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Abstract

The wave resistance of multiple pressure distributions (cushions) is examined.  The analytical formulation is based on a linear theory
involving the notion of interference resistance as developed in Yeung et al. (2004).  Research work previously carried out by Yeung
and Wan (2008) and Yeung et al. (2008) is further developed to obtain the equations of wave resistance.  Wave resistance of various
configurations of dual cushions and tri-cushions are analyzed using the computational code developed at the Computational
Marine Mechanics Lab (CMML) at the University of California at Berkeley.  The results of the analysis show that there is a
significant reduction in the wave resistance of the multiple pressure cushion craft compared to a single-cushion craft of identical
displacement.  With the aid of the expression for interference resistance between two cushions developed here, the wave resistance
of a dual-SES ship is analyzed and presented.
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1 Introduction

Faster speed, yet lower power consumption, has often been the design objective of high-performance marine vehicles such as
hovercrafts, Surface-Effect Ships (SES), among others.  Lower power consumption also means less carbon-dioxide emission, an
issue of great environmental concern.  The concept of a multi-hull system offers favorable possibility of powering reduction in
steady motion.  Configuration arrangement of component hulls is therefore an important design issue to address, especially at the
early stages of design.

The problems of steady forward-motion of multi-hulls and SES (thin hulls with a pressure cushion) were analyzed in Yeung et al.
(2004), and Yeung and Wan (2008), respectively.  Therein, linearized theory was used to obtain the interference wave resistance,
which can be either positive or negative, increasing or reducing the powering for a given speed.  Results for a single pressure cushion
are quite well known (see, e.g., Havelock (1932), Wehausen and Laitone (1960), Newman and Poole (1962) and Doctors and
Sharma (1972)).  The possibilit y of shaping the pressure function within a cushion was considered in the interesting work of Tuck
et al. (2002).  However, the effects of combining multiple numbers of cushions and SES's have yet to be thoroughly explored.  There
have been reports (Burg, 1992) on the use of multi-cushions to successfully improve the rides and maneuverability of SES and other
cushioned crafts.  Also, SES EU AS (2008) has developed a dual-SES ship with twin cushions. Hence, developing an efficient
methodology to assess the powering performance of multi-cushions is desirable.  This paper addresses the multi-body interaction
issue in the same vein as Yeung et al. (2004) and Yeung and Wan (2008), with the aim of obtaining the necessary interference
expressions for rapid evaluation of the behavior of a pressure collection.
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2 Wave resistance of multi-cushions

2.1 Wave resistance formulation of a
mono-cushion

Within the framework of  linear theory, the generalized
steady wave-resistance problem in deep water can be
summarized as finding a velocity potential, ,
that satisfies Laplace's equation, but is subject to the combined
free-surface boundary condition (Havelock, 1932):

                                    (1)

where  and U is the forward speed in direction x
(Fig. 1) and r is the water density.  Here, P(x,y) is the applied
(cushion) pressure, which vanishes everywhere except in the
planform regions SP. In Fig. 1, the planform area of the
cushion is  and . Conditions of decaying
disturbances as  and the absence of upstream waves
( ) are also to be observed.  We also note that from the
dynamic free-surface boundary conditions, the linearized fluid
pressure p(x,y,z) and the longitudinal free-surface slope z x can
be derived and are given as:

                                       (2)

                                             (3)

The velocity potential  can be given in terms of
derivative of the Green function, G, as

                            (4)

after performing an integration by part in x. The Green
function, G, is given by Havelock (1932):

         

(5)

where GL and GW denote the terms that are symmetric (the

first three) and anti-symmetric with respect to ,

respectively.  In the above expression, 

and  .

The wave resistance induced by a moving cushion is given by
the integral of product of the pressure, P, and the free-surface

slope, , (Eq. (3)) and can be simplified to (with the change

of variable ):

                                                          (6)

                                              (7)

where , the complex wave-making amplitude (or the
Kochin) function, is given by:

                              (8)

In arriving at Eq. (6), we note that there was no contribution
from GL .  Further, from Eqs. (6), (7), and (8), we observe that

 depends quadratically on P, i.e., a reduction of 50% in P
will lead to a saving of 75% in the wave resistance.  So, smaller
P is favored in terms of reducing wave resistance. However
this reduction will lead to an increase in the planform area of
the cushion for a fixed displacement.

Fig. 1 Pressure function P(x,y) of a cushion (a=5, b=20) in
unitized variables: .

