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The paper  b r i e f l y  reviews previous a t t e m p t s  t o  account  f o r  t h e  advcrse  e f f e c t  of bow t r i m  on t h e  
s a f e t y  of a  vessel .  under way before  d e s c r i b i n g  a  r i g o r o u s  t rea tment  based on a  dynamical. systems 
approach.  A four-degrees-of-freedom non-].inear mathematical. model i s  used ,  account ing  f o r  coupl.ed 
s u r g e ,  sway, yaw and ro l l .  motions. T r e a t i n g  bow t r i m  a s  a  control .  parameter ,  i t s  inf l-uence on 
d i r e c t i o n a l .  s t a b i l i t y  i s  c l e a r l y  demonstrated through app1.ication of t h e  developed procedure t o  a  
widc beam r i v e r b o a t  i n  a  v a r i e t y  of o p e r a t i n g  c o n d i t i o n s .  The paper then  proceeds t o  p r e s e n t  an 
i n v c s t i g a t i o n  of t h e  c a s e  of t h e  HERALD OF FREE ENTERPRISE, where t h e  c a p s i z e  mechanism put foward 
a s  t h c  most '1ikel.y i s  a  s c e n a r i o  based on t h e  i n t e r p l a y  between d i r e c t i o n a l  and t r a n s v e r s e  
s t a b i l i t i e s ,  i n i t i a t e d  by bow t r i m  and aggravated by t h e  i n g r e s s  of wate r  on t h e  c a r  deck. 

1. INTRODUCTION 

It has  been known f o r  many y e a r s  t h a t  t r i m  by 
t h c  s t e r n  enhances t h e  d i r e c t i o n a l  s t a b i l i t y  
of a  s h i p  whereas one trimmed by t h e  bow i s  
1.ikel.y t o  have reduced c o n t r o l l . a b i l i t y .  
Di rec t iona l .  s t a b i l - i t y  w i l l .  a l s o  be a f f e c t e d  by 
s h a l . 1 0 ~  wate r ,  al-though t h e r e  i s  stil.1. some 
u n c e r t a i n t y  a s  t o  whether and when t h i s  has  a  
p o s i t i v e  o r  n e g a t i v e  e f f e c t .  What i s  
universal.1.y accepted w i t h  r e f e r e n c e  t o  s h i p s  
under way i n  shal low w a t e r s  i s  t h e  phenomenon 
of "squa t1 ' ,  which could r e s u l t  i n  s inkage and 
t r i m  of a v e s s e l ,  t h e  magnitude of which 
i n c r e a s e s  rapid1.y wi th  i n c r e a s i n g  dep th  Froude 
Number, (1). To complete t h i s  resume of known 
f a c t s ,  t h e  coupl ing  of yaw and r o l l  should be 
mentioned. Ro-Ro v e s s e l s  appear  t o  be p a r t i -  
cu1.arl.y vulnerabl-e ,  where changes i n  course  
could g i v e  r i s e  t o  l a r g e  h e e l i n g  a n g l e s .  

Trim by bow would appear  t o  be a  very  i n f l u -  , 

e n t i a l  f a c t o r  i n  a l l  t h e s e  c a s e s .  This  i s  t h e  
f a c t o r  s p e c i f i c a l . l y  addressed by t h i s  paper ,  
by t h e  adopt ion  of a  f r e s h  approach based on 
dynamical systems theory  u s i n g  a  four-degrees- 
of-freedom non-].inear manoeuvring model. The 
adverse  e f f e c t s  of t r i m  by bow a r e  f i r s t  
demonstrated through a p p l i c a t i o n  t o  a  wide- 
beam r i v e r  b o a t ,  and t h e  f i n d i n g s  a r e  subse- 
quent1.y used t o  propose and t e s t  a  c a p s i z e  
s c e n a r i o  f o r  t h e  HERALD OF FREE ENTERPRISE. 

