t h e e x p eri m e nt al m e as ur e m e nt , f or t h e l o a di n g c o n diti o n of 1 5 %, t h e s w a y a n d 

r oll m oti o n ar o u n d t h e sl os hi n g n at ur al p eri o d [ Fi g. 5. 5 ( c) a n d ( d)] ar e  n ot w ell r e pli c at e d b y eit h er 

t h e a ut h or’s m et h o d or W A MI T. As R o c h a et al p oi nt e d o ut i n t h eir p a p er, t his is d u e t o n o n- li n e ar 

sl os hi n g i n t h e t a n ks a n d t h e li mit ati o n of t h e c al c ul ati o n m et h o d b as e d o n t h e li n e ar p ot e nti al 

t h e or y. F or t h e l o a di n g c o n diti o n of 5 0 %, t h e c al c ul ati o ns r es ults m at c h w ell wit h t h e e x p eri m e nt al 

m e as ur e m e nt s. 

It is c o n cl u d e d t h at t h e s w a y a n d r oll m oti o n aff e ct e d b y t h e li q ui d c ar g o eff e cts ar e r e as o n a bl y 

e v al u at e d b y t h e a ut h or’s m et h o d pr es e nt e d i n t his t h esis a n d W A MI T, e x c e pt f or t h e c as e i n w hi c h 

t h e eff e ct of t h e n o n-li n e ar sl os hi n g is si g nifi c a nt [ Fi g. 5. 5 ( c) a n d ( d)]. 

O n e i m p ort a nt o bs er v ati o n is t h at t h e r oll m oti o n f or t h e l o a di n g c o n diti o n of 5 0 % s e e ms t o b e n ot 

aff e ct e d m u c h b y t h e li q ui d c ar g o eff e cts.  
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Fi g ur e  5. 5. R A O of S w a y a n d R oll m oti o n f or L o a di n g C o n diti o n of 1 5 % 

  

  

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

  

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  5. 6. R A O of S w a y a n d R oll m oti o n f or L o a di n g C o n diti o n of 5 0 % 

 

5. 4 V ali dit y a n d L i mit ati o n

B as e d o n t h e c o m p aris o n s pr es e nt e d i n t his c h a pt er, v ali dit y a n d li mit ati o n of t h e c o u pli n g of 

fl o ati n g b o d y m oti o n a n d  m e c h a ni c al m o d el ar e  c o n cl u d e d as f oll o ws: 

 

  T h e s w a y a n d r oll m oti o n i nfl u e n c e d b y t h e sl os hi n g is r e as o n a bl y w ell pr e di ct e d. 

  T h e fr e q u e n c y c h ar a ct eristi cs of s w a y a n d r oll m oti o n fl u ct u at e gr e atl y at ar o u n d t h e first 

sl os hi n g n at ur al fr e q u e n c y/ p eri o d. 

  W h e n t h e eff e ct of t h e n o n-li n e ar sl os hi n g is si g nifi c a nt, t h e a ut h or’s m et h o d  o v er esti m at es t h e 

p e a k r es p o ns e a n d t h e l o c al mi ni m u m r es p o ns e. 

   

  

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

  

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e ct s 
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6. R ati o n al E x pl a n ati o n of Li q ui d C ar g o Eff e cts o n Fl o ati n g B o d y M oti o n  

6 . 1 G e n er al 

I n or d er t o i d e ntif y eff e ct of t h e li q ui d c ar g o o n t h e s w a y a n d r oll m oti o n of t h e fl o ati n g b o d y, t h e 

e q u ati o n of s w a y a n d r oll m oti o n is e xtr a ct e d a n d pr es e nt e d  b el o w fr o m t h e m atri x f or m  of t h e 

e q u ati o n o bt ai n e d i n c h a pt er 4. 2. 
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w h er e, M  i s t h e m ass of t h e fl o ati n g b o d y i n cl u di n g t h e li q ui d c ar g o a n d is e q u al t o 𝑚𝑚 𝑚𝑚𝑛𝑛 , 𝑚𝑚  i s t h e 

d e nsit y of t h e s urr o u n di n g w at er, 𝑇𝑇 𝑤𝑤  i s t h e di s pl a c ed v ol u m e, 𝑎𝑎1 1
𝑥𝑥  a n d  𝑛𝑛 𝑥𝑥 𝐺𝐺  ar e t h e m a ss i n erti a a n d 

t h e tr a ns v ers e m et a c e ntri c h ei g ht of t h e fl o ati n g b o d y i n cl u di n g t h e li q ui d c ar g o r el ati v e t o its C O G , 

𝑦𝑦 𝐺𝐺 _𝑧𝑧
𝐺𝐺𝑥𝑥 , 𝐵𝐵 𝐺𝐺

𝑦𝑦𝐵𝐵  a n d 𝐺𝐺 𝑧𝑧 𝐵𝐵
𝐺𝐺𝑥𝑥  ar e t h e h y dr o d y n a mi c a d d e d m ass, d a m pi n g a n d w a v e f or c es f or k  a n d l 

c o m p o n e nts, r es p e cti v el y. T h e c h ar a ct ers  𝑇𝑇 𝐺𝐺 2  a n d 𝑦𝑦 𝑇𝑇 4  ar e t h e s w a y a n d r oll m oti o n of t h e C O G of 

t h e fl o ati n g b o d y, j is t h e n u m b er of t a n ks, a n d N  i s t h e t ot al n u m b er of t a n ks. T h e t er m 

− ∑ 𝐺𝐺 𝑧𝑧 𝑇𝑇 ℎ 𝐺𝐺
2 𝑥𝑥 𝑏𝑏 𝑦𝑦

𝑏𝑏
𝑧𝑧 = 1  r e pr es e nt s t h e fr e e s urf a c e eff e ct of t h e li q ui d c ar g o. 

F urt h er, t h e e q u ati o n  of s w a y  is di vi d e d b y 𝑏𝑏 𝑥𝑥𝑓𝑓 𝑦𝑦 𝑓𝑓 𝑧𝑧 2  a n d t h e e q u ati o n of r oll  is di vi d e d 

b y  𝑓𝑓 𝑉𝑉𝑤𝑤 𝐵𝐵 𝑤𝑤 𝑎𝑎 𝜔𝜔 2 , a n d t h e n o n- di m e nsi o n al e q u ati o ns of m oti o n ar e  o bt ai n e d. 
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w h er e, 𝑚𝑚 𝑚𝑚  i s t h e i n ci d e nt w a v e a m plit u d e, 𝑛𝑛  is t h e br e a dt h of t h e fl o ati n g b o d y, 𝑚𝑚 1 1
𝑇𝑇  i s t h e r oll 

r a di us of g yr ati o n. 

T h e a bs ol ut e v al u es of n o n - di m e nsi o n al t er ms a n d t h e r e al p art of t h e t er ms ( 2, 2) a n d ( 4, 4) 

e x pr ess e d as b el o w ar e u s e d i n t h e f oll o wi n g c h a pt ers . 

( ) ( )22 222 22 2 ''1 baA ++=  '1 2 22 2 aR +=  

( ) ( )22 422 42 4 '' baA +=
 

( ) ( )24 224 24 2 '' baA +=
 

( )24 4

2

4 44 4

2

1 14 4 ''' bca
B

R
A

G

+












+−







−=

 

'' 4 44 4

2

1 14 4 ca
B

R
R

G

+−







−=

 

  



 4 4 / 1 4 0 
 

6. 2 B ar g e wit h R e ct a n g ul ar T a n ks  

T his c h a pt er a d dr ess es  t h e eff e ct of t h e li q ui d c ar g o o n t h e s w a y a n d r oll m oti o n of t h e b ar g e st at e d 

i n t h e c h a pt er 5. 2. 

T h e first p oi nt of c o nsi d er ati o n is t h e s w a y-r oll c o u pli n g aff e ct e d b y t h e li q ui d c ar g o eff e cts. T h e 

s w a y a n d r oll aff e ct e a c h ot h er a n d t h e d e gr e e of s w a y-r oll c o u pli n g is r e pr es e nt e d b y t h e t er ms, 

𝑚𝑚 2 4  a n d  𝑚𝑚 4 2 . 

 

Fi g ur es  6. 1 a n d  6. 2 s h o w t h e n o n- di m e nsi o n al a bs ol ut e of t h e t er ms, 𝑛𝑛 2 2 ,𝑚𝑚 2 4 ,𝑇𝑇 4 2 a n d  𝑤𝑤 4 4 , n o n-

di m e nsi o n al e x citi n g f or c es,  𝑎𝑎 2
′ a n d  𝑥𝑥 4

′ , R A Os of s w a y a n d r oll e x cl u di n g a n d i n cl u di n g t h e li q ui d 

c ar g o eff e cts i n t a n ks  f or c as e 1 b ar g e, r es p e cti v el y. T w o ( 2) R A Os ar e pr e s e nt e d: o n e is o bt ai n e d 

wit h t h e s w a y-r oll c o u pli n g a n d t h e ot h er is wit h o ut t h e c o u pli n g. 

 

 

Fi g ur e  6. 1. S w a y a n d R oll m oti o n wit h o ut Li q ui d Car g o E ff e cts f or C as e 1  

   

 ( a) N o n -di m e nsi o n al t er m f or s w a y  ( b) N o n -di m e nsi o n al t er m f or r oll  

   

 (c)  S w a y m oti o n  ( d) R oll m oti o n  
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F or t h e b ar g e  m oti o n wit h o ut t h e li q ui d c ar g o eff e cts i n t a n ks, t h e s w a y-r oll c o u pli n g is n ot 

si g nifi c a nt  as s h o w n i n Fi g ur e 6. 1. T h e 𝑚𝑚 2 4 a n d  𝑚𝑚 4 2  t er m s [ s oli d li n e i n ( a) a n d ( b)] ar e k e pt s m all 

r el ati v e t o t h e ot h er t er m s i n all t h e fr e q u e n c y r a n g e a n d t h e R A Os of s w a y a n d r oll ar e al m ost t h e 

s a m e r e g ar dl ess of t h e s w a y-r oll c o u pli n g [( c) a n d ( d)]. 

 

W h e n t h e li q ui d c ar g o eff e cts  i n t a n ks ar e  a d d e d  a s s h o w n i n Fi g ur e 6. 2, t h e 𝑛𝑛 2 4 a n d  𝑚𝑚 4 2  t er m s 

[ s oli d li n e i n ( a) a n d ( b)] b e c o m e l ar g e i n t h e w h ol e fr e q u e n c y r a n g e, es p e ci all y ar o u n d t he sl os hi n g 

n at ur al  fr e q u e n c y. As a r es ult, t h e s w a y- r oll c o u pli n g is e n h a n c e d. A p pr e ci ati o n of t his f a ct is 

n e c ess ar y  i n or d er t o u n d erst a n d t h e c o u pl e d s w a y a n d r oll m oti o n wit h t h e li q ui d c ar g o eff e cts . 

 

 

Fi g ur e  6. 2. S w a y a n d R oll m oti o n wit h Li q ui d Car g o E ff e cts f or C as e 1 

  

   

 ( a) N o n -di m e nsi o n al t er m f or s w a y  ( b) N o n -di m e nsi o n al t er m f or r oll  

   

 ( c) S w a y m oti o n  ( d) R oll m oti o n  
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T h e s e c o n d  p oi nt of c o nsi d er ati o n is o n th e t er m s w hi c h pr o vi d e m aj or c o ntri b uti o n t ow ar ds  s w a y 

a n d r oll m oti o n s. 

 

T h e t er m  𝑚𝑚 2 2 , h a vi n g m aj or c o ntri b uti o n t o w ar ds t h e s w a y m oti o n is c h ar a ct eri z e d b y t h e m ass. As 

s h o w n i n Fi g ur e 6. 3 ( a), t h e t er m 𝑚𝑚 2 2  wit h o ut li q ui d [ d ott e d li n e i n ( a)] d o es n ot v ar y si g nifi c a ntl y. 

W h e n t h e li q ui d c ar g o eff e cts ar e c o nsi d er e d, it v ari e s si g nifi c a ntl y d u e t o sl os hi n g i n t a n ks [ s oli d  

li n e i n ( a)]. It b e c o m es e xtr e m el y l ar g e at t h e sl os hi n g n at ur al fr e q u e n c y , 4. 9 4 r a d/s; t h e d e c o u pl e d 

s w a y m oti o n b e c o m es v er y s m all [ d ott e d li n e i n ( e )]. I n fr e q u e n c y gr e at er t h a n t h e sl os hi n g n at ur al 

fr e q u en c y,  it c h a n g es r a pi dl y fr o m t h e e xtr e m el y  l ar g e v al u e t o z er o  ( 0) a t 5. 3 5 r a d/s [ T h e r e as o n 

w h y t h e s oli d li n e i n ( a) d o es n ot r e a c h t o z er o ( 0) is d u e t o r es ol uti o n of t h e h ori z o nt al a xis of t h e 

gr a p h], w h e r e t h e l o c al p e a k of t h e d e c o u pl e d s w a y m oti o n is o bs er v e d [ d ott e d li n e i n ( e)]. 

D u e t o str o n g c o u pli n g wit h r oll m oti o n as s h o w n i n Fi g ur e 6. 2 ( a), t he s e e xtr e m e s w a y m oti o ns ar e 

m o d er at e d a n d t h e c orr es p o n di n g fr e q u e n c y is s hift e d [ s oli d li n e i n ( e)]. 

 

T h e t er m  𝑛𝑛 4 4 , h a vi n g m aj or c o ntri b uti o n t o w ar ds t h e r oll m oti o n is c h ar a ct eri z e d b y t h e m ass 

i n erti a a n d t h e r est ori n g m o m e nt. As s h o w n i n Fi g ur e 6. 3 ( b), t h e t er m 𝑚𝑚 4 4  wit h o ut li q ui d [ d ott e d 

li n e i n (b )] t a k es z er o  ( 0) at t h e fr e q u e n c y , 4. 7 4 r a d/s a n d a r oll r es o n a nt p e a k is o bs er v e d [ d ott e d 

li n e i n ( d)]. 

W h e n t h e li q ui d c ar g o eff e cts ar e c o nsi d er e d, it b e c o m es z er o ( 0) at 3. 8 6 r a d/s a n d 5. 7 0 r a d/s [ s oli d 

li n e i n ( b)]. I n a d diti o n, it h as a p e a k v al u e at sl os hi n g n at ur al fr e q u e n c y , 4. 9 4 r a d/s.  Ac c or di n gl y , 

th e t w o p e a ks at 3. 8 6 r a d/s a n d 5. 7 0 r a d/s a n d l o c al mi ni m u m at 4. 9 4 r a d/s ar e o bs er v e d i n r oll 

m oti o n d e c o u pl e d fr o m s w a y m oti o n [ d ott e d li n e i n (f)]. 

W h e n c o u pli n g wit h s w a y m oti o n is c o nsi d er e d, t h e fr e q u e n c y c orr es p o n di n g t o t h e p e a ks a n d t h e 

l o c al mi ni m u m ar e s hift e d [ s oli d li n e i n (f)]. 

At t his p oi nt, it is ess e nti al t o u n d erst a n d t h at d u e t o fr e e s urf a c e eff e ct, t h e r est ori n g m o m e nt is 

s m all er a n d as a r es ult , r oll m oti o n w hi c h d e c o u pl e d fr o m s w a y m oti o n b e c o m es l ar g er. A n d t h e n 

t h e s w a y c o u pli n g r e d u c e s t h e r oll m oti o n. 