A popular pressure cushion profile of peak Pm value that is
infinitely differentiable in the horizontal plane was
proposed by Doctors and Sharma (1972) (shown in Fig. 1)
and is given as:

                        (9)

This hyperbolic tangent form with the tapering parameters a
and b, in the longitudinal and transverse directions respectively,
leads to a closed form expression for  (see Yeung and
Wan, 2008). Also, note that it is convenient to express Pm in
terms of hydrostatic head,  (m), where r is the density
of sea water and g is the acceleration due to gravity.
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2.2 Interference resistance of dual
cushions with separation and
stagger

Fig. 2 Coordinate systems:  shown for  two pressure
cushions wi th separat ion and stagger.

In the case of two pressure cushions with separation and stagger,
as defined in Fig. 2, the total wave resistance  on the two
pressure cushions is not only the sum of the resistance due to
pressure  (i.e., ) and pressure  individually,

but also of an interference term , which cannot be
ignored.  This term accounts for the effect of pressure 1 on
pressure 2 ( ) as well as the effect of pressure 2 on pressure
1 ( ), or effectively, the superposition of the wave-
interference effects of each of the surface distribution in the
field. Following Yeung et al. (2004), we can establish:

                                          (10)

where  and  are each given by Havelock's equations
(1932), or Eqs. (6), (7), and (8) here. To compute the
interference resistance, consider the two local frames of
reference,  and  in Fig. 2. Using Eqs. (3),
(4), we can write the expression of the interference resistances

 (pressure 2 acting on the wave slope at cushion 2
generated by cushion 1) and  (pressure 1 acting on the
wave slope at cushion 1 generated by cushion 2), in a manner
similar to Eq. (6), as:

           (11)

              (12)

Then combining Eqs. (11) and (12), and making use of
  and (Fig. 2), we can show that

the summed interference resistance on the two pressure cushions
can be written as:

           (13)

Of interest is that only  survives in this summation. On
substituting the expression for , Eq. (13),  is
written as:

       (14)

Equation (14) is stil l unwieldy.  However, if both cushions are
symmetric about their own x-axes, i.e. port and starboard
symmetry, the result simplifies greatly in a manner similar to
the hull-to-hull interference problem of Yeung et al (2004).
Under this assumption, AP in Eq. (8) can be written as:

        (15)

and the interference resistance is given by:

                 (16)

Here,  and  denote real and imaginary parts, respectively and
 is the complex conjugate of the Kochin function.  Similarly,

if the pressure cushions are symmetric about their y-axes, i.e.
fore-aft symmetry, then Eq. (8) can be written as:

                    (17)

and the interference resistance is given by,

                                (18)
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The pressure distribution used here is given by Eq. (9) on a
rectangular planform (Fig. 1) has both port-starboard and fore-
aft symmetry.  Thus, in this case, the Kochin function is purely
real and is given as:

                              (19)

and the interference resistance simplifies to:

                           (20)

Equations (16), (18), and (20) show explicitly how the stagger
and separation between the pressure cushions can influence
the total wave resistance.  These new expressions can be
computed concurrently with the mono-cushion resistances,

 given by Eq. (6).

2.3 Arbitrary number of pressure
cushions

The expression for the interference resistance between two
cushions can be used to analyze a family of multiple pressure
cushions.  Suppose there are n cushions, labeled 1 to n, then
the total wave resistance of the system is given by:

                                                 (21)

In particular for the tri-cushion case (Fig. 3), the total wave
resistance of the tri-cushion is given by:

                                           (22)

Fig. 3 Configuration of a tri-cushion craft.

2.4 Wave resistance of a dual-SES

Fig. 4 Configuration of a dual-SES system.

The wave resistance of a SES was given by Yeung and Wan
(2008) as a sum of the wave resistance of the two demi-hulls
which contain the cushion, the wave resistance of the cushion,
the interference resistance of the demi-hulls and the
interaction wave resistance of the cushion and the demi-hulls.
Now, with the availabilit y of cushion-to-cushion interference
expression, we can compute the wave resistance of a dual-SES
seen in Fig. 4. The expression for the wave resistance of a dual-
SES can be written as:

                     (23)

The wave resistance of the SES's and the cross hull-to-cushion
interference resistance ( , and

) can be computed as in Yeung and Wan (2008).  The
hull-to-hull interaction between the hulls in the SES's
( , and ) can be computed
using the expression given in Yeung et al. (2004).  Finally, the
cushion-to-cushion interference resistance  is computed
using Eq. (20).