With r e f e r e n c e  t o  t h e  f a c t s  out]-ined above, 
t h e  fol.l.owing detai1.s can be found i n  t h e  
Report of t h e  Court  of Enquiry i n t o  t h e  s i n -  
k ing  of t h e  HERALD OF FREE ENTERPRISE, (2): 

a )  The vessel.  was e x c e s s i v e l y  trimmed by bow 
while  under way (approx.  0.8m). 

suf fe red  severe  s inkage and addi t iona l .  
t r i m ,  and t h i s ,  combined with t h e  bow wave 
(which i s  a l s o  s e n s i t i v e  t o  water  depth 
and v e s s e l  speed)  al lowed wate r  t o  e n t e r  
through t h c  bow doors .  

d )  A t  t h e  i n i t i a l  s t a g e s  of  t h e  c a p s i z e  t h e  
helmsman warned t h e  c a p t a i n  t h a t  even with 
f u l l  p o r t  helm he could n o t  c o n t r o l  t h c  
v e s s e l ' s  t u r n .  

e )  The v e s s e l  hee led  t o  s t a r b o a r d ,  then 
suddenly t o  p o r t  and thence she heeled 
p r o g r e s s i v e l y  u n t i l .  c a p s i z i n g  wi th in  f o u r  
minutes. 

To sum up t h e r e f o r e ,  t h e  v e s s e l  was trimmed by 
t h e  bow and because of t h a t  h e r  c o n t r o l l a -  
b i l i t y  was reduced;  a d d i t i o n a l l y ,  because she 
was moving a t  h igh  speed i n  shal low w a t e r s ,  
water  s t a r t e d  e n t e r i n g  through t h e  bow doors .  
It  would be n a t u r a l ,  t h e r e f o r e ,  t o  assume t h a t  
t h e  c a p s i z e  of t h e  HERALD OF FREE ENTERPRISE 
was t h e  r e s u l t  of combined a c t i o n s  appear ing  
i n  a  cha in  of e v e n t s  which g r a d u a l l y  reduced 
t h e  s a f e t y  margin of t h e  vessel.. The s i n g l e -  
cause-e f fec t  r e l a t i o n s h i p  which i s  normally 
adopted i n  s h i p  s t a b i l i t y  s t u d i e s  w i l l ,  
t h e r e f o r e ,  n o t  be a p p r o p r i a t e  h e r e .  On t h e  
o t h e r  hand, d e f i n i n g  s c e n a r i o s  which i n v o l v e  
t h e  l o s s  of t r a n s v e r s e  s t a b i l i t y  wou1.d r e q u i r e  
model l~ing of  a l l  t h e  c o n t r i b u t o r y  phenomena 
t o g e t h e r  wi th  t h e i r  i t e r a t i o n s ,  which would be 
an immense t a s k .  

Taking t h e  road of mult i -cause-effect  
r e l a t i o n s h i p s ,  t h i s  paper addresses  t h e  
i n t e r p l a y  bctween d i r e c t i o n a l .  and t r a n s v e r s e  
s t a b i l - i t i e s  by p l a c i n g  emphasis on t h e  non- 
l i n c a r  c h a r a c t e r  of t h e  v e s s e l ' s  behaviour .  

b )  The vesse l  caps ized  i n  shal-low watc r  2. BRIEF REVIEW 
(approx 12m. deep) .  

Probl.ems of coupl ing  between t h e  p l a n a r  
c )  Becausc of t h e  r e s t r i c t e d  water  dep th  and motions and t h c  r o l l i n g  of s h i p s  have been t h e  

t h e  h igh  t r a n s i t  speed,  t h e  vessel .  s u b j c c t  of i n v e s t i g a t i o n  on several.  occas ions ,  



from the point of view of either stability or 
manoeuvrability, see, e.g., (3), (4), (S), (6) 
(7) A problem of this nature is also 
addressed in research with regard to the 
broaching-to phenomenon, see (8). 