 

T h e c o nsi d er ati o n a n d e x pl a n ati o n f or c as e 1 b ar g e ar e v ali d f or t h e c as e 2 b ar g e  as w ell . Fi g ur es 

6. 4, 6. 5 a n d 6. 6 s h o w t h e gr a p hs c orr es p o n di n g t o Fi g ur es 6. 1, 6. 2 a n d 6. 3, r es p e cti v el y.  
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Fi g ur e  6. 3. S w a y a n d R oll m oti o n wit h a n d wit h o ut Li q ui d Car g o E ff e cts f or C as e 1 

   

 ( a) R e al p art of t h e t er m ( 2, 2) ( b) R e al p art of t h e t er m ( 4, 4) 

   

 ( c) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts  ( d) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 (e) S w a y m oti o n wit h li q ui d c ar g o eff e cts  (f) R oll m oti o n wit h li q ui d c ar g o eff e cts 
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Fi g ur e  6. 4. S w a y a n d R oll m oti o n wit h o ut Li q ui d Car g o E ff e cts f or C as e 2 

  

   

 ( a) N o n -di m e nsi o n al t er m f or s w a y  ( b) N o n -di m e nsi o n al t er m f or r oll  

   

 ( c) S w a y  m oti o n  ( d) R oll m oti o n  
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Fi g ur e  6. 5. S w a y a n d R oll m oti o n wit h Li q ui d Car g o E ff e cts f or C as e 2 

  

   

 ( a) N o n -di m e nsi o n al t er m f or s w a y  ( b) N o n -di m e nsi o n al t er m f or r oll  

   

 ( c) S w a y m oti o n  ( d) R oll m oti o n  
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Fi g ur e  6. 6. S w a y a n d R oll m oti o n wit h a n d wit h o ut Li q ui d Car g o E ff e cts f or C as e 2  

   

 ( a) R e al p art of t h e t er m ( 2, 2) ( b) R e al p art of t h e t er m ( 4, 4) 

   

 ( c) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts  ( d) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( e) S w a y m oti o n wit h li q ui d c ar g o eff e cts (f) R oll m oti o n wit h li q ui d c ar g o eff e cts 
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6. 3 F L N G wit h R e ct a n g ul ar T a n ks

T his c h a pt er a d dr ess es t h e eff e ct of t h e li q ui d c ar g o o n t h e s w a y a n d r oll m oti o n of t h e F L N G 

st at e d i n t h e c h a pt er 5. 3. 

T h e first p oi nt of c o nsi d er ati o n is t h e s w a y-r oll c o u pli n g aff e ct e d b y t h e li q ui d c ar g o eff e cts. T h e 

s w a y a n d r oll aff e ct e a c h ot h er a n d t h e d e gr e e of s w a y-r oll c o u pli n g is r e pr es e nt e d b y t h e t er ms, 

𝑚𝑚 2 4  a n d  𝑚𝑚 4 2 . 

 

Fi g ur es  6. 7 a n d  6. 8 s h o w t h e n o n- di m e nsi o n al a bs ol ut e of t h e t er ms, 𝑛𝑛 2 2 ,𝑚𝑚 2 4 ,𝑇𝑇 4 2 a n d  𝑤𝑤 4 4 , n o n-

di m e nsi o n al e x citi n g f or c es,  𝑎𝑎 2
′ a n d 𝑥𝑥 4

′ , R A Os of s w a y a n d r oll e x cl u di n g a n d i n cl u di n g t h e li q ui d 

c ar g o eff e cts i n t a n ks f or t h e l o a di n g c o n diti o n of 1 5 %, r es p e cti v el y. T w o ( 2) R A Os ar e pr es e nt e d: 

o n e is o bt ai n e d wit h t h e s w a y- r oll c o u pli n g a n d t h e ot h er is o bt ai n e d wit h o ut t h e c o u pli ng.  

 

 

Fi g ur e 6. 7. S w a y a n d R oll m oti o n wit h o ut Li q ui d C ar g o E ff e cts f or L o a di n g C o n diti o n of 1 5 % 

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y   ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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F or t h e F L N G  m oti o n wit h o ut t h e li q ui d c ar g o eff e cts i n t a n ks, t h e s w a y-r oll c o u pli n g is n ot 

si g nifi c a nt  as s h o w n i n Fi g ur e 6. 7. T h e 𝑚𝑚 2 4 a n d  𝑚𝑚 4 2  t er m s [ s oli d li n e i n ( a) a n d ( b)] ar e k e pt s m all 

r el ati v e t o t h e ot h er t er m s i n all t h e p eri o d r a n g e a n d t h e R A Os of s w a y a n d r oll ar e al m ost t h e 

s a m e r e g a r dl ess of t h e s w a y-r oll c o u pli n g [( c) a n d ( d)]. 

 

W h e n t h e li q ui d c ar g o eff e cts  i n t a n ks ar e  a d d e d  a s s h o w n i n Fi g ur e 6. 8, t h e 𝑛𝑛 2 4 a n d  𝑚𝑚 4 2  t er m s 

[ s oli d li n e i n ( a) a n d ( b)] b e c o m e l ar g e i n t h e w h ol e p eri o d r a n g e, es p e ci all y ar o u n d t h e sl os hi n g 

n at ur al  p eri o d. As a r es ult, t h e s w a y- r oll c o u pli n g is e n h a n c e d. It is ess e nti al t o a p pr e ci at e t his f a ct 

i n or d er t o u n d erst a n d t h e c o u pl e d s w a y a n d r oll m oti o n wit h t h e li q ui d c ar g o eff e cts . 

 

 

Fi g ur e 6. 8. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L o a di n g C o n diti o n of 1 5 % 

 

 

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y   ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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T h e s e c o n d p oi nt of c o nsi d er ati o n is o n t h e t er m s w hi c h pr o vi d e m aj or c o ntri b uti o n t o w ar ds s w a y 

a n d r oll m oti o n s. 

 

T h e t er m  𝑚𝑚 2 2 , h a vi n g m aj or c o ntri b uti o n t o w ar ds t h e s w a y m oti o n , is c h ar a ct eri z e d b y t h e m ass. As 

s h o w n i n Fi g ur e 6. 9 ( a), t h e t er m 𝑚𝑚 2 2  wit h o ut li q ui d [ d ott e d li n e i n ( a)] d o es n ot v ari es si g nifi c a ntl y. 

W h e n t h e li q ui d c ar g o eff e cts ar e c o nsi d er e d, it v ari es si g nifi c a ntl y d u e t o sl os hi n g i n t a n ks [ s oli d  

li n e i n ( a)]. It b e c o m es e xtr e m el y l ar g e at t h e sl os hi n g n at ur al p eri o d, 1 4. 0 s e c ; t h e d e c o u pl e d s w a y 

m oti o n b e c o m es v er y s m all [ d ott e d li n e i n ( e )]. I n t h e p eri o d s h ort er t h a n t h e sl os hi n g n at ur al 

p eri o d, t h e t er m 𝑛𝑛 2 2  c h a n g es r a pi dl y fr o m t h e e xtr e m el y  l ar g e v al u e t o z er o  ( 0) a t 1 3. 4 s e c, w h e r e 

t h e l o c al p e a k of t h e d e c o u pl e d s w a y m oti o n is o bs er v e d [ d ott e d li n e i n ( e)]. 

D u e t o str o n g c o u pli n g wit h r oll m oti o n as s h o w n i n Fi g ur e 6. 8 ( a), t he s e e xtr e m e s w a y m oti o ns ar e 

m o d er at e d a n d t h e c orr es p o n di n g p eri o d is s hift e d [ s oli d li n e i n ( e)]. 

 

T h e t er m  𝑚𝑚 4 4 , h a vi n g m aj or c o ntri b uti o n t o w ar ds t h e r oll m oti o n is c h ar a ct eri z e d b y t h e m ass 

i n erti a a n d t h e r est ori n g m o m e nt. As s h o w n i n Fi g ur e 6. 9 ( b), t h e t er m 𝑇𝑇 4 4  wit h o ut li q ui d [ d ott e d 

li n e i n (b )] t a k es z er o  ( 0) at t h e p eri o d, 1 5. 2 s e c a n d a r oll r es o n a nt p e a k is o bs er v e d [d ott e d li n e i n  

( d)]. 

W h e n t h e li q ui d c ar g o eff e cts ar e c o nsi d er e d, it h a s z er o  ( 0) t wi c e, at 1 3. 0 s e c a n d 1 8. 4 s e c [ s oli d 

li n e i n ( b)]. I n a d diti o n, it h as a p e a k v al u e at t h e sl os hi n g n at ur al p eri o d, 1 4. 0 s e c. A c c or di n gl y, t h e 

t w o p e a ks at 1 3. 0 s e c a n d 1 8. 4 s e c a n d l o c al mi ni m u m at 1 4. 0 s e c ar e o bs er v e d i n r oll m oti o n 

d e c o u pl e d fr o m s w a y m oti o n [ d ott e d li n e i n (f )]. 

W h e n t h e c o u pli n g wit h s w a y m oti o n is c o nsi d er e d, t h e p eri o d c orr es p o n di n g t o t h e p e a ks a n d t h e 

l o c al mi ni m u m ar e s hift e d [ s oli d li n e i n (f)]. 

At t his p oi nt, it is ess e nti al t o a p pr e ci at e t h at du e t o fr e e s urf a c e eff e ct, t h e r est ori n g m o m e nt is 

s m all er a n d as a r es ult; r oll moti o n d e c o u pl e d fr o m s w a y m oti o n b e c o m es l ar g er. A n d t h e n t h e 

s w a y c o u pli n g r e d u c es t h e r oll m oti o n. 

 

F or t h e l o a di n g c o n diti o n of 5 0 % s h o w n i n Fi g ur e s 6. 1 0, 6. 1 1 a n d 6. 1 2, e x a ctl y t h e s a m e r e as o ni n g 

h ol ds; h o w e v er t h e s h a p e is diff er e nt d u e t o diff er e n c e i n t h e n at ur al p eri o d a n d d e gr e e of i nfl u e n c e 

fr o m sl os hi n g o n r oll m oti o n. Si n c e t h e d e gr e e of i nfl u e n c e of sl os hi n g o n r oll m oti o n is n ot s o 

str o n g, t h e i nfl u e n c e of r oll m oti o n o n s w a y m oti o n is n ot si g nifi c a nt. H o w e v er, t h e r oll m oti o n is 

still aff e ct e d si g nifi c a ntl y b y t h e li q ui d c ar g o eff e cts s u c h as fr e e s urf a c e eff e ct a n d e n h a n c e m e nt of 

t h e s w a y-r oll c o u pli n g. 
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Fi g ur e  6. 9. S w a y a n d R oll m oti o n wit h a n d wit h o ut Li q ui d Car g o E ff e cts f or L C of 1 5 % 

  

 ( a) R e al p art of t h e t er m ( 2, 2) ( b) R e al p art of t h e t er m ( 4, 4) 

  

 ( c) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts  ( d) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

  

 (e) S w a y m oti o n wit h li q ui d c ar g o eff e cts  (f) R oll m oti o n wit h li q ui d c ar g o eff e cts 
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Fi g ur e  6. 1 0. S w a y a n d R oll m oti o n wit h o ut Li q ui d Car g o E ff e cts f or L o a di n g C o n diti o n of 5 0 % 

  

  

 ( a) N o n - di m e nsi o n al t er m f or s w a y ( b) N o n - di m e nsi o n al t er m f or r oll 

  

 ( c) S w a y  m oti o n  ( d) R oll m oti o n  
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Fi g ur e 6. 1 1. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L o a di n g C o n diti o n of 5 0 % 

  

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y   ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e  6. 1 2. S w a y a n d R oll m oti o n wit h a n d wit h o ut Li q ui d Car g o E ff e cts f or L C of 5 0 % 

  

 ( a) R e al p art of t h e t er m ( 2, 2) ( b) R e al p art of t h e t er m ( 4, 4) 

  

 ( c) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts  ( d) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

  

 (e) S w a y m oti o n wit h li q ui d c ar g o eff e cts  (f) R oll m oti o n wit h li q ui d c ar g o eff e cts 
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T h e t hir d p oi nt of c o nsi d er ati o n is t h e d e gr e e of i nfl u e n c e of sl os hi n g o n r oll m oti o n. 

 

I n or d er t o u n d erst a n d t h e diff er e nt b e h a vi o ur of r oll m oti o n b et w e e n t h e l o a di n g c o n diti o ns of 1 5 % 

a n d 5 0 %, t h e d e gr e e of i nfl u e n c e of sl os hi n g o n r oll m oti o n s h o ul d b e i n v esti g at e d. 

Fi g ur e 6. 1 3 s h o ws t h at t h e p e a k p eri o d of t h e t er m 𝑚𝑚 2 2  [s oli d  li n e i n ( a) a n d ( c)] is s hift e d 

a c c or di n g t o t h e sl os hi n g n at ur al p eri o d of t h e li q ui d c ar g o i n t a n ks b ut t h e m a g nit u d e of it is at t h e 

s a m e l e v el i n b ot h t h e l o a di n g c o n diti o ns of 1 5 % a n d 5 0 %. As a r es ult,  t h e p e a k a n d t h e l o c al 

mi ni m u m of t h e s w a y m oti o n is s hift e d b ut a p p e ar e d si g nifi c a ntl y i n b ot h t h e l o a di n g c o n diti o ns 

[ d ott e d a n d s oli d li n es i n ( b) a n d ( d)]. 

 

 

Fi g ur e 6. 1 3. S w a y m oti o n  wit h Li q ui d C ar g o E ff e cts 

 

  

 ( a) R e al p art of t h e t er m ( 2, 2) f or L C 1 5 % ( b) S w a y m oti o n f or L C 1 5 % 

  

 ( c) R e al p art of t h e t er m ( 2, 2) f or L C 5 0 % ( d) S w a y m oti o n f or L C 5 0 % 
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O n t h e ot h er h a n d, Fi g ur e 6. 1 4 s h o ws t h at t h e m a g nit u d e of t h e t er m 𝑚𝑚 4 4  [ s oli d li n e i n ( a) a n d ( c)] 

i s si g nifi c a ntl y r e d u c e d i n t h e l o a di n g c o n diti o n of 5 0 %, a n d as a r es ult t h e i nfl u e n c e of sl os hi n g o n 

r oll m oti o n is r e d u c e d [ d ott e d a n d s oli d li n es i n ( d)]. 

 

 

Fi g ur e 6. 1 4. R oll m oti o n wit h Li q ui d C ar g o E ff e ct s 

 

T h e  d e gr e e of i nfl u e n c e of sl os hi n g o n r oll m oti o n f or t h e diff er e nt l o a di n g c o n diti o n c a n b e 

e x pl ai n e d  usi n g t h e m e c h a ni c al m o d el. 