The equation for the hull-to-cushion wave resistance, required
to compute the resistance of the dual-SES, developed in Yeung
and Wan (2008) (Eqs. (24) and (25)) appears very complex.
However, it can be simplified by using the Kochin function
developed for a cushion with port-starboard symmetry (Eq.
(15)).  The interference resistance equation between the hull
and the cushion can be written as:

                   (24)

Effects of Configuration on Wave Resistance of Multiple Pressure Distributions
Ronald WRonald WRonald WRonald WRonald W. Y. Y. Y. Y. Yeung, Hui Weung, Hui Weung, Hui Weung, Hui Weung, Hui Wan, Suran, Suran, Suran, Suran, Surya Pya Pya Pya Pya P. Banumur. Banumur. Banumur. Banumur. Banumurthythythythythy, W, W, W, W, Wan L. Ham and Jae-Moon Lewan L. Ham and Jae-Moon Lewan L. Ham and Jae-Moon Lewan L. Ham and Jae-Moon Lewan L. Ham and Jae-Moon Lew



57 Marine Systems & Ocean Technology                                      Vol. 4 No. 2 pp. 53-62 December 2008/June 2009

where,  is the Kochin function of the hull (see Yeung et al.
(2004) or Eq. (7) of Yeung and Wan (2008)) and sp and st are
the separation and stagger between the cushion and the hull.

3 Results and discussion

3.1 Dual-cushion systems

First, a dual cushion configuration of pressure cushions (Fig.
2) is studied as a function of varying speed, separation, and
stagger.  For  , we compare the performance of
the dual cushions, each of peak pressure  , against a mono-
cushion of the same displacement and planform.  The mono-
cushion resistance  (shown in Fig. 12), therefore, has a
pressure of  , applied over the same "footprint" as the
individual cushion in the dual-cushion system.  We note that
the wave resistance of each of the demi-cushions is 25 % of
the mono-cushion resistance, since the wave resistance varies
quadratically with the nominal pressure in the cushions. Thus,
the effect of speed, sp, and st on the interference wave
resistance is directly related to the total resistance curves since
the non-dimensional total resistance ( ) of the dual-
cushion system would be the interference resistance
( ) plus 0.5.

Fig. 5  vs.  and  for dual cushions in parallel
( s t=0 ) .

Figure 5 shows the total wave resistance relative to  for
dual cushions in a parallel configuration. Significant
interference drag occurs when  is about unity and

  is below the first resistance hollow of the mono-
cushion (Fig. 12). Note that for large  or sp, the dual-
cushion resistance approaches the expected value of 50%
of that of the mono-cushion. Also, the wave resistance
ratio,  , never exceeds 1, i.e., the wave resistance of
the dual cushion in parallel configuration is always smaller
than that of the mono-cushion.

Fig. 6  vs.  and  for dual cushions in tandem (sp=0).

The corresponding results of having the dual cushions in
tandem with st being varied are shown in Figs. 6 and 7.  In Fig.
7,  is the maximum (transverse) wavelength of the Kelvin
wave system.  The oscillatory patterns in the interference
resistance (Fig. 6) are more complex in the tandem
configuration.  At lower , the transverse waves generated by
the cushions interact and leads to a series of "humps and
hollows".  This is clearly seen in Fig. 7 where the humps and
hollows are systematically one-unit value of   apart.  Note
that in Fig. 7, st is bounded by  and , with  in this study
selected to be 11. The equation of bounding contour for st is
given by:  . Besides that, a valley of low
total drag occurs for a combination of  and . This
valley extends to larger values of . Also, the oscillatory
patterns disappear at high speeds except at small st, since the
cushions generate primarily divergent waves at high  (Fig. 6).

Fig. 7  vs.  and  for dual cushions in tandem (sp=0).

Next, the effects of varying both stagger and separation are
shown in Figs. 8 and 9 for  = 0.4, which is a point of minimum-
resistance ratio in Fig. 5, and for a higher Froude number,

=1. These plots parallel the so-called Weinblum
configurations of di-hulls.  The behavior at the two speeds is
drastically different, but  of 20% is achievable for a
wide range of sp - st combinations.  At lower speed,  
displays more oscillations which can be attributed to the
interaction of the transverse waves.  Also, at sp = 0 and st = 0,
the demi-cushions overlap and is equivalent to the mono-
cushion.  Hence, the wave resistance ratio goes to 1.
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Figures 10 and 11 illustrates a possible dual cushion
configuration with minimum resistance at the two Fn’s.
The dark line in Figs. 10 and 11 marks the position of
cushion 2 with respect to cushion 1 at the origin for a
configuration with  . Note that if  and

, the demi-cushions overlap and hence the
configurations are of no practical significance.  Similar fi-
gures can be generated for a given speed and used to position
two hovercrafts traveling together in a manner where the
fleet experiences minimum wave resistance.  This
configuration arrangement does not line up with the Kelvin-
Wave cusp lines of 19.48° emanating from the lead cushion's
fore and aft corners.