In a recent investigation, (7), possible 
adverse effects of trim by bow were shown, by 
identifying ranges of instability on the basis 
of a linear swap-yaw-roll mathematical model. 
In that paper it was suggested that bow- 
trim-induced instability can cause large 
"divergent" or ttoscillatory" motions, possibly 
leading to capsize, even though the meta- 
centric height is positive. However, the 
possibility of gaining deeper insight was 
hampered by the very nature of the adopted 
approach, where attempting to explain purely 
non-linear phenomena by using linear theory 
was not possible. The local analysis per- 
formed allowed only for the identification of 
the existence of unstable equilibria. The 
possibility could not be foreseen, however, 
that the system would converge to a neigh- 
bouring stable state characterised by a steady 
rate of turn and heeling angle once an infini- 
tesimal disturbance was applied to it in a 
position of unstable equilibrium (see Fig. 1). 
Emphasis on identifying the positions of these 
nearby steady states and their basins of 
attraction would be far more important from a 
safety point of view than testing for 
instability at the upright zero-rate-of-turn 
position, which is a commonly occurring and 
rather harmless phenomenon for operating 
ships. 

3. THE MATHEMATICAL MODEL 

A non-linear mathematical model with four 
degrees of freedom, is considered as outlined 
below: 

surge : m(; - rv - rz + zc pr) = xH + xp + xR 
sway : m(; + ru + ; -a b) = yH + yP + yR 

yaw : I Z i +  m%(;+") = N H  + N P + N R  (1) 

mu : Ix p - m (C + ru) = KH + Kp + KR 

The hull forces and moments are calculated as 
f o7.lows : 
xH = X; i, . Y; vr - (ullul) Yi rz + X,,vr - Res(u) 

+ (u/lul) N, rrv/U + NW, wrlU 
' 

KH - ~ b ; j ,  +C(& +R(*) - - y Y n  
The roll dependence of the sway forcc and yaw 
moment was taken into account up to the first 
order by including in the right-hand side of 
the sway and yaw equations the terms: 

wherc, for examp1.e Y"I@I = yv(  4 )  - y v  ( 0 ) 
J 

with the dependence of y , ( d )  derived from (6). 

The 1-011 damping is calculated as sug- 
gested in ( 9 ) ,  while the restoring moment is 
derived from the hull sections at various 
heeling angles with a seventh order polynomial 
being fitted to the results. The effects of 
trim and sha11.o~ water on the hydrodynamic 
coefficients were taken from (10) and (11) 
respectively. 

The thrust generated by the propeller is given 
by X p = ( l - Q p n 2 D 4 K T  

The rudder forces and moments are modelled as 
suggested in (6), X, = - FN  in a 

Y R = - ( l + a H ) F N  c036 

NR = - ( l  + a ~  (x~IxR))  XR FN U)I 6 

K R = - ( I  +aH)zRFN cos8 

The rudder-to-hull interaction factor aH 
appearing in the above expressions was 
calculated as a function of the relative 
position of the rudder to the. hull, as 
explained in (12). 

4. STABILITY ANALYSIS 

After undergoing a number of transformations, 
the motion equations are brought into the 
dynamical systems form: 

where z is the vector of the state variables 
of the system 2 - (u,v,r,p,~)' and a is a 
control parameter, whose effect on the sys- 
tem's behaviour is investigated. This can be 
selected to be any of the rudder angle, 
propeller rate, trim or water depth. 

Equation (4) is used to investigate either the 
transient response of the system to changes 
taking place in its control space, or to 
analyse long-term behaviour by identifying the 
dependence of its steady states on a varying 
control parameter. The latter requires the 
tracing of sequences of points of static equi- 
librium by deriving the dependence z ( a )  
from the equation 

F ( z ( a l , a ) = o  

This is achieved automatically and quickly by 
differentiating equation ( 5 )  with respect to a 
parameter '2 accounting for the length of the 
solution curve, followed by a transformation 
into an initial values integration problem. 
The procedure is described in detail in (13). 

An important feature of the al-gorithm is that 
it contains a stability analysis routine so 
that in the vicinity of each steady state 
identified, 1-ocal linearisation is performed, 
by substituting z = z0 + b  into (4), where b  
represents the vector of deviations from zg , 
yielding 

b = C b  

wherc C  is the Jacobian matrix of F . The 



c r i t e r i o n  then  f o r  i n s t a b i l i t y  i s  t h e  e x i s -  
t e n c c  of p o s i t i v e  r e a l  p a r t s  i n  t h e  eigen-  
v a l u e s  of C . 