T h e v erti c al dist a n c e of t h e li q ui d sl os h m ass t o C O G of t h e fl o ati n g b o d y aff e cts t h e d e gr e e of 

i nfl u e n c e of sl os hi n g o n r oll m oti o n. Fi g ur e 6. 1 5 s h o ws t h e v erti c al p ositi o n of t h e C O G of fl o ati n g 

b o d y, li q ui d i n t a n k a n d li q ui d sl os h m ass. T h e first sl os h m ass h ei g ht fr o m t h e t a n k b ott o m, 𝑚𝑚 1
′  t h e 

v erti c al di st a n c e b et w e e n C O Gs of t h e fl o ati n g b o d y a n d t a n k li q ui d, 𝑛𝑛 0  a n d t h e v erti c al dist a n c e 

fr o m C O G of t h e fl o ati n g b o d y t o t h e first sl os h m ass, 𝑚𝑚 1  ar e e x pr ess e d as b el o w:  

  

 ( a) R e al p art of t h e t er m ( 4, 4) f or L C 1 5 %  ( b) R oll m oti o n f or L C 1 5 % 

  

 ( c) R e al p art of t h e t er m ( 4, 4) f or L C 5 0 %  ( d) R oll m oti o n f or L C 5 0 % 
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w h er e,  s , h , 𝑚𝑚 1 , 𝑚𝑚 𝑛𝑛 𝑚𝑚  a n d 𝑇𝑇 𝑤𝑤  ar e t h e r el ati v e l o c ati o n fr o m t a n k b ott o m t o t h e C O G of fl o ati n g b o d y, 

li q ui d h ei g ht, t h e first sl os h m ass h ei g ht r el ati v e t o t h e C O G of li q ui d i n t a n k, t h e v erti c al l o c ati o n 

of t h e C O G of li q ui d i n t a n k a n d fl o ati n g b o d y, r e s p e cti v el y. 

 

 

Fi g u r e 6. 1 5. Verti c al P ositi o n of  C O Gs a n d Li q ui d M ass  

 

T h e sl os hi n g i nfl u e n c e f a ct or ( SI F) f or t h e t a n k is d efi n e d as f oll o ws: 

( ) ( )[ ]yGT GyGT GyTx d Chzzh BzzAmISI F 22
2 +−+−+−=  

 

T h e SI F i n di c at es t h e d e gr e e of i nfl u e n c e of s l os hi n g o n r oll m oti o n c o nsi d eri n g t h e diff er e n c e i n 

t h e t er m 𝑎𝑎 4 4  wit h a n d wit h o ut li q ui d c ar g o eff e ct a n d eli mi n ati n g t h e fr e e s urf a c e eff e ct  t h at is 

i n d e p e n d e nt of v erti c al p ositi o n a n d t h e li q ui d filli n g l e v el . 

T h e SI F is di vi d e d i n t o t w o p arts, fr e q u e n c y i n d e p e n d e nt a n d fr e q u e n c y d e p e n d e nt. 
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T h e n o n- di m e nsi o n al c o effi ci e nt of fr e q u e n c y d e p e n d e nt p art of SI F e x pr es s e d b el o w is us e d f or 

t h e dis c ussi o n h er e aft er. Si n c e t h e t er m 
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p art b e c o m es d o mi n a nt i n SI F.  
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w h er e  𝑤𝑤 𝑎𝑎  a n d 𝑥𝑥  ar e fl ui d d e nsit y of t h e li q ui d i n t a n k a n d t a n k l e n gt h, r es p e cti v el y. 

 

T h e n o n- di m e nsi o n al c o effi ci e nt of fr e q u e n c y d e p e n d e nt p art of SI F is pl ott e d i n Fi g ur e 6. 1 6 wit h 

𝑛𝑛 1 / 𝑥𝑥  i n a bs ci ss a f or gr a p h s ( a) t o ( e) a n d 𝐺𝐺 0 / 𝑦𝑦  f or gr a p h (f). Soli d bl u e d ots i n Fi g ur e 6. 1 6 r e pr es e nt 

F L N G l o a di n g c o n diti o ns of 1 5 % a n d 5 0 %. T h e n o n- di m e nsi o n al c o effi ci e nt SI F f or L C 1 5 % is 

l ar g er t h a n t h at of L C 5 0 %, w hi c h r e pr es e nts t h at t h e d e gr e e of i nfl u e n c e of sl os hi n g o n r oll m oti o n 

i s si g nifi c a nt i n L C 1 5 %, b ut n ot i n L C 5 0 %. 

As s h o w n i n gr a p h ( c) of Fi g ur e 6. 1 6, si n gl e p ol y n o mi al r el ati o ns hi p is o bs er v e d f or t h e c as es 

w h er e ℎ / 𝐺𝐺  is gr e at er t h a n 0. 1 5. T his m e a ns t h at  t h e d e gr e e of i nfl u e n c e of sl os hi n g o n r oll m oti o n 

d e p e n d s s ol el y o n t h e r el ati v e l o c ati o n of sl os h m ass a n d C O G of t h e fl o ati n g b o d y w h e r e t h e li q ui d 

filli n g l e v el is i nt er m e di at e or d e e p . 
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Fi g ur e 6. 1 6. Sl os hi n g I nfl u e n c e F a ct or  

  

 ( a) N o a d diti o n al i n di c ati o n ( b) F L N G of L C 1 5 % & 5 0 %  

  

 ( c) P ol y n o mi al r el ati o ns hi p f or h/ a > 0. 1 5 ( d) P ol y n o mi al r el ati o ns hi p f or h/ a ≤ 0. 1 5 

  

  ( e) R el ati o ns hi p f or t a n k l o c ati o n (f) SI F f or Z 0 / a 
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As s h o w n i n gr a p h ( d) of Fi g ur e 6. 1 6, t h e p ol y n o mi al r el ati o ns hi p is still o bs er v e d b ut str o n gl y 

d e p e n d e nt o n t h e li q ui d filli n g l e v el f or t h e c as es w h er e ℎ / 𝑚𝑚  is e q u al t o or l ess t h a n 0. 1 5. 

T h e gr a p h ( e) of Fi g ur e 6. 1 6 i n di c at es t h e s eri es of s / 𝑚𝑚  = 0. 5, s / 𝑛𝑛  = 0. 0 a n d s / 𝑚𝑚  = - 0. 5 wit h 

diff er e nt li q ui d filli n g l e v el . T h e p ositi v e v al u es of s / 𝑇𝑇  i n di c at es t h at t h e C O G of fl o ati n g b o d y is 

a b o v e t h e t a n k b ott o m w h er e as t h e n e g ati v e v al u e s i n di c at es t h at t h e C O G is b el o w t h e t a n k b ott o m. 

T his gr a p h s h o ws t h at gr e at er i nfl u e n c e of sl os hi n g o n r oll m oti o n is e x p e ct e d w h e n t h e t a n k is 

l o c at e d a b o v e t h e C O G of fl o ati n g b o d y li k e M oli n b ar g e. 

W h e n 𝑤𝑤 1 / 𝑎𝑎  i s i n t h e r a n g e b et w e e n -0. 5 a n d - 0. 2 a n d ℎ / 𝑥𝑥  is gr e at er t h a n 0. 1 5, t h e d e gr e e of 

sl os hi n g o n r oll m oti o n is n e gli gi bl e or s m all.  

W h e n 𝑛𝑛 1 / 𝑥𝑥  i s o ut of t h e r a n g e b et w e e n -0. 5 a n d - 0. 2 or ℎ / 𝐺𝐺  is e q u al t o or l ess t h a n 0. 1 5, t h e d e gr e e 

of sl os hi n g o n r oll m oti o n is si g nifi c a nt. 

It is t o b e n ot e d t h at t h e m a g nit u d e of t h e n o n- di m e nsi o n al c o effi ci e nt SI F h as n o eff e ct o n t h e 

m a g nit u d e of t h e r oll m oti o n aff e ct e d b y sl os hi n g. T h e l ar g e SI F d o es n ot c a us e l ar g e r oll m oti o n. 

T h e m a g nit u d e of t h e r oll m oti o n d e p e n ds o n m ass i n erti a, r est ori n g, p ot e nti al a n d vis c o us d a m pi n g 

a n d m o m e nt d u e t o i n ci d e nt w a v e. 

 

A c c or di n g t o t his i n v esti g ati o n, t h e t a n k l o c ati o n t y pi c all y a d o pt e d i n F L N G ( t h e t a n k is l o c at e d 

b el o w t h e C O G of fl o ati n g b o d y) is f o u n d t o b e g o o d i n r e d u ci n g t h e i nfl u e n c e of sl os hi n g o n r oll 

m oti o n. It is e x p e ct e d t h at t h e si g nif i c a nt i nfl u e n c e o n r oll m oti o n is o bs er v e d o nl y w h e n t h e li q ui d 

i n t h e t a n k is l o w. 

 

F or pr eli mi n ar y ass ess m e nt of i nfl u e n c e of sl os hi n g o n r oll m oti o n, 𝑦𝑦 0 / 𝐺𝐺  i nst e a d of 𝑧𝑧 1 / 𝐺𝐺  c a n b e 

us e d as s h o w n i n Fi g ur e 6. 1 6 (f). 𝑥𝑥 0 / 𝐵𝐵  d o es n ot i n cl u d e sl os h m ass h ei g ht, 𝐺𝐺 1  a n d it c a n b e 

c al c ul at e d b y usi n g o nl y t h e C O G of fl o ati n g b o d y a n d li q ui d h ei g ht i n t a n k. 

W h e n 𝑦𝑦 0 / 𝐵𝐵  i s i n t h e r a n g e b et w e e n -0. 4 a n d - 0. 1 a n d ℎ / 𝐺𝐺  is gr e at er t h a n 0. 1 5, t h e d e gr e e of 

sl os hi n g o n r oll m oti o n is n e gli gi bl e or s m all.  
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6. 4  S u m m ar y of Li q ui d C ar g o Eff e ct s o n Fl o ati n g B o d y M oti o n  

B as e d o n t h e m at eri als pr es e nt e d  i n t his c h a pt er, t h e i nfl u e n c e of li q ui d sl os hi n g o n t h e b ar g e a n d 

F L N G m oti o n is c o n cl u d e d as f oll o ws: 

 

  T h e li q ui d c ar g o eff e cts e n h a n c e t h e s w a y-r oll c o u pli n g. T h e a bs ol ut e of t h e n o n- di m e nsi o n al 

t er ms 𝑚𝑚 2 4 a n d  𝑚𝑚 4 2  r e pr es e nt s t h e d e gr e e of t h e s w a y-r oll c o u pli n g. 

  T h e s w a y m oti o n aff e ct e d b y li q ui d c ar g o eff e cts is a n al ys e d  f o c usi n g o n t h e n o n- di m e nsi o n al 

t er m 𝑛𝑛 2 2  a n d s w a y-r oll c o u pli n g. A n e x pl a n ati o n o n o bs er v ati o n of t h e p e a k a n d t h e l o c al 

mi ni m u m i n s w a y R A O d u e t o t h e eff e ct of li q ui d c ar g o is pr o vi d e d r ati o n all y. 

  T h e r oll m oti o n aff e ct e d b y li q ui d c ar g o eff e cts is a n al ys e d  f o c usi n g o n n o n-di m e nsi o n al t er m 

𝑚𝑚 4 4  a n d s w a y-r oll c o u pli n g. A n e x pl a n ati o n o n o bs er v ati o n of t h e p e a ks a n d t h e l o c al mi ni m u m 

i n r oll R A O d u e t o t h e eff e ct of li q ui d c ar g o is pr o vi d e d r ati o n all y. 

  T h e d e gr e e of i nfl u e n c e of sl os hi n g o n r oll m oti o n c orr es p o n di n g t o t h e r el ati v e v erti c al l o c ati o n 

of t a n k a n d t h e fr a cti on of li q ui d l e v el i n t a n k is i n v esti g at e d. T h e m e c h a ni c al m o d el pr o vi d es 

q u a ntit ati v e  esti m at es of t h e i nfl u e n c e. 

  T h e a n al ysis is p erf or m e d f or t w o i n d e p e n d e nt r es e ar c h r es ults, t h e b ar g e m oti o n b y M oli n et al 

a n d t h e F L N G m oti o n b y R o c h a et al. T h e i nfl u e n c e of li q ui d sl os hi n g o bs er v e d i n b ot h of t h e m 

c a n b e e x pl ai n e d usi n g t h e s a m e a p pr o a c h wit h t h e m e c h a ni c al m o d el. 
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7. C as e St u d y f or F L N G  

7. 1 G e n er al  

I n or d er t o d e m o nstr at e t h e us ef ul n ess of t h e m e c h a ni c al m o d el i n t h e F L N G d e v el o p m e nt a n d 

b asi c d esi g n, c as e st u d y f or F L N G st at e d i n t h e c h a pt er 5. 3 is p erf or m e d. 

 

7. 2 D o u bl e -r o w T a n k Arr a n g e m e nt 

T h e " d o u bl e- r o w " t a n k arr a n g e m e nt is a d o pt e d i n F L N G  in or d er t o r e d u c e t h e i nfl u e n c e of 

sl os hi n g 3)  a n d it s eff e ct o n F L N G s w a y a n d r oll  m oti o ns is a d dr ess e d i n t his c h a pt er. 

 

 

Fi g ur e 7. 1. T a n k Arr a n g e m e nt of F L N G M o d el f or D o u bl e- r o w C as e ( u nit: m) 

 

T a bl e  7. 1. L o a di n g C o n diti o ns f or D o u bl e- r o w C a s e  

Dr aft  1 2. 2 2 m  1 6. 6 0 m  
W at er l e v el i n t a n ks  4. 3 6 m ( 1 5 %)  1 4. 5 2 m ( 5 0 %)  
Dis pl a c e m e nt v ol u m e  4 3 2, 3 6 4 m 3  5 9 1, 6 8 3 m 3  
K G  2 2. 9 9 m  1 8. 5 3 m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of F L N G  

3 1. 8 6 m  2 6. 0 2 m  

G Mt  2 8. 6 2 m  2 3. 1 9 m  
R oll n at ur al p eri o d wit h o ut li q ui d 
c ar g o eff e cts  (s oli d c ar g o) 

1 5. 2 s  1 4. 0 s  

Sl os hi n g n at ur al p eri o d of t a n k   7. 3 s  5. 5  s 
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F or t h is c as e, t h e si x (6) t a n ks s plit i nt o t w o as s h o w n i n Fi g ur e 7. 1 ar e c o nsi d er e d . As s h o w n i n 

T a bl e 7. 1, t h e dis pl a c e m e nt, K G, r oll r a di us of g yr ati o n a n d G Mt ar e s a m e as t h e ori gi n al i n T a bl e 

5. 7, b ut t h e sl os hi n g n at ur al p eri o d of t a n k b e c o m es s h ort er si n c e t h e t a n k wi dt h b e c o m es s h ort er. 

 

Fi g ur es 7. 2 a n d 7. 3 s h o w t h e r es ults of s w a y a n d r oll m oti o n . C orr es p o n di n g t o t h e c h a n g e i n 

sl os hi n g n at ur al p eri o d of t a n k, t h e p e a k a n d t h e l o c al mi ni m u m of t h e s w a y m oti o ns ar e s hift e d. 

F or t h e r oll m oti o n, t h e i nfl u e n c e of sl os hi n g o n r oll m oti o n is r e d u c e d si g nifi c a ntl y.  

 

 

 

Fi g ur e 7. 2. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L C of 1 5 % D o u bl e-r o w C as e 

 

  

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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As s h o w n i n Fi g ur e 7. 4, t h e sl os hi n g i nfl u e n c e f a ct or is c h a n g e d c orr es p o n di n g t o c h a n gi n g a  fr o m 

4 5. 1 0 m t o 2 2. 5 5 m. 

F or t h e l o a di n g c o n diti o n of 1 5 %, SI F b e c o m es s m all a n d as a r es ult, t h e i nfl u e n c e of sl os hi n g o n 

r oll m oti o n is r e d u c e d si g nifi c a ntl y. F or t h e l o a di n g c o n diti o n of 5 0 %, SI F a n d t h e i nfl u e n c e of 

sl os hi n g o n r oll m oti o n ar e  k e pt s m all.  