In the above study, it is seen that the wave resistance of a
dual cushion system never exceeds that of the mono-cushion
in any of the cases.  Thus, the interference effects of the
demi-cushions in the dual cushion system often results in
configurations with a significant reduction in wave
resistance compared to mono-cushion of equal
displacement.

Fig. 8  vs.  and  for a dual cushion at Fn=0.4.

Fig. 9  vs.  and  for a dual cushion at Fn=1.0.

3.2 Tri-cushion crafts

The tri-cushion configuration used in this section is described
in Fig. 3.  The equation to compute the wave resistance is
given by Eq. (22) and the principal particulars of the individu-
al cushions in the tri-cushion system and a mono-cushion,
having equal displacement as the tri-cushion system, are
presented in Table 1.

Table 1 Particulars of the individual cushions in a tri-cushion
system and a comparative mono-cushion (a =5, b =20).

Fig. 10 Contour plot  vs.  and  for a dual
cushion at =0.4. The dotted lines represent the
Kelvin-wave cusp lines generated at the starboard bow
and stern corners of the fore-cushion.

Fig. 11 Contour plot  vs.   and  for a dual
cushion at =1.0. The dotted lines represent the
Kelvin-wave cusp lines generated at the starboard bow
and stern corners of the fore-cushion.

The tri-cushion system as shown in Fig. 3 has certain restrictions
imposed on the configuration.  The outrigger cushions (cushion
2 and 3) are always parallel, i.e., st between cushion 2 and 3 = 0.
The main cushion (cushion 1) can have a stagger relative to
the outriggers but always lies exactly between them, i.e.,
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separation between the outriggers is sp and separation between
either of the outriggers and the main cushion is sp/2.

Fig. 12 Comparison of wave resistance of a mono-cushion,
two configurations of dual cushions and a tri-cushion.

A preliminary study is carried out to compare the wave resistances
of a tri-cushion configuration, mono-cushion (both described
in Table 1) and two dual-cushion configurations, all of them
having the same displacement. The tri-cushion is configured to
have   and    and the two dual-cushions
are configured to have  and st=0 (catamaran-like)
and   and  (staggered catamaran-like).
The results of the study (Fig. 12) show that the tri-cushion offers
the greatest savings in terms of wave resistance compared to the
other configurations.  This study is followed by a detailed analysis
on the effects of speed, sp and st on the wave resistance of the
tri-cushion and is compared to that of the mono-cushion,  
(Fig. 12).   We note that the wave resistance of the mono-
cushion is 9 times that of the individual cushions in tri-cushion.
Thus, the total wave resistance ratio can be written as:

where .  Thus, the interference effects
can be deduced directly from the total-resistance plots since
the non-dimensional total resistance ( ) would be the
interference resistance plus 1/3.

Fig. 13  vs.  and  for a tri-cushion configuration
with =1.5.

First, the effects of varying separation and speed, for a fixed
st ( ), on the wave resistance of a tri-cushion are
analyzed and the results are presented in Fig. 13.  Figure 13
shows a large valley of low resistance ( ) at

 for the entire range of sp.  At low speeds the
oscillatory pattern in the wave resistance is attributed to the
interaction of the transverse waves generated by the main
cushion and the outriggers.  Note that unlike the case of dual
cushions, the oscillations do not disappear at large values of
st.  At higher speeds, the oscillatory pattern disappears but
the interference effects are stil l observed for

, since  is around 0.5 and does not
go to 0.33.

Fig. 14 Contour plot of  vs.  and  for a tri-cushion
with =2.5.

Next, the results for the case of varying speed and stagger
with sp fixed  at  are presented in Fig. 14.  The
oscillatory pattern displayed in this study is similar to the
case of a dual cushion system in tandem.  The smaller 
region shows a regular series of humps and hollows, which
disappear with increasing speed.  Significant reduction in
the wave resistance is observed for a large range of st at
different  and the total resistance of the tri-cushion system
reaches a maximum of 62% of the mono-cushion resistance!
Also, note that the large valley in the resistance starts at

 = 0.5, which suggests that the outriggers travel in the
wake of the main cushion and the interference of the wave
systems of the cushions leads to a drastic reduction in the
total resistance.

Fig. 15  vs.  and  for a tri-cushion at  = 0.377.
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Fig. 16   vs.  and  for a tri-cushion at  = 1.0.