5. APPLICATIONS 

5.1 A Wide-Beam River  Boat 

The procedure d e s c r i b e d  above was a p p l i e d  
i n i t i a l l y  t o  a  wide-beam r i v e r  b o a t ,  s e e  Table 
2,  which had been r e p o r t e d  a s  having caps ized  
even though i t s  m e t a c e n t r i c  he igh t  was 
s i g n i f i c a n t l y  high.  The a n a l y s i s  r e s u l t s ,  
which were d e t a i l e d  i n  (14) and a r e  summarised 
i n  Table 1 ,  i n d i c a t e d  c l e a r l y  t h a t  bow t r i m  
could have caused almost  complete l o s s  of 
c o n t r o l ,  s i n c e  t h e  i n s t a b i l i t y  reg ion  would 
have grown t o  t h e  e x t e n t  of occupying most of 
t h e  c o n t r o l  space of t h e  system ( s e e  F ig .  2 ) .  

Furthermore,  because of t h e  dynamic i n s t a -  
b i l i t y  of t h e  s h i p  a t  t h e  u p r i g h t  p o s i t i o n ,  
r e l a t i v e l y  l a r g e  s teady  h e e l i n g  a n g l e s  (and 
t h e r e f o r e  even l a r g e r  t r a n s i e n t  h e e l )  could 
w e l l  occur  a t  around z e r o  rudder  s e t t i n g ,  f o r  
a  v e s s e l  whose down-flooding angle  was only 
l Z O .  Th is  means t h a t  even i n  t h e  absence of 
any c o n t r o l  a c t i o n  o r  o t h e r  " i n t e r n a l "  o r  
l l e x t e r n a l l t  e f f e c t s ,  dangerous i n c l i n a t i o n s  
cou ld  have been exper ienced ,  a s  a  r e s u l t  of 
i n s t a n t a n e o u s  o r  permanent t r i m  by t h e  bow, 
when t h e  system would be  seek ing  a  d i s t a n t l y  
l o c a t e d  e q u i l i b r i u m .  It was f u r t h e r  n o t i c e d  
t h a t  by reduc ing  t h e  m e t a c e n t r i c  h e i g h t ,  GM, 
(which meant i n c r e a s e  of t h e  r o l l  e f f e c t s  on 
t h e  h o r i z o n t a l  motions)  t h e  i n s t a b i l i t y  would 
i n c r e a s e  t o o ,  i n  terms of both t h e  loop-height  
and t h e  loop-width of t h e  s p i r a l  curves  of 
F i g .  2. 

5.2 The HERALD OF FREE ENTERPRISE 

The above f i n d i n g s  l e d  t o  t h e  c o n s i d e r a t i o n  of 
t h e  HERALD OF FREE ENTERPRISE d i s a s t e r ,  where 
bow t r i m  was a l s o  suspec ted  of having ~ l a y e d  a  
key r o l e  i n  t h e  c a p s i z i n g  phenomenon, (2)  
and (7). The r e s u l t s  of an i n v e s t i g a t i o n  
a l o n g  t h e  above l i n e s  f o r  t h i s  v e s s e l  (whose 
p a r t i c u l a r s  a r e  summarised i n  Table 3 )  a r e  
p resen ted  n e x t :  

a )  E f f e c t  of t r i m  by bow 

The c o n d i t i o n s  examined a r e :  

- even k e e l  
- O.5m t r i m  by bow (O.227O) 
- 1.Om t r i m  by bow (0.4540). 

F i g s .  3 and 4  show t h a t  'even a t  t h e  upper 
l i m i t  of "normalt1 o p e r a t i o n a l  c o n d i t i o n s ,  i f  
GM was maintained h igh  (1.64m), no s i g n i f i c a n t  
h e e l  o r  i n s t a b i l i t y  could occur  (maximum h e e l  
a n g l e  3.1S0, maximum loop-width S o ) .  For  
comparison purposes,  t h e  somewhat u n r e a l i s t i c  
c o n d i t i o n  of 2.Zm t r i m ,  which r e q u i r e s  an 
e x t r a p o l a t i o n  from t h e  v a l i d  range of t r i m -  
c o r r e c t i o n  c o e f f i c i e n t s ,  i s  inc luded  a l s o  i n  
F ig .  3. Trim by bow would n o t  s e r i o u s l y  
a f f e c t  maximum h e e l  because of t h e  e x i s t e n c e  

of near  fo re - ,  a f t - ,  symmetry, render ing  t h e  
s t a t i c a l .  s t a b i l i t y  curve p r a c t i c a l l y  
i n s e n s i t i v e  t o  t r i m .  