 

A c c or di n g t o t his st u d y, it is c o nfir m e d t h at t h e d o u bl e- r o w t a n k arr a n g e m e nt is q uit e eff e cti v e i n 

r ed u c i n g t h e i nfl u e n c e of sl os hi n g o n m oti o n. 

 

 

Fi g ur e 7. 3. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L C of 5 0 % D o u bl e-r o w C as e 

 

  

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y   ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e 7. 4. Sl os hi n g I nfl u e n c e F a ct or f or D o u bl e -r o w T a n k Arr a n g e m e nt 

 

7. 3 V erti c al P o siti o n of T a n ks  

A c c or di n g t o t h e t hir d p oi nt of c o nsi d er ati o n i n c h a pt er 6. 3, v erti c al p ositi o n of t a n ks aff e cts t h e 

i nfl u e n c e of sl os hi n g o n r oll m oti o n.  

 

 

Fi g ur e 7. 5. T a n k Arr a n g e m e nt of F L N G M o d el T a n k V erti c al P ositi o n C as e  ( u nit: m) 
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F L N G L C 5 0 %  
h/ a  = 0. 3 2  →  0. 6 4  
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T o d e m o nstr at e t his, l o w er a n d hi g h er c as e l o a di n g c o n diti o ns ar e st u di e d. T h e t a n ks ar e p ositi o n e d 

at 2 m b el o w a n d 1 0 m a b o v e t h e p ositi o n c o nsi d er e d  i n t h e ori gi n al c as e f or l o w er a n d hi g h er c as e 

r es p e cti v el y.  

As s h o w n i n T a bl es 7. 2 a n d 7. 3, t h e dis pl a c e m e nt is s a m e as t h e ori gi n al i n T a bl e 5. 7, b ut K G, r oll 

r a di us of g yr ati o n a n d G Mt ar e sli g htl y c h a n g e d d u e t o c h a n g e i n t a n k’s v erti c al p ositi o n.  

 

First l y, c h a n g e of t h e sl o s hi n g i nfl u e n c e f a ct or is i n v esti g at e d as s h o w n i n Fi g ur e 7. 6. As t h e 

v erti c al p ositi o n of t h e t a n k c h a n g es, Z 1 / a a n d SI F c h a n g e a c c or di n gl y.  Si n c e SI F v ari ati o n is n ot s o 

l ar g e, t h e i nfl u e n c e of sl o s hi n g o n r oll m oti o n is e x p e ct e d t o b e s m all.  

 

T a bl e  7. 2. L o a di n g C o n diti o ns f or L o w er  C as e  

Dr aft  1 2. 2 2 m  1 6. 6 0 m  
W at er l e v el i n  t a n ks  4. 3 6 m ( 1 5 %)  1 4. 5 2 m ( 5 0 %)  
Dis pl a c e m e nt v ol u m e  4 3 2, 3 6 4 m 3  5 9 1, 6 8 3 m 3  
K G  2 2. 6 8  m  1 7 .7 5  m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of F L N G  

 3 2. 0 2  m  2 6. 2 2 m  

G Mt  2 8. 9 4 m  2 3. 9 7  m  
R oll n at ur al p eri o d wit h o ut li q ui d 
c ar g o eff e cts  (s oli d c ar g o) 

1 5. 1  s  1 3 .8  s 

Sl os hi n g n at ur al p eri o d of t a n k  1 4. 0  s    8. 7  s 

 

T a bl e  7. 3. L o a di n g C o n diti o ns f or Hi g h er C as e 

Dr aft  1 2. 2 2 m  1 6. 6 0 m  
W at er l e v el i n t a n ks   4. 3 6 m ( 1 5 %)  1 4. 5 2 m ( 5 0 %)  
Dis pl a c e m e nt v ol u m e  4 3 2, 3 6 4 m 3  5 9 1, 6 8 3 m 3  
K G  2 4 .5 9  m  2 2. 4 1  m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of F L N G  

 3 1. 2 7  m  2 5 .5 3  m  

G Mt  2 7 .0 3  m  1 9. 3 2  m  
R oll n at ur al p eri o d wit h o ut li q ui d 
c ar g o eff e cts  (s oli d c ar g o) 

1 5. 4  s  1 5. 2  s 

Sl os hi n g n at ur al p eri o d of t a n k  1 4. 0 s    8. 7  s 

 

Fi g ur es 7. 7 t hr u 7. 1 0 s h o w t h e r es ults of s w a y a n d r oll m oti o n. C o m p ari n g t h e Fi g ur es 6. 8 a n d 6. 1 1 

of t h e ori gi n al c as e, n o r e m ar k a bl e diff er e n c e  is o b s er v e d. F or t h e c as es wit h t h e l o a di n g c o n diti o n 

of 1 5 %, sl os hi n g aff e ct e d t h e fl o ati n g b o d y m oti o n o b vi o usl y. T h e m a g nit u d e of t h e r oll m oti o n 

aff e ct e d b y sl os hi n g, h o w e v er, is n ot c h a n g e d si n c e t h e m a g nit u d e of t h e r oll m oti o n d e p e n ds o n 

t h e m ass i n erti a, r est ori n g, p ot e nti al a n d vis c o us d a m pi n g a n d m o m e nt d u e t o i n ci d e nt w a v e w hi c h 

ar e n ot c h a n g e d l ar g el y.  

F or t h e hi g h er c as e wit h t h e l o a di n g c o n diti o n of 5 0 %, t h e i nfl u e n c e of sl os hi n g o n r oll m oti o n c a n 

b e o bs er v e d [( d) i n Fi g ur e 7. 1 0]. I n t his c as e, a p e a k r es p o ns e of r oll m oti o n is o bs er v e d d u e t o 

gr e at er i nfl u e n c e of sl os hi n g o n r oll m oti o n, b ut it is n ot l ar g e d u e t o s m all e xt er n al f or c e [ d ott e d 
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li n e i n ( d)]. T h e p e a k r es p o ns e of r oll m oti o n at t h e p eri o d wit hi n t h e r a n g e of 7 t o 1 0 s e c o n d is 

m ai nl y d u e t o s w a y-r oll c o u pli n g e n h a n c e d b y sl os hi n g. 

N ot e t h at t his hi g h er c as e is n ot r e alisti c i n F L N G. T h e u nr e alisti c t a n k p ositi o n is a d o pt e d i n t his 

c as e st u d y i n or d er t o hi g hli g ht t h e d e gr e e of i nfl u e n c e of sl os hi n g. 

 

A c c or di n g t o t his st u d y, t h e t a n k l o c ati o n t y pi c all y a d o pt e d i n F L N G is f o u n d t o b e a g o o d 

arr a n g e m e nt wit h s uffi ci e nt m ar gi n i n d e d u ci n g t h e i nfl u e n c e of sl os hi n g o n r oll m oti o n. 

 

 
Fi g ur e 7. 6. Sl os hi n g I nfl u e n c e F a ct or f or T a n k V erti c al P ositi o n C as e 
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Z 1 / a = -0. 4 0  →  -0. 2 1 ( Hi g h er C as e)  
 

F L N G L C 5 0 %  
Z 1 / a = - 0. 2 8 →  - 0. 3 0 ( L o w er C as e) 

Z 1 / a = -0. 2 8  →  -0. 1 4 ( Hi g h er C as e)  
 



 7 1 / 1 4 0 
 

 

Fi g ur e 7. 7. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L C of 1 5 % L o w er C as e 

 

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e 7. 8. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L C of 5 0 % L o w er C as e 

 

  

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e 7. 9. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L C of 1 5 % Hi g h er C as e 

  

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e 7. 1 0. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or L C of 5 0 % Hi g h er C as e 

 

7. 4 St or a g e T a n k O p er ati o n  

I n t his t h esis, f or th e F L N G st u d y s o f ar, t h e li q ui d filli n g l e v el c o nsi d er e d is t h e s a m e f or all si x ( 6) 

t a n ks. H o w e v er, it is c o m m o n i n a ct u al o p er ati o n t h at t h e li q ui d filli n g l e v el f or e a c h t a n k is 

diff er e nt , a n d it c a n als o b e c o ntr oll e d. 

F or st or a g e t a n k o p er ati o n c as e, m ulti pl e li q ui d filli n g l e v els f or e a c h t a n k ar e m o d ell e d  as s h o w n 

i n Fi g ur es 7. 1 1 a n d 7. 1 2. F or e a c h c as e, t h e dr aft is k e pt s a m e as t h at of t h e l o a di n g c o n diti o ns of 

1 5 % a n d 5 0 %. 

T h e t a n k o p er ati o n c as e 1  is t h e c as e w h er e filli n g of st or a g e t a n ks is d o n e as e v e nl y as p ossi bl e b ut 

wit h diff er e nt filli n g l e v els.  T h e t a n k o p er ati o n c a s e 2 is t h e c as e w h er e filli n g of t h e st or a g e t a n k is 

p erf or m e d t w o b y t w o i n or d er. 

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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As s h o w n i n T a bl es 7. 4 a n d 7. 5, t h e dis pl a c e m e nt is s a m e as t h e ori gi n al i n T a bl e 5. 7, b ut K G, r oll 

r a di us of g yr ati o n a n d G Mt ar e sli g htl y c h a n g e d d u e t o t h e c h a n g e of t h e t a n k filli n g. 

 

 

Fi g ur e 7. 1 1. M ulti pl e Li q ui d Filli n g f or T a n k O p er ati o n C as e 1  

 

 

Fi g ur e 7. 1 2. M ulti pl e Li q ui d Filli n g f or T a n k O p er ati o n C as e 2  

 

F or t h e t a n k o p er ati o n c a s e 1 as s h o w n i n Fi g ur es 7. 1 3 a n d 7. 1 4, t hr e e ( 3) p e a k r es p o ns es ar e 

o bs er v e d c orr es p o n di n g t o t h e 3 diff er e nt filli n g l e v els of t a n ks. I nt er esti n gl y, t h e r es p o ns e p e a ks of 

s w a y a n d r oll at t h e w a v e p eri o d ar o u n d 2 5 s e c o n d c a n c el  e a c h ot h er [( c) a n d ( d) i n Fi g ur e 7. 1 3]. 

F or t h e t a n k o p er ati o n c a s e 2 as s h o w n i n Fi g ur es 7. 1 5 a n d 7. 1 6, d u e t o t h e hi g h filli n g l e v el , 

r e m ar k a bl e i nfl u e n c e of sl os hi n g is o bs er v e d o nl y i n t h e s w a y m oti o n f or t h e s h ort p eri o d w a v e. 

 

A c c or di n g t o t his st u d y, t h e t a n k o p er ati o n c as e 2 w h er e filli n g of t h e st or a g e t a n k is p erf or m e d t w o 

b y t w o i n or d er is t h e pr ef err e d  o p er ati o n t o r e d u c e t h e i nfl u e n c e of sl os hi n g o n m oti o n. 

It is als o n ot e d t h at t his o p er ati o n will mi ni mi z e t h e d ur ati o n of t h e l o w filli n g l e v el i n t a n k, a n d 

r e d u c e t h e i nfl u e n c e of sl os hi n g o n m oti o n. 
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T a bl e  7. 4. L o a di n g C o n diti o ns f or T a n k O p er ati o n C as e 1 

Dr aft  1 2. 2 2 m  1 6. 6 0 m  
W at er l e v el i n t a n ks  Fi g ur e 7. 1 1  Fi g ur e 7. 1 1  
Dis pl a c e m e nt v ol u m e  4 3 2, 3 6 4 m 3  5 9 1, 6 8 3 m 3  
K G  2 3. 1 0  m  1 9 .0 5  m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of F L N G  

 3 1. 8 1  m  2 5 .9 8  m  

G Mt  2 8. 5 2  m  2 2 .6 7  m  
R oll n at ur al p eri o d wit h o ut li q ui d 
c ar g o eff e cts  (s oli d c ar g o) 

1 5. 2  s  1 4. 1  s 

 

T a bl e  7. 5. L o a di n g C o n diti o ns f or T a n k O p er ati o n C as e 2 

Dr aft  1 2. 2 2 m  1 6. 6 0 m  
W at er l e v el i n t a n ks  Fi g ur e 7. 1 2  Fi g ur e 7. 1 2  
Dis pl a c e m e nt v ol u m e  4 3 2, 3 6 4 m 3  5 9 1, 6 8 3 m 3  
K G  2 3. 6 9  m  2 0 .1 1  m  
R oll ra di us of g yr ati o n r el ati v e t o 
C O G of F L N G  

 3 1. 5 8  m  2 5 .9 1  m  

G Mt  2 7 .9 3  m  2 1 .6 2  m  
R oll n at ur al p eri o d wit h o ut li q ui d 
c ar g o eff e cts  (s oli d c ar g o) 

1 5. 3  s  1 4. 4  s 
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Fi g ur e 7. 1 3. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or Dr aft 1 2. 2 2 m 

T a n k O p er ati o n C as e  1 

 

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e 7. 1 4. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or Dr aft 1 6. 6 0 m 

T a n k O p er ati o n C as e 1  

 

  

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e 7. 1 5. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or Dr aft 1 2. 2 2 m 

T a n k O p er ati o n C as e 2  

  

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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Fi g ur e 7. 1 6. S w a y a n d R oll m oti o n wit h Li q ui d C ar g o E ff e cts f or Dr aft 1 6. 6 0 m 

T a n k O p er ati o n C as e 2  

 

7. 5 S u m m ar y of C as e St u d y  

T hr e e ( 3) c as e st u di es ar e p erf or m e d a n d t h e us ef ul n ess of t h e m e c h a ni c al m o d el i n t h e F L N G 

d e v el o p m e nt a n d b asi c d esi g n ar e d e m o nstr at e d. Fi n di n gs  fr o m t h es e c as e st u d i es f or r e d u ci n g t h e 

i nfl u e n c e of sl os hi n g o n F L N G m oti o n ar e as f oll o ws: 

 

  T h e d o u bl e- r o w t a n k arr a n g e m e nt is q uit e eff e cti v e m e as ur e. 

  T h e st a n d ar d t a n k l o c ati o n a d o pt e d i n F L N G is t h e pr ef err e d arr a n g e m e nt  w hi c h is r o b ust. 

  T h e t a n k o p er ati o n w h er e filli n g of t h e st or a g e t a n k is p erf or m e d t w o b y t w o i n or d er is t h e 

pr ef err e d  c h oi c e of o p er ati o ns. 

  

 ( a) N o n- di m e nsi o n al ter m f or sw a y  ( b) N o n- di m e nsi o n al ter m f or r oll 

  

 ( c) S w a y m oti o n ( d) R oll m oti o n 
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8 . C o n cl u si o n s  

T h e c al c ul ati o n m et h o d  b as e d o n t h e m e c h a ni c al m o d el is pr es e nt e d i n t his t h esis i n or d er t o 

esti m at e a n d u n d erst a n d t h e i nfl u e n c e of t h e li q ui d c ar g o eff e cts o n t h e fl o ati n g b o d y m oti o n. 

T h e c o n cl usi o ns dr a w n fr o m t h e st u d y u n d ert a k e n ar e pr es e nt e d b el o w.  

 

  T h e li q ui d c ar g o eff e cts ar e r e pr es e nt e d b y t h e s pri n g -m ass t y p e m e c h a ni c al m o d el a n d t h e y ar e 

c o u pl e d wit h m oti o n of fl o ati n g b o d y. 