The effects of varying sp and st at  = 0.377, which is the
location of a hollow in the wave resistance (see Fig. 12) and at
a higher  = 1.0 are presented in Figs. 15 and 16.  The lower
bound of sp and st is set to 1, to avoid overlap of the cushions.
At lower speeds the wave resistance displays a regular oscillatory
pattern which corresponds to the interference of transverse
waves.  Note that   is less than 0.5 for the entire range
of sp and st and hence even the worst configuration of the tri-
cushion, in terms of wave resistance at   = 0.377, has a
resistance of 50% of that of the mono-cushion.  For the case
of   = 1.0, a large valley ( ) is seen for the entire
range of sp and st varying between   and  (Fig. 16).
Note that at   = 1, there is a small range of sp and st values
where  is as small as !

Fig. 17 Contour plot of  vs.  and  for a tri-cushion
at   = 1.0.

The effects of varying the stagger as well as the fractional
displacement carried by the center cushion in the tri-cushion
system on the total resistance are presented in Fig. 17.  Here,

 is defined as the ratio of the displacement carried by the
main cushion to the total displacement of the tri-cushion
craft, i.e., .  Thus, when  = 1.0, the tri-cushion
craft is actually a mono-cushion craft and  is 1 while
when  = 0, the tri-cushion craft becomes a dual-cushion (the
outriggers carry all the displacement).  Note that   is varied by
changing  in each of the three cushions such that the total
displacement remains constant.  Figure 17 shows a minimum
value of   occurs around the region of   = 0.33, i.e., the

main cushion and the each of the outriggers carry equal
displacement. This justifies the initial choice of taking  to
be equal in the three cushions, for this  . We also note that
the total resistance ratio shows an oscillatory pattern for a
given  as the stagger changes.

3.3 A dual-SES system

Yeung and Wan (2008) studied the effects of varying the
fractional displacement carried by the cushion of a SES on
the wave resistance of the SES.  Here, with the aid of Eq.(23),
the effects of varying the separation and stagger of the
component SES's on the wave resistance of a dual-SES craft
(see Fig. 4) is analyzed.  The wave resistance of the dual-SES
is compared with that of a single SES and a catamaran of
equal displacement.  Each component of the SES (a “demi-
SES”) consists of Wigley hulls of length 50 m, beam 2 m and
draft 2.25 m and the cushion has a length of 40 m, breadth
10.5 m and a nominal pressure head () of 0.7810 m.  The
cushion is assumed to carry 60% of the total displacement of
1000 m3 of the dual-SES.

Fig. 18 Total Resistance, , vs.  and speed, U, for a
dual-SES with st = 0 compared to wave resistance of a
SES and a catamaran of equal displacement.

First, the effect of varying speed and separation on the total
resistance of the dual-SES is analyzed and the results are
presented in Fig. 18.  The separation, sp, is defined as the
centerline-to-centerline distance between the demi-SES and
stagger, st, is midship-to-midship distance between them.
Separation, sp, is allowed to vary between W and W+5B, where
W is total width of the SES (= 14.5 m) and B is beam of the
component hulls in the demi-SES. Figure 18 shows an expected
decrease in the wave resistance of the dual-SES as they move
apart.  Also, note that a significant reduction in the wave
resistance of the dual-SES when compared to a catamaran is
observed at very high speeds.  At the hump speed, the dual-SES
displays a reduction in the wave resistance when compared to
a SES of the same displacement.

The results of varying the stagger and speed on the wave
resistance of the dual-SES in tandem is shown in Fig. 19, in
which we observe that there is a pocket in the range of

 having a significant drop in the wave resistance
(nearly half when compared to configurations with ).
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However, the resistance at the hump speed for almost the
entire range of st is of the same order as the resistance of the
single SES.

Fig. 19  vs. st/L and U for a dual-SES with sp = 0.

Fig. 20 Total Resistance,  , vs. (sp - W)/B and st/L for a dual-SES
at U = 12.28 m/s.

Next, the wave resistance of the dual-SES is computed at
speed U = 12.28 m/s (hump speed for parallel configuration
of the dual-SES) for varying values of sp and st.  The results in
Fig. 20 show the existence of a range of sp and st values where
the wave resistance is smaller than the single SES at the hump
speed, which is around 600 kN.

4 Conclusions

The mathematical formulation of the wave resistance for a
multiple number of pressure cushions, taking into account
the interference resistance among the cushions, is developed
in this work. The expression for the interference resistance is
presented in terms of the Kochin function. The expression
for the interference resistance between a hull and a cushion,
first presented by Yeung and Wan (2008), was simplified with
the pressure cushions having port-starboard symmetry.