b) The e f f e c t  of reduced metacen t r ic  h e i g h t  

It was n o t i c e d  t h a t ,  by reducing GM down t o  
O.5m, t r a n s i e n t  h e e l i n g  could exceed 10° while  
t h e  s t a b l e  s teady  s t a t e s  corresponding t o  t h e  
"rudder  amidshipsIt c o n d i t i o n  would keep a loof  
from t h e  axes  o r i g i n  ( s e e  F igs .  5 and 6 ) .  

c )  The e f f e c t  of sha l low water  

Fig.  7 shows t h e  e f f e c t  of sha l low wate r  wi th  
o r  without  i n c l u s i o n  of t h e  s inkage  and t r i m  
known t o  occur  d u r i n g  o p e r a t i o n  i n  sha l low 
wate r .  The t r e n d  i s  towards reduced i n s t a b i -  
l i t y  a t  s m a l l e r  water-depth t o  d raught  r a t i o s .  

5.3 A Proposa l  f o r  t h e  most L ike ly  Capsize 
Scenar io  

The above r e s u l t s  do n o t  p rov ide  enough e v i -  
dence t o  e s t a b l i s h  t h a t  t r i m  by bow w i t h i n  t h e  
normal o p e r a t i o n a l  range could  r e p r e s e n t  a  
t h r e a t ,  even i f  t h e  dynamic wate r  e l e v a t i o n  
around t h e  bow was taken  i n t o  account  a s  a  bow 
t r i m - l i k e  e f f e c t .  It i s  much more l i k e l y  t h a t  
c o n s i d e r a b l e  dynamic i n s t a b i l i t y  was i n c u r r e d  
on ly  once water  began t o  coming i n  through t h e  
bow doors ,  because of  t h e  s i g n i f i c a n t  e x t r a  
t r i m  induced by t h e  incoming wate r .  

However, t o  model and s i m u l a t e  behaviour  f o r  
t h e s e  s p e c i f i c  c i rcumstances  has n o t  been 
f e a s i b l e  because of  t h e  l i m i t e d  d a t a  ava i -  
l a b l e .  Water i n g r e s s  was f a c i l i t a t e d  by t h e  
f a c t  t h a t  a t  t h e  c r i t i c a l  moment t h e  v e s s e l  
was o p e r a t i n g  i n  sha l low wate r  a t  a  r e l a t i v e l y  
high speed,  a s  t h e  h e i g h t  of t h e  bow wave was 
found t o  b e  s e n s i t i v e  t o  t h e  two a f o r e -  
mentioned f a c t o r s ,  (2 ) .  Once water  s t a r t e d  
accumulat ing i n s i d e  t h e  deck t h e  s h i p  would 
exper ience  a  marked growth of i n s t a b i l i t y  
which would cause i t  t o  i n i t i a t e  a  t u r n  wi th  
h e r  rudders  p r a c t i c a l l y  unable  t o  r e s t o r e  
c o n t r o l  over  t h e  developing s i t u a t i o n .  A t u r n  
t o  s t a r b o a r d  would induce a  s m a l l  h e e l  t o  p o r t  
( t h e  o u t e r  s i d e  of  t h e  t u r n i n g  c i r c l e )  which 
could be enough t o  p rov ide  t h e  i n i t i a l  h e e l  
necessary  t o  a l l o w  t h e  wate r  i n s i d e  t h e  deck 
t o  s t a r t  c o n c e n t r a t i n g  on one s i d e  of t h e  
s h i p .  This  would i n e v i t a b l y  c r e a t e  a  v i c i o u s  
c i r c l e  wi th  t h e  a d d i t i o n a l  wate r  caus ing  e x t r a  
h e e l ,  which would a f f e c t  motion on t h e  
horizontal .  p lane  by induc ing  a  t i g h t e r  t u r n ,  
l e a d i n g  t o  g r e a t e r  h e e l .  