  T h e p ar a m et er s of a m e c h a ni c al m o d el f or t h e li q ui d i n a r e ct a n g ul ar t a n k ar e d et er mi n e d 

a n al yti c all y . 

  T h e m et h o d pr es e nt e d  i n t his t h esis is v ali d at e d b y c o m p ari n g wit h t h e m o m e nt f or t h e r ot ati o n al 

os cill ati o n of a r e ct a n g ul ar t a n k m e as ur e d b y B os c h et al a n d t h e o n e c al c ul at e d b y 3 D F D M 

pr o gr a m. 

  T h e m et h o d pr es e nt e d is v ali d at e d als o b y c o m p ari n g t h e b ar g e  m oti o n m e a s ur e d a n d c al c ulat e d 

b y M oli n  et al.  

  T h e m et h o d pr es e nt e d is a g ai n  v ali d at e d b y c o m p ari n g t h e F L N G m oti o n m e as ur e d a n d 

c al c ul at e d b y R o c h a et al.  

  T h e s w a y a n d r oll m oti o n aff e ct e d b y t h e li q ui d c ar g o eff e cts ar e r e as o n a bl y e v al u at e d, e x c e pt i n 

th e c as e w h er e t h e eff e ct of t h e n o n-li n e ar sl os hi n g is si g nifi c a nt. 

  T h e li q ui d c ar g o eff e cts e n h a n c e t h e s w a y-r oll c o u pli n g. T his s h all b e p ai d att e nti o n i n or d er t o 

u n d erst a n d t h e c o u pl e d s w a y a n d r oll m oti o n wit h t h e li q ui d c ar g o eff e cts. 

  A r ati o n al e x pl a n ati o n o n o bs er v ati o n of p e a k a n d l o c al mi ni m u m i n s w a y R A O d u e t o t h e eff e ct 

of li q ui d c ar g o is pr o vi d e d b y t a ki n g i nt o a c c o u nt of t h e eff e ct of t h e m ass a n d s w a y-r oll 

c o u pli n g. 

  A r ati o n al e x pl a n ati o n f or o bs er v ati o n of p e a k a n d l o c al mi ni m u m i n r oll R A O d u e t o t h e eff e ct 

of li q ui d c ar g o is pr o vi d e d b y t a ki n g i nt o a c c o u nt of t h e eff e ct of m ass i n erti a, r est ori n g m o m e nt, 

a n d s w a y- r oll c o u pli n g. 

  T h e m e c h a ni c al m o d el pr o vi d es q u a ntit ati v e esti m at es of d e gr e e of i nfl u e n c e of sl os hi n g o n r oll 

m oti o n c orr es p o n di n g t o t h e r el ati v e v erti c al l o c ati o n of t a n k a n d t h e fr a cti o n of li q ui d l e v el i n 

t a n k. 

  T h e i nfl u e n c e of li q ui d sl os hi n g o bs er v e d i n t w o i n d e p e n d e nt r es e ar c h r es ults, t h e b ar g e m oti o n 

b y M oli n et al. a n d t h e F L N G m oti o n b y R o c h a et al. b ot h c a n  b e e x pl ai n e d b y a si n gl e m et h o d 

usi n g t h e m e c h a ni c al m o d el.  

  T hr e e ( 3) c as e st u di es ar e p erf or m e d a n d t h e eff e cti v e n ess of t h e m e c h a ni c al m o d el i n t h e F L N G 

d e v el o p m e nt a n d b asi c d esi g n is d e m o nstr at e d. 
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I n t h e f ut ur e, f urt h er i n v e stig ati o n s o n t h e f oll o wi n gs will  e n h a n c e t h e c o m pl et e n ess of t h is 

r es e ar c h w or k . 

 

  I n v esti g ati o n o n i nfl u e n c e of n o n-li n e ar sl os hi n g at l o w filli n g l e v el  

T h e m et h o d of V er h a g e n a n d v a n Wij n g a ar d e n w a s  a si m pl e a n al yti c al s ol uti o n w hi c h pr e di cte d  

t h e n o n- li n e ar r oll m o m e nt at l o w filli n g l e v el of t h e t a n k f airl y w ell . T his m et h o d w as c o u pl e d 

wit h t h e fl o ati n g b o d y m oti o n b y J o ur n é e 1 9) . 

I n c or p or ati n g pri n ci pl es fr o m t his m et h o d w o ul d eli mi n at e s o m e of t h e w e a k n ess es i n t h e 

m et h o d s u g g est e d b y t h e a ut h or usi n g t h e m e c h a ni c al m o d el. 

C o nsi d eri n g t h e a nti-r oll t a n k a n d t h e e x p eri m e nt al r es ult of F L N G wit h l o a di n g c o n diti o n of 

1 5 %, it is e x p e ct e d t h at t h e l o w filli n g of li q ui d r e d u c es t h e r oll m oti o n. 

  I n v esti g ati o n of s ur g e a n d pit c h m oti o n 

T h e c h ar a ct eristi c s of s ur g e a n d pit c h m oti o n aff e ct e d b y t h e li q ui d c ar g o eff e cts ar e si mil ar t o 

t h at of t h e s w a y a n d r oll m oti o n, b ut n ot c o m pl e x d u e t o r e d u c e d i nfl u e n c e of sl os hi n g o n pit c h 

m oti o n. 

  I n v esti g ati o n of y a w m oti o n 

T h e i nfl u e n c e of sl os hi n g o n y a w m oti o n is e x p e ct e d t o b e i nsi g nifi c a nt; h o w e v er, it is w ort h 

q u a ntif y i n g t h e eff e ct. 

  I n v esti g ati o n of fl o ati n g b o d y m oti o n i n q u art eri n g s e a 

T h e i nfl u e n c e of sl os hi n g i n v esti g at e d i n t h e p ast o nl y f or t h e b e a m s e a is t h e m ost si g nifi c a nt 

s e a f or s w a y a n d r oll. T h e i nfl u e n c e of sl os hi n g t o t his m oti o n is e x p e ct e d t o b e l ess si g nifi c a nt;  

h o w e v er, it is w ort h q u a ntif y i n g t h e eff e ct. 

  I n v esti g ati o n of fl o ati n g b o d y m oti o n i n irr e g ul ar s e a i n s h ort a n d l o n g t er m s e a st at es 

T his i n v esti g ati o n  w o ul d q u a ntif y w h et h er t h e fl o ati n g b o d y m oti o n  is a m plifi e d b y sl os hi n g, 

a n d i d e ntif y s e a st at es t h at s h o ul d h a v e b e e n t a k e n i nt o a c c o u nt. 

  I n v esti g ati o n usi n g t h e pris m ati c t a n ks i nst e a d of t h e r e ct a n g ul ar t a n ks 

A c c or di n g t o t h e A p p e n di x 4 of t his t h esis, p ar a m et ers f or t h e pris m ati c t a n k m o d el c a n b e 

o bt ai n e d e asil y. T his i n v esti g ati o n w o ul d yi el d  m or e r e alisti c r es ults si n c e t h e t a n k s h a p e 

a ct u all y a d o pt e d f or F L N G a n d L N G C is pris m ati c. 
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T his t h esis c o v ers t h e i nfl u e n c e of sl os hi n g o n s w a y a n d r oll m oti o n of F L N G b as e d o n li n e ar 

p ot e nti al t h e or y, a n d c o n si d er ati o ns a n d c o n cl usi o ns ar e  pr es e nt e d pr o vi d e d b as e d o n t h e r es ults 

o bt ai n e d o nl y fr o m b y t h e q u a ntit ati v e e x a mi n ati o n . H o w e v er, t h e a ut h or is i n p oss essi o n of a l ot of 

us ef ul fi n di n gs a n d  k n o wl e d g e. 

 

H e n c e, t h e  a ut h or w o ul d li k e t o a d d a d diti o n al n ot es w hi c h ar e n ot m e nti o n e d i n t h e pr e c e di n g 

c h a pt ers of t his t h esis a n d s o m e of w hi c h ar e n ot y et u n d er g o n e q u a ntit ati v e i ns p e cti o n. A ut h or 

h o p es t h at t h e s e n ot es w o ul d b e v erifi e d b y r es e ar c h i n t h e f ut ur e. 

 

1.  T h e  i nfl u e n c e of sl os hi n g o n pit c h, h e a v e a n d y a w m oti o n is n ot si g nifi c a nt a n d pr a cti c all y 

n e gli gi bl e.  

2.  W h e n t h e li q ui d h ei g ht i n t a n k is v er y l o w, t h e sl os hi n g n at ur al p eri o d is l o n g a n d t h e sl os hi n g 

aff e cts s w a y, r oll a n d s ur g e m oti o n s. H o w e v er t h e e nl ar g e d m oti o n is b al a n c e d a n d b e c o m es 

s m all er  d u e t o s w a y-r oll c o u pli n g a n d s ur g e-pit c h c o u pli n g.  

3.  W h e n t h e li q ui d h ei g ht i n t a n k is l o w, t h e sl os hi n g aff e cts s w a y, r oll a n d s ur g e m oti o ns. 

H o w e v er, t h e m oti o n s ar e n ot b e e nl ar g e d a l o t d u e t o n o n-li n e arit y of t h e sl os hi n g. 

4.  W h e n t h e li q ui d h ei g ht i n t a n k is i nt er m e di at e or d e e p, r oll m oti o n will  n ot e nl ar g e  a l ot d u e t o 

l ar g e m ass i n erti a eff e ct a n d t h e s m all e xt er n al r oll m o m e nt. 

5.  W h e n t h e li q ui d h ei g ht i n t a n k is i nt er m e di at e or d e e p, s w a y a n d s ur g e m oti o n s will b e  e nl ar g e d . 

I n a d diti o n, t h e c orr es p o n di n g s h ort p eri o d w a v e a p p e ar s fr e q u e ntl y.  

6.  C o nsi d eri n g a b o v e m e nti o n e d f a cts, d u e att e nti o n s h all b e p ai d t o s w a y a n d s ur g e m oti o ns 

aff e ct e d b y sl os hi n g of li q ui d at i nt er m e di at e or d e e p h ei g ht i n t h e t a n k. T his m a y w ors e n t h e 

F L N G p erf or m a n c e i n t h e n or m al e n vir o n m e nt al c o n diti o n; e. g. f ati g u e, offl o a di n g o p er ati o n, 

alt h o u g h it d o es n ot g et aff e ct e d  i n t h e h ars h e n vir o n m e nt al c o n diti o n; e. g. ulti m at e str e n gt h, 

s af et y. 

 

T a bl e 8. 1. I nfl u e n c e of sl os hi n g o n F L N G m oti o n 

Li q ui d h ei g ht i n t a n k  V er y l o w  
( h/ a≤ 0. 0 5)  

L o w  
( 0. 0 5 < h/ a≤ 0. 1 5)  

I nt er m e di at e 
D e e p  

Sl os hi n g n at ur al p eri o d  L o n g  Mi d dl e  S h ort  
S w a y  N P  2  N P  3  Att e nti o n  5 , 6 
R oll  N P 2  N P 3  N P 4  
S ur g e  N P 2  N P 3  Att e nti o n  5 , 6 
Pit c h  N P  1  N P 1  N P 1  
H e a v e  N P 1  N P 1  N P 1  
Y a w  N P 1  N P 1  N P 1  

N P: N o pr o bl e m 
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9 . R ef er e n c es 

9 . 1 Cit e d  i n t h e T h esis  

1)  A N a k a m ur a. N e w t e c h n ol o g y f or offs h or e n at ur al g as d e v el o p m e nt － L N G -F P S O － , J o ur n al 

of t h e J a p a n es e Ass o ci ati o n f or P etr ol e u m T e c h n ol o g y, V ol. 7 4, N o. 2, p p. 1 5 2 - 1 6 1, 2 0 0 9. (i n 

J a p a n es e)  

2)  K N a g ai . E x p e ct ati o ns a n d r e c e nt tr e n ds f or fl o ati n g L N G , J O G M E C Oil a n d n at ur al g as r e vi e w , 

V ol.  4 7, N o.  5, p p. 7 3- 8 2, 2 0 1 3. (i n J a p a n es e) 

3)  D H L e e, M  K H a, S  Y Ki m a n d S C S hi n. R es e ar c h of d esi g n c h all e n g es a n d n e w t e c h n ol o gi es  

f or fl o ati n g L N G, I nter n ati o n al J o ur n al of N a v al  Ar c hit e ct ur e a n d  O c e a n E n g i n e eri n g, 6, p p. 

3 0 7- 3 2 2, 2 0 1 4. 

4)  X C N g u y e n , K Mi h e a y e , M G Ki m , H N e w m a n , D H Y o o , H Y C h o, C e es d e R e gt , J K Ki m  

a n d W K L e e . A S t u d y o n  Sm all  Sc al e  Ass o ci at e d  Gas  F L N G U tili zi n g S m all  Sc al e  L N G 

C arri ers  t o Ne ar -b y  O ns h or e L N G P l a nt, Pr o c e e di n gs of t h e A S M E 2 0 1 6 3 5t h I nt er n ati o n al 

C o nf er e n c e o n O c e a n, Offs h or e a n d Ar cti c E n gi n e eri n g, J u n e 1 9- 2 4, B us a n, S o ut h K or e a, 

O M A E 2 0 1 6- 5 5 1 5 2, 2 0 1 6. 

5)  W H Z h a o, J M Y a n g, Z  Q H u  a n d Y F W ei . R e c e nt  d e v el o p m e nts o n t h e h y dr o d y n a mi cs  of 

fl o ati n g li q ui d n at ur al g a s  ( F L N G), O c e a n E n gi n e eri n g , 3 8, p p. 1 5 5 5- 1 5 6 7, 2 0 1 1. 

6)  W atts P . O n a m et h o d of r e d u ci n g t h e r olli n g of s hi ps at s e a, Tr a ns a cti o ns of t h e (R o y al ) 

I nstit uti o n of N a v al Ar c hit e cts, V ol. 2 4, p p. 1 6 5- 1 9 1, 1 8 8 3. 

7)  W atts P . T h e Us e of W at er - C h a m b ers f or R e d u ci n g t h e R olli n g of S hi ps at S e a , Tr a ns a cti o ns of 

t h e ( R o y al) I nstit uti o n of N a v al Ar c hit e cts, V ol. 2 6, p p. 3 0- 4 9, 1 8 8 5. 

8)  JJ v a n d e n B os c h a n d J H V u gts. R oll D a m pi n g b y Fr e e -S urf a c e T a n k s, S hi p b uil di n g 

L a b or at or y of t h e T e c h n ol o gi c al U ni v ersit y, D elft, R e p ort N o. 1 3 4, 1 9 6 5. 

9)  JJ v a n d e n B os c h a n d J H V u gts. O n R oll D a m pi n g b y Fr e e- S urf a c e T a n ks, RI N A, 1 9 6 6.  

1 0)  D o d g e F T. T h e N e w “ D y n a mi c B e h a vi or of Li q ui ds i n M o vi n g C o nt ai n ers ”, S o ut h w est 

R es e a r c h I nstit ut e, 2 0 0 0. 