The effect of configuration of a dual cushion system and a tri-
cushion system was studied and the results were compared to
a mono-cushion of equal displacement.  Both systems showed

significant reduction in wave resistance compared to a mono-
cushion.  The interference effects were presented as functions
of speed, the separation (sp) and the stagger (st) between the
cushions.  In the tri-cushion case studied, it was shown that
for a range sp and st, the wave resistance of the tri-cushion can
be as low as 10 % as that of the mono-cushion.

The framework for computing the wave resistance of a dual-
SES was developed.  The wave resistance of the dual-SES was
found to be significantly less than a catamaran of same
displacement and was also found to be less than the wave
resistance of a single SES at the hump speed for parallel and
tandem configurations.

It is important to note that the final optimal spacing of multi-
cushions and SES's in terms of minimum wave resistance is
not necessarily the best design solution considering the possible
importance of other requirements on the vessel, such as stabilit y,
maneuverabilit y, etc.  The tools developed are meant to provide
the designer a fast and efficient method to evaluate possible
configurations in the early design stages.  More refined
predictions taking into account of viscous effects and
nonlinearities, similar to Ciortan et al. (2007), can be utilized
in the detailed evaluation stage.
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Abstract

Semi-submersible platforms are composed basically of pontoons and columns. Wave forces and motions can be expressed on the
basis of first principles for such transparent structures. Numerical results through this method, which follows Morison´s approach,
are here compared, with reasonable agreement, to experimental results in a flume. This model exhibits design trends in accordance
with methods based on a more robust hydrodynamic estimation, namely diffraction panel methods. The first principles model is
understood to be a valuable tool in the early stages of design. The approach here employed demonstrates improvement of heave
response through differentiation between the lower and upper parts of columns.

Keywords

Semisubmersibles; first principles; design

Nomenclature

A: Wave amplitude

A wl : Waterline area

bc: Half transversal distance between the centers of columns

bp: Half transversal distance between the centers of pontoons

c: Wave celerity

cad,y,p: Sectional heave added mass coefficient of pontoons

Cad,y,p: Heave added mass coefficient of columns

d: Half distance between accelerometers

dc: Diameter of the upper part of columns

dp: Diameter of the pontoons, equal to the diameter of the lower part of columns
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f: Wave excitation frequency

j : Angle of roll

g: Gravity

H: Draft

hc: Total height of the columns

h1: Height of the lower part of the columns, from the center
of the pontoon to the base of the upper part of the
column

hu: Height of the upper part of the columns, from  the top of
the lower part to the undisturbed free surface

k: Wave number

l  : Subscript referring to the lower part of columns

m: Mass of the platform

mad,y: Heave added mass

l : Wave length

: Displacement volume of each column

: Displacement volume of each pontoon

w: Wave excitation circular frequency

w1: First annulling frequency (forces acting on pontoons
cancel those acting on columns)

w2: Second annulling frequency (half wave length equals the
transversal distance between pontoons and columns,
the vertical force vanishing for beam seas)

wn: Natural circular frequency

T: Wave period

oxyz: System fixed with respect to earth; axis oy is vertical,
pointing upwards with origin on the undisturbed free
surface

OXYZ: System fixed with respect to the body, coincident
with oxyz for static equilibrium condition; axis
OX is longitudinal and OZ transversal; plane OXY
is the vertical-longitudinal plane of symmetry;
plane OYZ is the vertical-transversal plane of
symmetry

u: Subscript referring to the upper part of the columns

c: Wave propagation direction; coincident with z for beam
waves

yO: Heave with respect to oxyz

1 Introduction

At least three classes of problems have been addressed
concerning hydrostatics and hydrodynamics of semi-
submersibles: a) stationkeeping, either by mooring lines
or by dynamic positioning systems; b) stability under both
intact and damaged conditions; c) seakeeping, either
regarding survivability under extreme waves or operability
under typical waves.

The present paper refers to the seakeeping problem,
specifically regarding the conception stage of the design,
which needs insight for the definition of parameters to
satisfy the intended operational behavior.

One of the pioneering works in this area is the proposal of
(Morison et al, 1950). It employs a semi-empirical formula
to estimate the force on a vertical fixed pile. The formula
has two terms, one taking into account inertial effects
and the other viscous drag effects. In a method known as
hydrodynamics synthesis, (Hooft , 1971) consistently
applied this formula to a semisubmersible geometry free
to oscillate under waves, comprised of elongated elements,
compact three-dimensional elements and plane areas.