A s i m p l i s t i c  model of p r o g r e s s i v e  f l o o d i n g  was 
adopted f o r  i l l u s t r a t i o n  purposes and t h e  
s imula t ion  r e s u l t s  a r e  p resen ted  i n  F ig .  8 ,  
p rov id ing  some proof f o r  t h e  c la im made here .  
This  i n t e r e s t i n g  phenomenon of t h e  i n t e r p l a y  
between r o l l  and p l a n a r  motions a c c e l e r a t i n g  
t h e  c a p s i z i n g ,  i s  c u r r e n t l y  under i n v e s t i -  
g a t i o n  and,  g iven  t ime  and r e s o u r c e s ,  r e s u l t s  
w i l l  be a v a i l a b l e  soon f o r  publ . icat ion.  

The e f f e c t  of t r a n s i e n t  f l ~ o o d i n g  i n  t h e  sink- 
p l i f i e d  c a s e  of no forward speed ,  and i g n o r i n c  



of t h e  above mechanism, i s  shown i n  F ig .  9 ,  
(15). The graph i s  t h e  r e s u l t  of time- 
s imu la t i on  based on a  sway-heave-roll 
mathematical model and i t  i s  poss ib le  t o  s ee  
t h a t  f o r  KG = 11.0m, i t  would t a k e  j u s t  over  
two minutes f o r  t h e  s h i p  t o  c aps i ze  (wi th  a 
s teady  water i n g r e s s  of 4m3/sec and a  0.450 
trim by t h e  bow. ) 

6. CONCLUDING REMARKS 

Based on t h e  r e s u l t s  of t h e  fo r ego ing  i .nvest i -  
g a t i ~ n s ,  t h e  fo l lowing  remarks can be made: 

a )  A new approach has been proposed f o r  
s tudying  t h e  i n t e r p l a y  between d i r e c t i o n a l  
and t r an sve r se  s t a b i l i t i e s  which can be 
extended t o  i nc lude  t h e  e f f e c t  of waves. 
The au tho r s  be l i eve  t h i s  w i l l  provide a  
means f o r  e f f e c t i v e l y  address ing  t h e  
problem of  broaching-to. 

b )  Espec i a l l y  i n  v e s s e l s  ope ra t i ng  a t  high 
lcngth /draught  r a t i o s ,  bow t r i m  can gene- 
r a t e  almost complete l o s s  of c o n t r o l ,  
c o r r e c t i v e  a c t i o n  f o r  which could l e ad  t o  
exce s s ive  hee l i ng .  For v e s s e l s  ope ra t i ng  
a t  r e l a t i v e l y  low length /draught  r a t i o s ,  
( e  .g. , t h e  HERALD OF FREE ENTERPRISE), t h e  
i n f l uence  of bow t r i m  on c o n t r o l l a b i l i t y  
is much reduced. 

c )  The o p e r a t i o n a l  bow t r i m  a lone  was n o t  t h e  
key t o  t h e  caps i ze  of t h e  HERALD OF FREE 
ENTERPRISE; i . e . ,  i f  t h e  bow doors had 
been c losed  t h e  v e s s e l  would no t  have cap- 
s i z e d .  I ng re s s  of water  through t h e  bow 
doors  r e s u l t e d  i n  i nc r ea sed  t r i m  and l e d  
t o  t h e  l o s s  of c o n t r o l ,  caus ing  t h e  v e s s e l  
t o  t u r n  and hence gave r i s e  t o  an i n i t i a l  
h e e l .  This  h e e l  aggravated t h e  r a t e  of 
t u r n  and v i c e  ve r s a  u n t i l  t h e  v e s s e l  
c aps i zed .  

NOMENCLATURE 

m : s h i p  mass 

U ,  V : s u r g e ,  sway, v e l o c i t i e s  

r e sp .  

r, P : yaw, r o l l ,  a n g u l a r  

v e l o c i t i e s  r e sp .  