1 1)  K o m ats u K. Sl os hi n g – Li q ui d M oti o n a n d T a n k S h ell Vi br ati o n –, 2 0 1 5. (i n J a p a n es e) 

1 2)  S Y a m as hit a. M oti o ns of a fl o ati n g b o d y wit h a li q ui d st or a g e t a n k, Tr a ns a cti o ns of t h e W est-

J a p a n S o ci et y of N a v al Ar c hit e cts, 6 1, p p. 1 5 5 – 1 6 5, 1 9 8 1. (i n J a p a n es e) 

1 3)  M oli n  B, R e m y F, Ri g a u d S a n d C d e J o u ett e.  L N G - F P S O's: fr e q u e n c y d o m ai n, c o u pl e d 

a n al ysis of s u p p ort a n d li q ui d c ar g o m oti o ns, Pr o c e e di n gs of I M A M c o nf er e n c e, 2 0 0 2. 

1 4)  M al e ni c a  Š, Z al ar M a n d C h e n  X B. D y n a mi c c o u pli n g of s e a k e e pi n g a n d sl os hi n g, 1 3t h I S O P E 

C o nf er e n c e 2 3 – 2 8, H o n ol ul u, U S A, 2 0 0 3. 

1 5)  Z al ar  M, Di e b ol d L, B a u di n E, H e nr y J, C h e n X B. Sl os hi n g Eff e cts A c c o u nti n g f or D y n a mi c 

C o u pli n g B et w e e n V ess el a n d T a n k Li q ui d M oti o n, Pr o c e e di n gs of t h e 2 6t h I nt er n ati o n al 

C o nf er e n c e o n Of fs h or e M e c h a ni cs a n d Ar cti c E n gi n e eri n g, J u n e 1 0- 1 5, S a n Di e g o, C alif or ni a, 

U S A , O M A E 2 0 0 7- 2 9 5 4 4, 2 0 0 7. 
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1 6)  Y C a o a n d F Z h a n g. Eff e cts of Fl ui d M oti o ns i n Li q ui d T a n ks o n V ess el M oti o ns Usi n g a 

Si m pl e P a n el M et h o d , J o ur n al of Offs h or e M e c h a ni cs a n d Ar cti c E n gi n e eri n g, V ol. 1 3 8, 2 0 1 6. 

1 7)  G F Cl a uss , D T est a , F S pr e n g er . C o u pli n g Eff e ct s B et w e e n T a n k Sl os hi n g a n d M oti o ns of A 

L N G C arri er, Pr o c e e di n gs of t h e 2 9t h I nt er n ati o n al C o nf er e n c e o n O c e a n, Offs h or e a n d Ar cti c 

E n gi n e eri n g, J u n e 6- 1 1, S h a n g h ai, C hi n a, O M A E 2 0 1 0- 2 0 0 7 7, 2 0 1 0. 

1 8)  Z Q H u, S  Y W a n g, G C h e n , S H C h ai  a n d  Y T Ji n . T h e eff e cts of L N G -t a n k sl os hi n g o n t h e 

gl o b al m oti o ns of F L N G s yst e m, I nt er n ati o n al J o ur n al of N a v al Ar c hit e ct ur e a n d O c e a n 

E n gi n e eri n g, 9, p p. 1 1 4- 1 2 5, 2 0 1 7. 

1 9)  J o ur n é e J M J. Li q ui d C ar g o a n d Its Eff e ct o n S hi p M oti o ns, Si x I nt er n ati o n al C o nf er e n c e o n 

St a bilit y of S hi ps a n d O c e a n Str u ct ur es, p p. 1 3 7- 1 5 0, V ar n a, B ul g ari a, S e pt e m b er 2 2- 2 7, 1 9 9 7. 

2 0)  R o g n e b a k k e O F a n d F alti ns e n O M . C o u pli n g of sl os hi n g a n d s hi p m oti o ns, J o ur n al of S hi p 

R es e ar c h,  4 7( 3), p p. 2 0 8 – 2 2 1, 2 0 0 3. 

2 1)  L e e S  J, Ki m M  H, L e e D  H, Ki m J  W a n d Ki m Y H. T h e eff e cts of L N G t a n k sl os hi n g o n t h e 

gl o b al m oti o ns of L N G c arri ers, O c e a n E n gi n e eri n g, 3 4, p p. 1 0 – 2 0, 2 0 0 7. 

2 2)  L e e S  J. T h e eff e cts of L N G -sl os hi n g o n t h e gl o b al r es p o ns es of L N G -c arri ers, P h D t h esis, 

T e x as A & M U ni v ersit y, 2 0 0 8. 

2 3)  L e e  S J, Ki m  M H. T h e Eff e cts of I n n er - Li q ui d M oti o n o n L N G V ess el R es p o ns es , J o ur n al of 

Offs h or e M e c h a ni cs a n d Ar cti c E n gi n e eri n g, V ol. 1 3 2, 2 0 1 0. 

2 4)  X W a n g a n d M Ar ai. R es e ar c h o n c o m p ut ati o n al m et h o d of c o u pl e d s hi p m oti o ns a n d sl os hi n g, 

J o ur n al of t h e J a p a n S o ci et y of N a v al Ar c hit e cts a n d O c e a n E n gi n e ers, 1 4, p p. 9 7- 1 0 4, 2 0 1 1. 

2 5)  X W a n g a n d M Ar ai. A St u d y  o n C o u pli n g Eff e ct B et w e e n S e a k e e pi n g a n d Sl os hi n g f or 

M e m br a n e -T y p e L N G C arri er,  I nt er n ati o n al J o ur n al of Offs h or e a n d P ol ar E n gi n e er i n g, V ol. 2 1, 

N o. 4, p p. 2 5 6- 2 6 3, 2 0 1 1. 

2 6)  X W a n g.  C o u pl e d A n al ysis of S hi p M oti o ns a n d T a n k Sl os hi n g of L N G C arri ers — St u d y of a 

Ti m e - d o m ai n N u m eri c al M et h o d a n d its A p pli c ati o n, P h D t h esis, Y o k o h a m a N ati o n al 

U ni v ersit y, 2 0 1 2. 

2 7)  X W a n g a n d M Ar ai. A n u m eri c al st u d y o n c o u pl e d sl os hi n g a n d s hi p m oti o ns of a li q u efi e d 

n at ur al g as c arri er i n r e g ul ar a n d irr e g ul ar w a v es, J o ur n al of E n gi n e eri n g f or t h e M ariti m e 

E n vir o n m e nt, 2 2 9( 1), p p. 3- 1 3, 2 0 1 5. 

2 8)  T K a w a h as hi , M Ar ai , X W a n g , L Y C h e n g , K Nis hi m ot o  a n d A N a k as hi m a . St u d y o n t h e 

i nfl u e n c e of sl os hi n g f or t h e m oti o n of F L N G i n w a v es, C o nf er e n c e Pr o c e e di n gs of Asi a n-

P a cifi c T e c h ni c al E x c h a n g e a n d A d vis or y M e eti n g o n M ari n e Str u ct ur es , p p. 2 1 8- 2 2 4, O ct. 1 0 - 

1 3, M o k p o, R e p. of K or e a, 2 0 1 6. 

2 9)  T K a w a h as hi , M Ar ai , X W a n g , L Y C h e n g , K Nis hi m ot o , A N a k as hi m a. A St u d y o n t h e 

I nfl u e n c e of Sl os hi n g wit h P arti al Fill e d T a n k o n F L N G M oti o n i n W a v es, C o nf er e n c e 

Pr o c e e di n gs of t h e J a p a n S o ci et y of N a v al Ar c hit e cts a n d O c e a n E n gi n e ers , N o. 2 5, p p. 4 4 3–

4 4 7, Hir os hi m a, J a p a n, 2 0 1 7. (i n J a p a n es e) 
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3 0)  K S Ki m, M H Ki m a n d J C P ar k. Si m ul ati o n of M ultili q ui d -L a y er  Sl os hi n g Wit h V ess el 

M oti o n b y Usi n g M o vi n g P arti cl e  S e mi -I m pli cit M et h o d, J o ur n al of Offs h or e M e c h a ni cs a n d 

Ar cti c E n gi n e eri n g, V ol. 1 3 7, 2 0 1 5. 

3 1)  T P R o c h a, R D ott a, D P Vi eir a, P C M ell o, E B M alt a a n d K Nis hi m ot o. E x p eri m e nt al 

i n v esti g ati o n o n t h e i nfl u e n c e of li q ui d c ar g o i n fl o ati n g v ess els m oti o ns, Offs h or e T e c h n ol o g y 

C o nf er e n c e, O T C- 2 6 2 0 3- M S, 2 0 1 5. 

3 2)  M Ar ai, C h e n g L Y a n d Y I n o u e. 3 D n u m eri c al si m ul ati o n of i m p a ct l o a d d u e t o li q ui d c ar g o 

sl os hi n g, J o ur n al of t h e J a p a n S o ci et y of N a v al Ar c hit e cts a n d O c e a n E n gi n e ers , 1 7 1, p p. 1 7 7-

1 8 4, 1 9 9 2. 

3 3)  A N S Y S A q w a T h e or y M a n u al. U S A , 2 0 1 3. 

3 4)  L e e C H. W A MI T T h e or y M a n u al, D e p art m e nt of O c e a n E n gi n e eri n g,  M as s a c h us etts I nstit ut e 

of T e c h n ol o g y, MI T R e p ort N o. 9 5- 2, 1 9 9 5. 

3 5)  F alti ns e n O M a n d Ti m o k h a A N. Sl os hi n g, C a m bri d g e U ni v ersit y Pr ess, 2 0 0 9. 

3 6)  G y e o n g  J L. M o m e nt of i n erti a of li q ui d i n a t a n k, I nt er n ati o n al J o ur n al of N a v al  Ar c hit e ct ur e  

a n d O c e a n E n g i n e eri n g, 6, p p. 1 3 2- 1 5 0, 2 0 1 4 

 

9 . 2 Ot h er R ef er e n c es  ( N ot Cit e d) 

3 7)  D N V  Cl assifi c ati o n N ot e s N o. 3 0. 9. Sl os hi n g A n al ysis of L N G M e m br a n e T a n ks, 2 0 1 4. 

3 8)  D N V  R e c o m m e n d e d Pr a cti c e C 2 0 5. E n vir o n m e nt al C o n diti o ns a n d  E n vir o n m e nt al L o a ds, 2 0 0 7. 

3 9)  A N a k as hi m a a n d M Ar ai. T h e M e c h a ni c al M o d el r e pr es e nti n g Li q ui d C ar g o Eff e cts i n F L N G 

M oti o n, C o nf er e n c e Pr o c e e di n gs of Asi a n -P a cifi c T e c h ni c al E x c h a n g e a n d A d vis or y M e eti n g 

o n M ari n e Str u ct ur es, p p. 5 0- 5 7, O ct. 1 0 - 1 3, M o k p o, R e p. of K or e a, 2 0 1 6. 

4 0)  A N a k a s hi m a a n d M Ar ai. I nfl u e n c e of Li q ui d C ar g o o n F L N G M oti o n, C o nf er e n c e 

Pr o c e e di n gs of D esi g n a n d C o nstr u cti o n of L N G S hi ps, T h e R o y al I nstit uti o n of N a v al 

Ar c hit e cts , p p. 6 5- 7 4, 2 6- 2 7 O ct o b er, L o n d o n, U K, 2 0 1 6. 
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A p p e n di x 1  D et ails of M at h e m ati c al E x pr essi o n  i n C h a pt er 2. 2 

A 1 .1 Pr es er v ati o n of St ati c Pr o p erti es  

T o pr es er v e t h e st ati c pr o p erti es of t h e li q ui d, t h e s u m of all m ass es  m ust b e s a m e as t h e li q ui d 

m ass  𝑚𝑚 𝑚𝑚 , a n d t h eir c e ntr e s m ust b e k e pt at  t h e s a m e el e v ati o n. T h es e c o nstr ai nt s ar e e x pr ess e d 

a n al yti c all y b y : 

0,
1

00
1

0 =+−=+ ∑∑
∞

=

∞

=
n

n
nT

n
n HmHmmmm  

D u pli c ati o n of t h e n at ur al fr e q u e n ci es r e q uir es: 

nnn Km =2ω  

w h er e  𝑛𝑛 𝑚𝑚  i s t h e sl os h n at ur al fr e q u e n c y of t h e n-t h m o d e. T his is a first r el ati o n t h at s h o ws h o w t o 

c h o os e t h e s pri n g c o nst a nt a n d s pri n g- m ass . 

 

A 1 . 2 F or c e a n d M o m e nt b y Li n e ar Dis pl a c e m e nt  

W h e n t h e t a n k is e x cit e d at a n g ul ar fr e q u e n c y 𝑇𝑇  b y a s m all ti m e -v ar yi n g li n e ar dis pl a c e m e nt 𝑤𝑤 0  

al o n g t h e x a xis, t h e s pri n g m ass es d efl e ct b y a di st a n c e 𝑎𝑎 𝑥𝑥  r el ati v e t o t h e t a n k w alls as a r es ul t of 

t a n k m oti o n. T h e f or c e d h ori z o nt al m oti o n a n d t h e s pri n g m ass es d efl e cti o ns ar e d efi n e d as 

f oll o ws: 
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T h e e q u ati o n of m oti o n f or e a c h s pri n g- m ass s yst e m wit h o ut d a m pi n g is e x pr ess e d as: 
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T h e n et f or c e e x ert e d o n t h e t a n k i n t h e 𝑛𝑛 0  dir e cti o n is gi v e n b y t h e r e v ers e d i n erti a f or c es of t h e 

m o vi n g m ass es: 



 8 8 / 1 4 0 
 

( ) ( ) ( )tixi XmXmixXmXmF n
n

nn
n

nx ωωω e x p0
1

2
00

2

1
0









+−+−=+−−= ∑∑
∞

=

∞

=

  

( )ti
X

ii XmXmi
nn

n ω
ωω

ω
ωω e x p

22

0
2

0
1

2
00

2






















−
−−+−= ∑

∞

=

 

( )





















−
++−= ∑

∞

=
22

2

1
0

2
0 1e x p

ωω

ω
ωω

nn
nmmtii X  

( )








−
+−= ∑

∞

=
22

2

1

2
0 1e x p

ωω

ω
ωω

nn T

n
T

m

m
tiXi m  
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A 1 . 3 F or c e a n d M o m e nt b y A n g ul ar R ot ati o n  

W h e n t h e t a n k is e x cit e d at a n g ul ar fr e q u e n c y 𝑚𝑚  b y a  s m all ti m e-v ar yi n g a n g ul ar r ot ati o n 𝑚𝑚 0  a b o ut 

a n a xi s t hr o u g h t h e C O G, t h e s pri n g m ass es als o d efl e ct b y a dist a n c e 𝑛𝑛 𝑚𝑚 r el ati v e t o t h e t a n k w alls 

as a r es ult of  t a n k m oti o n. 