(Babu and Raja, 1987) applied the hydrodynamic synthesis
method to estimate heave, surge and sway motions of a
semisubmersible, with numerical results comparing
favorably to experimental data. The authors conducted
an influence study of the variation of some design
parameters on seakeeping behavior. The parameters
considered were: draft, ratio between columns and total
displacements, number of columns per pontoon,
longitudinal distance between fore and aft columns, and
transversal distance between pontoons. (Clauss et al, 1992)
made a generalization of Morison´s approach as a vector
equation for members of arbitrary orientation. (Söylemez
and Atlar, 2000) presented a comparison between
Morison's equation and a 2D panel method applied to a
semi-submersible. The panel method is based on the Frank
close-fit technique (Frank, 1967). The authors commented
that Morison's approach includes the effect of viscous
forces and the effect of surge exciting force, not considered
by the panel method. On the other hand, the 2-D panel
method takes into account the column-hull interaction
effect and potential damping, which is not considered by
Morison's approach. (Sweetman et al, 2002) considered
the dynamic air-gap between an effective wave surface
and the bottom of a semi-submersible deck. The authors
assessed the numerical impact of modeling second-order
diffraction effects by comparing the statistical behavior
of the free surface estimated by numerical methods with
experimental results. Diffraction results were predicted
by an industry-standard state-of-the-art computer
program which applied the second-order panel diffraction
theory. (Bir k and Clauss, 2001, 2002) considered the
parametric optimization design of semi-submersible hulls
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described mathematically on the basis of NURBS (Non
Uniform Rational B-Spline Surface). The approach
involved: a) form generation; b) estimation of RAOs
(response amplitude operators) for exciting forces and
motions by a panel method, and associated seakeeping merit;
c) modeling of operating conditions by irregular seas; d)
optimization of the downtime related to excessive heave.

(Clauss et al, 2002) argued that heave, pitch, roll, and air-
gap are relevant parameters to be considered for
semisubmersibles under centenary seas, but suggested the
implementation of an "accidental limit state" relative to
the so called rogue waves, which were observed to
effectively occur. The authors applied a numerical panel
method to this latter problem, using a potential flow time
domain approach, in comparison with a frequency domain
approach, and also with experimental results. (Nakada
and Suzuki, 2004) considered a semi-submersible geometry
for a floating airport, formulating an optimization
problem with the objective function based on risk and
considering structural weight, strength and aspects related
to functionality such as motions and elastic response. The
authors adopted for analysis a simplified model, based on
the motion equations for a rectangular plate. (Chakrabarti
et al, 2007) analyzed a truss pontoon semi-submersible
(TPS) with respect to heave and pitch motions, comparing
results obtained through the linear diffraction theory and
through the simplified Morison equation.

In the present work, a specific stage of application was
considered, namely the conception phase of the design
processes. Therefore, a simplified approach was adopted,
enabling insight regarding the seakeeping behavior with
respect to geometry. Numerical results obtained through
this method were compared, with reasonable agreement,
to experimental results obtained for regular waves in a
flume. Some identified characteristics of the results
presented can be conveniently taken as part of the design
requirements, in relation to the design parameters
obtained through the first principles model here presented.

This analytical-numerical model exhibits design trends in
accordance with methods based on more robust
hydrodynamic estimation, namely diffraction panel
methods. The first principles model is understood to be a
valuable tool in the early stages of design, while the more
robust methods are necessary to be used in the stages that
follow the conception.

2 Conventions and Geometry

Figure 1 shows the system of coordinates here adopted as well
as other conventions.

Fig. 1 Systems of coordinates and other conventions

OXYZ is fixed with respect to the body, and oxyz is fixed
with respect to earth.

Both systems coincide when the body is in its mean
equilibrium position.

Heave, sway and roll motions are defined with respect to oxyz.

Incompressible irrotational flow and inviscid fluid are assumed,
characterizing a potential flow. Surface tension effects are
ignored. Deep water is assumed.

The formulation of the linear problem of oscillating body
under incident waves is summarized as:

a) Mass conservation enforced throughout the flow (no
divergence of the velocity field);

b) Momentum (or energy) conservation enforced throughout
the flow;

c) Equality of air and water pressures on the free surface
(atmospheric pressure taken as uniform and constant);

d) No split or holes on the free surface (flow velocities
tangential to this surface);

e) No cross-flow on the solid boundaries (flow velocities
tangential to these boundaries);

f) No energy coming from infinit y, except for the incident
waves

g) Deep waters.

Regular harmonic progressive waves are one of the possible
solutions for the above problem in the absence of oscillating
bodies. Incident regular waves are here taken to progress in
the positive  c-direction.

The specifications below regarding the semi-submersible under
regular waves do not restrict the application of the method,
and were adopted only for convenience:

• Beam waves incidence, with axis c coincident with axis z;

• Semi-submersible with fore and aft, as well as lateral
symmetries;

• Semi-submersible composed of four columns and two
pontoons with a circular cylindrical shape;
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• Columns divided into upper and lower parts, not necessarily
aligned and not necessarily with the same diameters;

• Axes of pontoons in the same transversal position as axes
of lower columns;

• Lower columns and pontoons with the same diameter;

• Gravity center coincident with the origin of OXYZ.