X G ,  Y G s  : Co-ordinates  o f  c e n t r e  of  

g r a v i t y  

XH,  YH. NHS KH : s u r g e ,  sway, yaw r o l l  

h u l l  f o r c e s  and moments, 

r e s p .  

X~ : longi ' tud ina l  p r o p e l l e r  
f o r c e  

X R ,  YR,  NR,  Kg : s u r g e ,  sway, yaw, r o l l  

r udde r  f o r c e s  and 

moments, r e sp .  

Res (U)  : r e s i s t a n c e  

= X *  I z  : moments of i n e r t i a  wi th  

r e s p e c t  t o  X and z  a x i s  

r e sp .  

C (G) : h u l l  damping mompnt 

R(@) : r e s t o r i n g  moment 

U : s h i p  speed 

z Y : Z co-ord ina te  of t h e  

p o i n t  of a c t i o n  of t h e  

l a t e r a l  f o r c e ,  YH 

JP : p r o p e l l e r  advance 

K~ : t h r u s t  c o e f f i c i e n t  
t : t h r u s t  deduc t ion  

P : wate r  d e n s i t y  

n  : p r o p e l l e r  r a t e  

r o t a t i o n  

D : p r o p e l l e r  d iameter  

XR : rudder  p o s i t i o n  

aH : hull- to-rudder  

i n t e r a c t i o n  f a c t o r  

F N : rudder  normal f o r c e  

6 rudder  angle  

cp h e e l i n g  ang l e  
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TABLE 1: PARAMETRIC INVESTIGATION OF THE WIDE-BEAM RIVER BOAT 

i EFFECT OF TRIM i EFFECT OF GM i EFFECT OF FORWARD SPEED 
BY THE BOW I (Loading dependent) I 

i 
! I 

GM = z.om i Trim = 0.4m i Trim = 1.om I 
Vs = 10.0Kn I Vs = 10.0 Kn 1 GM = 2.0m 1 

l l l 
1 1 - 1  l 

( Loop l~ransientl / Loop l~ransient l 1 LOOP 1 I Transient 1 
Trim I~alfwidthl Heel I CM l~alfwidthl Heel I Speed [Halfwidth( Speed 1 Heel 1 

I l I l I I l l l l 
I l I- l I I I l I l 

O.Om ( 1.20 1 3.0° 1 2.0m 1 7.0° 1 5.1° 1 4.0kn 1 19.0° 1 6.0kn / 2.1" 1 
I l I l I l l l l l 

0.4m 1 7.0° 1 3.8O (1.0m1 8.00 1 7.20 1 9.0kn 1 18.20 110.0kn 1 3.1° 1 
I l l I I I l l I l 

1.0m 1 17.0° 1 4.5O 1 0.5m ( 10.OO 1 20.00 ( 10.3kn 1 17.0° 1 12.2kn 1 5.0° 1 
I I 1- l I l l l l I 

TABLE 3: HERALD OF FREE ENTERPRISE 
TABLE 2: WIDE BEAM RIVER BOAT MAIN DIMENSIONS MAIN DIMENSIONS 

I l 
1 Length L(m) = 37-45 1 
l l I Beam B(m) = 7.93 1 
I l 
I Draught ~ ( m )  = 1.52 1 
l 
I Block Coefficient 

I. 
Cb = 0.632 1 

l I 
( Service Speed 's(kn) = 10 1 
I 

= 120 
I 

I Downflooding Angle I 
l I 

l I 
( Length L(m) = 126.1 
I 

l 
l 

I 

1 Beam B(m) = 22.7 I 
i I 
1 Draught T(m) = 5.7 I 
I I 
1 Block Coefficient C, = 0.525 1 
I 1 
( Main Rudder Area i 
I Length-Beam AR/(LT) = 0.023s 1 
I I 
( Simulation Spccd 1 6 K ~ j o t ! .  I 
l I 
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Fig. 8: Incrcasing turnine and heel-ing 
1.cading to capsizc 

Pig. 9: Progressive flooding of HERALD 
water ingrcss rate: 4mJ/s 

(KG = 11.0111 corresponding 
to GM = 0.92m) 