T h e f or c e d a n g ul ar m oti o n a n d t h e s pri n g m ass es d efl e cti o ns ar e d efi n e d as f oll o ws: 
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T h e e q u ati o n of m oti o n f or e a c h s pri n g- m ass s yst e m is e x pr ess e d as:  
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T h e n et f or c e e x ert e d o n t h e t a n k is gi v e n b y t h e r e v ers e d i n erti a  f or c es of t h e m o vi n g m ass es: 
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Li k e wis e, t h e n et m o m e nt e x ert e d o n t h e t a n k is gi v e n b y; 
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T h e t hir d a n d f o urt h t er ms i n t h e p ar e nt h es es  ar e f urt h er e x p a n d e d as : 
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As a r es ult, t h e n et  m o m e nt is fi n all y e x pr ess e d as : 
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A 1 .4 Li n e ar D a m pi n g  

It is r e as o n a bl e t o ass u m e t h at it c a n b e r e pr es e nt e d a c c ur at el y b y e q ui v al e nt li n e ar vis c o us 

d a m pi n g w h e n t h e d a m pi n g is s m all . T h e e q u ati o n of m oti o n f or h ori z o nt al m oti o n wit h li n e ar 

vis c o us d a m pi n g is e x pr e ss e d as f oll o ws: 
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T h e e q u ati o n of m oti o n f or a n g ul ar m oti o n wit h li n e ar vis c o us d a m pi n g is e x pr ess e d as f oll o ws: 
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As a r es ult, f or c e a n d m o m e nt d u e t o h ori z o nt al m oti o n a n d a n g ul ar m oti o n is o bt ai n e d as b el o w: 
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T h e d a m pi n g is t h e e n er g y dissi p ati o n of a r e al li q ui d. T h e e n er g y dissi p ati o n o c c urs at t h e w alls 

a n d fr e e s urf a c e as a r es ult of vis c o us b o u n d ar y l a y er s a n d wit h i n t h e i nt eri or of li q ui d as a r es ult of 

vis c o us str ess es. F or s m all t a n ks, dissi p ati o n at  b o u n d ar y l a y ers d o mi n at es, w h er e as  f or l ar g e t a n ks, 

t h e dissi p ati o n wit h i n t h e i nt eri or of li q ui d m a y b e d o mi n a nt. 

T h e e n er g y dissi p ati o n b y w a v e pr o p a g ati o n at f ar dist a n c e d o es n ot c o ntri b ut e t o t h e e n er g y 

dissi p ati o n m e c h a nis m of li q ui d c ar g o i n t h e t an k u nli k e t h e o n es fr o m t h e s urr o u n di n g w at er.  

D a m pi n g s ol el y vis c o us i n n at ur e is q uit e s m all e v e n f or a m o d er at el y l ar g e t a n k  a n d  f or t a n ks wit h 

di m e nsi o n of 1 m or s o t h e d a m pi n g r ati o g e n er all y e q u als t o 1 % or l ess. F or l ar g e t a n k s a d o pt e d i n 
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F L N G or L N G C, d a m pi n g is m u c h s m all er.  T h er ef or e, t h e eff e ct of d a m pi n g fr o m li q ui d c ar g o o n 

fl o ati n g m oti o n is q uit e s m all a n d n e gli gi bl e. 

T o a c hi e v e l ar g e d a m pi n g r ati o, a s eri es of b affl es s h all  b e att a c h e d t o t h e t a n k w alls/ b ott o m. 

H o w e v er, t h e d a m pi n g of li q ui d c ar g o is still s m all. E v e n wit h b affl es, t h e d a m pi n g r ati o is s el d o m 

gr e at er t h a n 5 % of t h e criti c al d a m pi n g.  
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A p p e n di x 2 D et ails of M at h e m ati c al E x pr essi o n  i n C h a pt er 2. 4 

A 2. 1 F or c e a n d M o m e nt b y Li n e ar Dis pl a c e m e nt  

T h e h ori z o nt al f or c e a n d m o m e nt i n t h e r e ct a n g ul ar t a n k e xcit e d h ori z o nt all y ar e o bt ai n e d  b y 

i nt e gr ati n g t h e li q ui d pr e ss ur e o v er t h e t a n k w all ar e a . 
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A p p e n di x 3 C orr e cti o n of T h e N e w “ D y n a mi c B e h a vi or of Li q ui d s i n 

M o vi n g C o nt ai n ers ”  

T his a p p e n di x s h o ws n ot es f or c orr e cti o n of t h e t e xt n a m e d T h e N e w “ D y n a mi c B e h a vi or of 

Li q ui ds i n M o vi n g C o nt ai n ers ” w hi c h w as r ef err e d i n t h e m at h e m ati c al  e x pr essi o n of t h e 

m e c h a ni c al m o d el a n d t h e a n al yti c al s ol uti o n f or t h e r e ct a n g ul ar t a n k ( c h a pt ers 2. 2 a n d 2. 4, 

A p p e n di c es 1 a n d 2 ). 
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A p p e n di x 4 P ar a m et ers f or Pris m ati c T a n k  M o d el  

T h e d y n a mi c b e h a vi o ur of li q ui d i n t a n k is r e pr es e nt e d b y t h e m e c h a ni c al m o d el. T h e p ar a m et ers of 

m e c h a ni c al m o d el f or t h e r e ct a n g ul ar t a n k c a n b e o bt ai n e d a n al yti c all y . 

T his a p p e n di x s h o ws t h at t h e a n al yti c al s ol uti o n f or r e ct a n g ul ar t a n k c a n b e e x p a n d e d t o a 

pris m ati c t a n k wit h sli g ht m o difi c ati o n.  

 

 

Fi g ur e A 4. 1. R e ct a n g ul ar T a n k  t o Pris m ati c Ta n k 

 

A 4. 1 F or c e a n d M o m e nt  b y D y n a mi c B e h a vi o u r of L i q ui d i n T a n k  

T h e f or c e a m plit u d e al o n g x- a xis a n d t h e m o m e nt a m plit u d e a b o ut y- a xis ( p assi n g t hr o u g h C O G of 

li q ui d i n t a n k) c a us e d b y t h e d y n a mi c b e h a vi o ur of li q ui d i n t a n k e x cit e d h ori z o nt all y  a n d 

r ot ati o n all y ar o u n d y-a xis ar e r e pr es e nt e d as f oll o wi n g f or m ul a : 
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A 4. 2 M e c h a ni c al M o d e l P ar a m et ers of R e ct a n g ul ar T a n k 

T h e m e c h a ni c al m o d el p ar a m et ers of a r e ct a n g ul ar t a n k ar e  o bt ai n e d a n al yti c all y.  
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A 4. 3 M o difi c ati o n  of t a n k m o d el p ar a m et ers fr o m R e ct a n g ul ar t o Pris m ati c  

T h e p ar a m et ers of m e c h a ni c al m o d el of a p ris m ati c ta n k c a n b e o bt ai n e d fr o m t h at of a r e ct a n g ul ar 

o n e b y a p pl yi n g sli g ht m o difi c ati o n s as s h o w n b el o w. 

 

1.  Fr e e S urf a c e Wi dt h  

F or a r e ct a n g ul ar t a n k, fr e e s urf a c e wi dt h is e q u al t o its wi dt h a n d d o es n ot v ar y wit h  li q ui d d e pt h. 

H o w e v er, fr e e s urf a c e wi dt h of a pris m ati c t a n k v ari es wit h  li q ui d d e pt h; h e n c e a  is r e pl a c e d b y 

a ( h). 
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2.  Li q ui d M ass 

Li q ui d m ass s h all b e o bt ai n e d fr o m pris m ati c v ol u m e of t h e t a n k. 

( )c h a mf erT Va b hm −= ρ  

 

3.  M ass I n erti a  

M ass i n erti a of ri gi d c ar g o  of a pris m ati c t a n k is s m all er t h a n t h at of a r e ct a n g ul ar o n e . It s h all b e 

c al c ul at e d b as e d o n t h e di m e nsi o ns of t a n k s u c h a s o v er all wi dt h, li q ui d h ei g ht a n d c h a mf er 

di m e nsi o ns. 

T h e m ass i n erti a of fr e e r ot ati n g li q ui d is s u btr a ct e d a n d as a r es ult, t h e m as s i n erti a of li q ui d c ar g o 

b e c o m es si g nifi c a ntl y s m all er t h a n t h at of  ri gi d c ar g o. 



 1 0 2 / 1 4 0 
 

T h e r ati o of m ass i n erti a is d e cr e as e d w h e n t h e r ati o of wi dt h a n d li q ui d d e pt h is cl os e t o 1. T h e r e d 

li n e s h o w n i n Fi g ur e A 4. 2  d e n ot es pr o b a bl e r ati o of m ass i n erti a of a pris m ati c t a n k. It is s m all er 

t h a n t h at of a r e ct a n g ul ar t a n k d u e t o c h a mf er a n d l ar g er t h a n t h at of a h e x a g o nal o n e.  

T h e eff e ct of r e d u cti o n i n m ass i n erti a d u e t o li q ui d c ar g o, h o w e v er, is s m all c o m p ari n g wit h t h e 

t ot al f or c e a n d m o m e nt. T h er ef or e, a n al yti c al f or m ul a f or r e ct a n g ul ar t a n k c a n b e us e d. 

( )

( )
( ) ( )[ ]

( )[ ]
( ) 








−

−

+
−

+
+=

+=

∑
∞

= 1
5252

22

22

12

)(212t a n h

)(1

7 6 8

)(1

4
)(

1 2

1

)(
1 2

1

n
Td

TR

n

hahn

hah

ha

hah
hhamI

hhamI

π

π

 

 

 

Fi g ur e A 4. 2. R ati o of M o m e nt of I n erti a of Vari o us S h a p es 

 

A 4. 4 Sl os hi n g N at ur al Fr e q u e n c y of Pris m ati c T a n k  

A c c or di n g t o “ Sl os hi n g ” b y F alti ns e n a n d Ti m o k h a 3 5) , t h e sl os hi n g n at ur al fr e q u e n c y of t h e i-t h 

m o d e of a pris m ati c t a n k wit h c h a mf er e d b ott o m is gi v e n b y t h e e q u ati o ns ( 1) a n d ( 2) i n Fi g ur e 

A 4. 3. E q. ( 1) gi v es t h e sl os hi n g n at ur al fr e q u e n c y  of a  r e ct a n g ul ar t a n k a n d E q. ( 2) gi v es a 

c orr e cti o n f a ct or  a n d 𝑚𝑚′ 𝑚𝑚 ,𝑛𝑛  i s t h e c orr e ct e d sl os hi n g n at ur al fr e q u e n c y of a pris m ati c t a n k.  

 

H o w e v er, f oll o wi n g p oi nts s h all b e k e pt i n mi n d i n or d er t o us e t h e c orr e cti o n f a ct or pr o p erl y. 

1.  C orr e cti o n f a ct or is v ali d o nl y f or fr e e s urf a c e wi dt h e q u als t o B T . 

2.  C orr e cti o n f a ct or of c h a mf er e d t o p is n ot o bt ai n e d. 

3.  C orr e cti o n f a ct or is g e n er all y cl os e t o 1. 
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Fi g ur e A 4. 3. C orr e ct e d Sl os hi n g N at ur al Fr e q u e n c y of Pris m ati c Ta n k  

 

I n a d diti o n, t h e sl os hi n g n at ur al fr e q u e n c y of a pri s m ati c t a n k c a n b e a p pr o xi m at e d usi n g t h e 

e q u ati o n of sl os hi n g n at ur al fr e q u e n c y  of a  r e ct a n g ul ar t a n k wit h v ar yi n g fr e e s urf a c e wi dt h.  

T h er ef or e, i n pr a cti c e, t h e c orr e cti o n f a ct or of E q. ( 2) c a n b e o mit t e d t o o bt ai n t h e sl os hi n g n at ur al 

fr e q u e n c y of a pris m ati c t a n k. 

 

 
Fi g ur e A 4. 4. Sl os hi n g N at ur al Fr e q u e n c y of Pris m ati c Ta n k 
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T h e E q. ( 2) is o bt ai n e d a s a n as y m pt oti c f or m ul a i n “ Sl os hi n g ” f or a t w o- di m e nsi o n al pris m ati c 

t a n k wit h t h e c h a mf er e d b ott o m b y F alti ns e n a n d Ti m o k h a 3 5) . T h e ass u m pti o ns of t h e asy m pt oti c 

f or m ul a ar e as f oll o ws: 

1)  t ar g et li q ui d d o m ai n is g e o m etri c all y cl os e t o t h e ori gi n al li q ui d d o m ai n,  

2)  t ar g et li q ui d d o m ai n is c o nt ai n e d wit hi n t h e ori gi n al li q ui d d o m ai n,  

3)  th e m e a n fr e e s urf a c e of t h e t ar g et li q ui d d o m ai n is s a m e as t h at of t h e ori gi n al li q ui d d o m ai n 

 

W h e n  t h e m e a n fr e e s urf a c e is l o c at e d at t h e b ott o m of c h a mf er , t h e ori gi n al li q ui d d o m ai n 𝑚𝑚 0  s h all 

b e r e d efi n e d, w h er e as w h e n it is l o c at e d at t h e t o p of c h a mf er, t h e as y m pt oti c f or m ul a is n ot 

a p pli c a bl e d u e t o t h e ass u m pti o n 2) m e nti o n e d a b o v e. 

 

 

Fi g ur e A 4. 5. Ass u m pti o ns of A s y m pt oti c F or m ul a 

 

T h e sl os hi n g n at ur al fr e q u e n c y a n d c orr e cti o n f a ct or f or a pris m ati c t a n k wit h di m e nsi o ns as s h o w n 

i n Fi g ur e A 4. 6 ar e o bt ai n e d a n d pl ott e d. T h e sl os hi n g n at ur al fr e q u e n ci es o bt ai n e d b y e x p eri m e nt 

a n d C F D ar e als o pl ott e d.  

T h e sl os hi n g n at ur al fr e q u e n c y is m ostl y r el at e d t o t h e fr e e s urf a c e wi dt h. T h e c o ntri b uti o n of t h e 

c orr e cti o n f a ct or is n e gli gi bl e.  
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T h e  c orr e cti o n f a ct or t a k es t h e mi ni m u m v al u e, w h e n t h e fr e e s urf a c e is l o c at e d at t h e u p e n d of t h e 

c h a mf er e d b ott o m ( 2 0 % fl ui d l e v el i n t his c as e); h o w e v er, t h e r el ati v e err or is l ess t h a n 0. 4 %. T his 

i s als o p oi nt e d i n “ Sl os hi n g ” b y F alti ns e n a n d Ti m o k h a 3 5) . 

T h e sl os hi n g n at ur al fr e q u e n ci es of a pris m ati c t a n k o bt ai n e d b y e x p eri m e nt a n d C F D ar e a gr e e d 

w ell wit h t h at of t h e o n e c al c ul at e d b y  t h e f oll o wi n g e q u ati o ns. 
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Fi g ur e A 4. 6. Sl os hi n g N at ur al Fr e q u e n c y a n d C orr e cti o n F a ct or f or Pris m ati c Ta n k 
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A 4. 5 M o m e nt of I n erti a of Li q ui d i n T a n k  

G y e o n g 3 6)  d e m o nstr at e d t h e r e d u cti o n i n m ass i n erti a d u e t o fr e el y r ot ati n g li q ui d f or s h a p es, 

r e ct a n g ul ar, elli ps e, h e x a g o n a n d o ct a g o n wit h v ari o us as p e ct r ati os. T h e o ct a g o n c as e is cl os e t o 

t h at of a pris m ati c o n e. T his is a g o o d r ef er e n c e f or c o nsi d er ati o n of m ass i n erti a of a pris m ati c 

t an k. H o w e v er, it is ess e nti al t o n ot e t h at t h e t er m ‘ h’ r ef ers t o o v er all h ei g ht of t h e t a n k, n ot t h e 

h ei g ht of li q ui d.  

 

 

Fi g ur e A 4. 7. M o m e nt of I n erti a of Li q ui d i n Ta n k 

  

 

 

 

a( h 1 )

a( h 2 )

h 1

h 2
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A p p e n di x 5 P ar a m et ers f or Ar bitr arily S h a p e d T a n k M o d el  

I n m a n y c as es, d et er mi n ati o n b y a n al yti c al s ol uti o n is n eit h er pr a cti c al n or p ossi bl e. I n s u c h 

cir c u mst a n c es, d et er mi n ati o n eit h er b y n u m eri c al  c al c ul ati o n or e x p eri m e nt al m e as ur e m e nt  is t h e 

o nl y a v ail a bl e o pti o n. 

F or pr a cti c al a p pli c ati o n s, m o d es at hi g h er or d er ( n > 2) ar e  us u all y of littl e c o n c er n , si n c e t h e 

m a g nit u d es of sl os h m as s f or t he s e m o d es ar e v er y s m all c o m p ar e d t o t h e f u n d a m e nt al m o d e.  It is 

s uffi ci e nt t o c o nsi d er o nl y t h e first, l o w est-fr e q u e n c y sl os h m ass. T h e pr o c e d ur e f or d et er mi n ati o n 

of p ar a m et ers o f a t a n k m o d el is t o e x cit e it b y  si m pl e h ar m o ni c m oti o n usi n g b ot h h ori z o nt al a n d 

r ot ati n g os cill ati o n o v er a r a n g e of fr e q u e n ci es t h at e n c o m p a ss es t h e first sl os h i n g n at ur al 

fr e q u e n cy, c al c ul at e or m e as ur e t h e  r es ulti n g f or c e a n d m o m e nt r es p o ns es a s a f un cti o n of 

e x cit ati o n fr e q u e n c y, a n d fit a m o d el t o s uit t h e f or c e a n d m o m e nt c al c ul at e d i n t h e pr e vi o us st e p. 

T h e sl os h m ass, ass o ci at e d  h ei g ht a n d m ass i n erti a of dis k ar e  c al c ul at e d b y f oll o wi n g e q u ati o ns. 

As s h o w n i n t h e e q u ati o n s b el o w, sl os h m ass is d et er mi n e d fr o m c al c ul at e d or m e as ur e d h ori z o nt al 

f or c e a g ai nst h ori z o nt al os cill ati o n. Sl os h m ass h ei g ht is d et er mi n e d fr o m m o m e nt a g ai nst 

h ori z o nt al os cill ati o n or b y h ori z o nt al f or c e a g ai nst r ot ati n g os cill ati o n. M ass i n erti a of fr e e r ot ati n g 

li q ui d is d et er mi n e d fr o m m o m e nt a g ai nst r ot ati n g os cill ati o n. T h e s e ar e s u m m ari z e d i n T a bl e A 5. 1. 
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R e m ai ni n g p ar a m et ers, s pri n g c o nst a nt, fi x e d m ass a n d h ei g ht ar e d et er mi n e d as b el o w: 
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T a bl e A 5. 1. D et er mi n ati o n of P ar a m et ers f or Ar bitr ar ily S h a p e d T a n k  M o d el  

A p pli e d os cill ati o n  H ori z o nt al  o s cill ati o n , X 0  R ot ati n g os cill ati o n, α 0  
C al c ul ati o n or M e as ur e m e nt  H f or c e  M o m e nt  H f or c e  M o m e nt  
Sl os h m ass  m 1  O     
Sl os h m ass h ei g ht  H 1   O  O   
M ass i n erti a of fr e e r ot ati n g li q ui d  I d     O  
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A p p e n di x 6 D et ails of T a n k Li q ui d F or c e M atri x 

D et ails of t h e m atri x tr a nsf erri n g t h e c o or di n at e of t h e t a n k li q ui d f or c e fr o m its l o c al ori gi n t o 

C O G  ar e pr o vi d e d h er e.  
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T h e f or c es i n d u c e d b y li q ui d c ar g o r el ati v e t o t h e C O G of t h e fl o ati n g b o d y ar e e x pr ess e d as b el o w: 
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T h e s u m of t h e m ass m atri c es of  t h e fl o ati n g b o d y ( e x cl u di n g li q ui d c ar g o) a n d li q ui d c ar g o is 
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A p p e n di x 7  V el o cit y P ot e nti al of I n c o mi n g W a v e a n d P h as e D efi niti o n 

T h er e is n o fir m r ul e t o d efi n e t h e dir e cti o n of w a v e pr o p a g ati o n a n d w a v e c o n diti o n of t h e 

r ef er e n c e ori gi n (t = 0, x = 0) of v el o cit y p ot e nti al. D efi niti o n g e n er all y d e p e n ds o n t h e a p pli c ati o n of 

t h e v el o cit y p ot e nti al. H e n c e, it is i m p er ati v e t h at t h e r e a d ers u n d erst a n d t h e m c ar ef ull y.  

T h e w a v e pr o p a g ati o n is d efi n e d b y t h e c o m bi n ati o n of si g ns of 𝑚𝑚 𝑚𝑚  ( v ari a bl e of ti m e) a n d 𝑛𝑛 𝑚𝑚  

( v ari a bl e of l o c ati o n). W h e n t h e si g ns ar e t h e s a m e e. g. b ot h p ositi v e a n d b ot h n e g ati v e, w a v e 

pr o p a g at es i n t h e n e g ati v e x dir e cti o n.  

F or t he fl o ati n g m oti o n a p pli c ati o n s i n offs h or e i n d ustr y, s a m e si g n s ar e n ot us u all y a d o pt e d, s o 

t h at t h e w a v e pr o p a g at i o n is i n t h e p ositi v e x  dir e cti o n .  

 

( )k xtA +ωc os  ( )k xtA −ωc os  

  

Fi g ur e A 7 . 1. Dir e cti o n of Wa v e Pr o p a g ati o n 

 

T h e v el o cit y p ot e nti al of t h e i n c o mi n g w a v e is e x pr ess e d as b el o w: 









−
+

=








−
+

=Φ )](e x p[
c os h

)(c os h
R e)e x p()e x p(

c os h

)(c os h
R e k xti

k h

hzkg Ai
k xiti

k h

hzkg Ai
I ω

ω
ω

ω
 

 

T h e w a v e c o n diti o n of t h e r ef er e n c e ori gi n is d et er mi n e d b y t h e c o m bi n ati o n of “ 1 ” a n d “ 2 ” 

i n di c at e d i n t h e f or m ul a a b o v e. “ 1 ” c a n t a k e 1 , – 1, i or –i  a n d “ 2 ” c a n t a k e i or –i . 

  

1  2  
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I n c as es 1 a n d 4, t h e w a v e cr est is at t h e l o c ati o n x = 0 at a ti m e t = 0. I n c as es 5 a n d 6, t h e w at er 

s urf a c e el e v ati o n is t h e m e a n el e v ati o n at t h e l o c ati o n x = 0 at a ti m e t = 0 a n d t h e w at er s urf a c e 

el e v ati o n will b e c o m e l o w er i n t h e n e xt st e p . 

 

T a bl e A 7 . 1. C o m bi n ati o n of “ 1 ” a n d “ 2 ” 

C as e  1  2  W a v e  Dir e cti o n  P h as e  

1 ＋ i ＋ i ( )k xtA −ωc os  T o p ositi v e x 0 

2  ＋ i － i ( )k xtA −− ωc os  T o p ositi v e x  ＋ 1 8 0  

3  － i ＋ i ( )k xtA −− ωc os  T o p ositi v e x  ＋ 1 8 0 

4  － i － i ( )k xtA −ωc os  T o p ositi v e x  0  

5  ＋ 1  ＋ i ( )k xtA −ωsi n  T o p ositi v e x  － 9 0  

6  ＋ 1  － i ( )k xtA −ωsi n  T o p ositi v e x  － 9 0  

7 － 1  ＋ i ( )k xtA −− ωsi n  T o p ositi v e x ＋ 9 0  

8  － 1  － i ( )k xtA −− ωsi n  T o p ositi v e x  ＋ 9 0  

 

E x a m pl es of i n c o mi n g w a v e v el o cit y p ot e nti al fr o m t h e p a p ers a n d t h e or y m a n u als ar e s h o w n h er e. 

E x a m pl e 1  

C as e 1 is a d o pt e d i n W A MI T a n d W A D A M.  

 

  

E x a m pl e 2  

C as e 4 is a d o pt e d i n A Q W A. T h e e q u ati o n of v el o cit y p ot e nti al is sli g htl y diff er e nt fr o m t h at of 

c as e 1 a b o v e; h o w e v er, b ot h e q u ati o ns ar e i d e nti c al. 

 

E x a m pl e 3  

C as e 8  
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A p p e n di x 8  M atri x Tr a n sf or m ati o n t o Ar bitr ar y  R ef er e n c e P oi nt  

A 8. 1 C o or di n at e Tr a n sf or m ati o n  M atri x  

T h e ar bitr ar y  m atri x AA GG  tr a nsf erri n g t h e c o or di n at es fr o m C O G  of t h e fl o ati n g b o d y t o its ori gi n ( 0, 

0, 0) is s h o w n h er e.  T h e c o or di n at e ori gi n is us e d as t h e m oti o n r ef er e n c e p oi nt a n d c a n b e d efi n e d 

at a n y l o c ati o n.  
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A 8. 2 M as s M atri x wit h o ut Li q ui d C ar g o  
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ar e  d et ail e d as b el o w: 
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A 8. 3 M as s M atri x wit h Li q ui d C ar g o  

T h e m ass m atri x of t h e fl o ati n g b o d y ( e x cl u di n g li q ui d c ar g o) r el ati v e t o its C O G (i n cl u di n g li q ui d 

c ar g o)  a n d t h e c o or di n at e tr a nsf orm ati o n  m atri x ar e  d es cri b e d b el o w:  
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T h e m ass m atri x of t h e fl o ati n g b o d y ( e x cl u di n g li q ui d c ar g o) r el ati v e t o t h e r ef er e n c e p oi nt is 
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A 8. 4 H y dr o st ati c R est ori n g M atri x  

T h e h y dr ost ati c r est ori n g m atri x of t h e fl o ati n g b o d y r el ati v e t o its C O G a n d t h e c o or di n at e 

tr a nsfor m ati o n  m atri x ar e  d es cri b e d b el o w:  
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T h e h y dr ost ati c r est ori n g m atri x r el ati v e t o t h e r ef er e n c e p oi nt is o bt ai n e d a s b el o w:  
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A 8. 5 T a n k Li q ui d F or c e M atri x  

T h e t a n k li q ui d f or c e m atri x, 𝑚𝑚 𝑚𝑚
𝑛𝑛  t o tr a nsf er t h e c o or di n at e fr o m its l o c al ori gi n t o t h e c o or di n at e 

ori gi n ( 0, 0, 0) is s h o w n b el o w. 
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A 8. 6 E q u ati o n of Fl o ati n g B o d y M oti o n  

T h e fl o ati n g b o d y m oti o n r el ati v e t o t h e r ef er e n c e p oi nt is d es cri b e d b y  t h e f oll o wi n g e q u ati o n i n 

fr e q u e n c y d o m ai n. 

( )[ ] DI
OOOOA _ OO FXCBMM =⋅+++− ωω i2

 

 

A n d t h e e q u ati o n of t h e fl o ati n g b o d y m oti o n c o u pl e d wit h t h e li q ui d c ar g o eff e cts is o bt ai n e d  as 

f oll o ws: 

( )[ ] DI
OOL _ OOOL A _ OA _ OB _ O FXCCBMMM =⋅−++++− ∑∑ ωω i2  

or 

( )[ ] DI
OOL _ OOOL _ OA _ OO FXCCBMMM =⋅−++++− ∑∑ ωω i2  
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A p p e n di x 9 N o n -di m e n si o n al F or m of S w a y a n d R oll M oti o n  

T h e e x pr essi o n of s w a y a n d r oll m oti o n m e nti o n e d i n t h e t h esis is i d e nti c al t o t he o n e fr o m t h e 

r ef er e n c e as s h o w n i n T a bl e A 9. 1. 

T his is us ef ul f or c o m p ari n g t h e s w a y a n d r oll m oti o n o bt ai n e d b y t h e a ut h or’s  m et h o d wit h  t h os e 

i n t h e r ef er e n c e; h o w e v er, it is n ot c o n v e ni e nt f or c o m p ari n g wit h ot h er r es ults. 

 

T a bl e  A 9. 1. A xis of S w a y a n d R oll M oti o n 

 B ar g e ( M oli n  et al.)  F L N G ( R o c h a et al.)  
C h a pt er  5. 2 a n d 6. 2  5. 3 a n d 6. 3  

H ori z o nt al A xis  
A n g ul ar fr e q u e n c y 

(r a di a n/s e c) 
P eri o d  
(s e c) 

V erti c al A xis f or S w a y  
S w a y p er u nit w a v e  

( m/ m) 
S w a y p er u nit w a v e  

( m/ m) 

V erti c al A xis f or R oll  
R oll p er u nit v a v e  

(r a di a n/ m) 
R oll p er u nit v a v e  

( d e gr e e/ m) 

 

T his a p p e n di x r e pr o d u c e s t h e s w a y a n d r oll m oti o n i n t h e n o n- di m e nsi o n al f or m as b el o w: 

 

1.  H ori z o nt al A xis  

g

B
ωσ =  

 

2.  V erti c al A xis f or S w a y ( n ot diff er e nt)  

a

G

w

x
x 2

2 '=  

 

3.  V erti c al A xis f or R oll  

a

G

k w

x
x 4

4 '=  

 

w h er e, 𝑚𝑚 𝑚𝑚  i s t h e i n ci d e nt w a v e a m plit u d e, 𝑛𝑛  is t h e br e a dt h of t h e fl o ati n g b o d y, g  is t h e gr a vit y 

c o nst a nt a n d k  is t h e w a v e n u m b er. 
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Fi g ur e  A 9. 1. R A O of S w a y a n d R oll m oti o n f or B ar g e C as e 1  

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 2. R A O of S w a y a n d R oll m oti o n f or B ar g e C as e 2  

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 3. R A O of S w a y a n d R oll m oti o n f or F L N G L C  of 1 5 % 

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 4. R A O of S w a y a n d R oll m oti o n f or F L N G L C  of 5 0 % 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 5. R A O of S w a y a n d R oll m oti o n f or F L N G L C  of 1 5 % D o u bl e-r o w C as e 

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 6. R A O of S w a y a n d R oll m oti o n f or F L N G L C  of 5 0 % D o u bl e- r o w C as e 

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 7. R A O of S w a y a n d R oll m oti o n f or F L N G L C  of 1 5 % L o w er C as e  

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 8. R A O of S w a y a n d R oll m oti o n f or F L N G  L C  of 5 0 % L o w er C as e  

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 9. R A O of S w a y a n d R oll m oti o n f or F L N G L C  of 1 5 % Hi g h er C as e  

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 1 0. R A O of S w a y a n d R oll m oti o n f or F L N G L C  of 5 0 % Hi g h er C as e  

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 1 1. R A O of S w a y a n d R oll m oti o n f or F L N G Dr aft 1 2. 2 2 m T a n k O p er ati o n C as e 1 

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 1 2. R A O of S w a y a n d R oll m oti o n f or F L N G Dr aft 1 6. 6 0 m T a n k O p er ati o n C as e 1 

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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Fi g ur e  A 9. 1 3. R A O of S w a y a n d R oll m oti o n f or F L N G Dr aft 1 2. 2 2 m T a n k O p er ati o n C as e 2 

 

  

   

 ( a) S w a y m oti o n wit h o ut li q ui d c ar g o eff e cts ( b) R oll m oti o n wit h o ut li q ui d c ar g o eff e cts 

   

 ( c) S w a y m oti o n wit h li q ui d c ar g o eff e cts   ( d) R oll m oti o n wit h li q ui d  c ar g o eff e cts  
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