3 Experiments

Tests of four semi-submersible models with circular cylindrical
columns and pontoons were conducted in a wave flume 24
m long, 1 m wide and circa 1 m deep.  All models had two
pontoons and four columns. Three models had columns
with different diameters in their upper and lower parts.

Table 1 Main nominal dimensions of the semi-submersible
models

Regular waves were generated using a plunger-type generator
and measured by a capacitance wave probe.

Two sets of experiments were conducted for the models under
beam waves:

1) Measurement of forces by strain-gage load cells at port and
starboard for models 1, 2 and 3, which were fixed with
respect to the flume (see figure 2)

2) Measurement of motions by strain-gage accelerometers
for models 1 to 4, which were free to oscillate.

Fig. 2 Measurement of forces: model 2

Fig. 3 Model displaced from its rest position

The data were digitally registered and analyzed. From the
forces measured on each side of the platform, the vertical
excitation force and the transversal excitation moment were
calculated from the sum and the difference of the measured
signals, respectively. Regarding heave and roll motions, the
following kinematic relations were considered (see figure 3),
being'd' the half distance between the accelerometers:

• Acceleration on one board (A):

• Acceleration on the other board (B):

• Roll (harmonic approximation): 

• Heave (harmonic approximation):

 

Regular wave frequencies were roughly in the range 2.5 to 15.0
rad/sec.

4 Method Based on First Principles

Semi-submersibles are structures composed of elongated
elements, whose geometry favors a relevant seakeeping
characteristic, namely a significant transparency with respect
to incident sea waves.

Considered firstly, are geometr ies where columns and
pontoons axes are at the same transversal position in each
board of the structure, and where all elements are
cylindrical with uniform cross sections. One mechanism
through which a favorable seakeeping behavior is achieved
is the opposite directions of wave forces acting on
pontoons and columns.

This can be explained based on the fundamental principle
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that wave excitation pressures diminish exponentially with
immersion. On pontoons, which are totally immersed,
hydrodynamic pressures have a higher intensity on the upper
face than on the lower face. On columns, which cross the
free surface, hydrodynamic pressure acts only on the lower
face, being therefore opposite to the resulting force on the
pontoons.

This argument is applicable, not only when the pressures
are negative (under wave hollows), but also when they are
positive (under wave crests). At a specific excitation
frequency, the forces acting on pontoons cancel those acting
on columns. This frequency, hereafter referred to as 'first
annulment frequency', is a very special attribute for design
purposes, and can be expressed in terms of the structure
parameters as:

which, with  for circular cylinder and  ,
leads to

                                       (1)

Another important mechanism related to seakeeping behavior
is the composition of forces on either side of the structure.
For beam seas, the relevant dimension is the transversal
distance between pontoons. When an odd number of half
wave lengths equals this distance, there is an annulment of
the vertical wave excitation forces, and the corresponding
roll wave excitation moment assumes a local maximum.
When an even number of half wave lengths equals the distance
between pontoons, the roll wave excitation moment
vanishes, and the corresponding heave force assumes a local
maximum. The smaller frequency leading to vertical forces
annulment, named hereafter "second annulment frequency",
may be expressed as:

  (2)

An example of a graphic of vertical forces versus excitation
frequency is presented in figure 4, where numerical results for
model 1 are displayed, noting that the geometry of this model
satisfies the previous assumed characteristic of columns and
pontoons axes being aligned on each board, and all elements
being cylindrical with uniform cross sections.

It is seen that the total vertical force results from the
composition of the opposite forces on the pontoons and on
the columns. The annulments that resulted from the summing
of effects on opposite boards are present both in the pontoons'
and in the columns' components of the force, as well as in the
total vertical force. The first annulment, however, is only
present for the total force, since it results from the composition
of opposed effects on columns and pontoons.

Fig. 4 Vertical exciting forces for model 1 (continuous thin
line: columns; dashed line: pontoons; thick line: total)

Fig. 5 Heave for model 1

The platform may be seen as a harmonic oscillator subjected
to the wave excitation. Figure 5 presents the heave motion
response amplitude operator (heave RAO), which results after
the crossing of the vertical excitation force and the
magnification factor. The heave motion is here considered to
be a single degree of freedom, this approximation being valid
for symmetrical platforms with respect to both boards as well
as to the fore and aft bodies.

Comparing the vertical excitation force RAO to the heave
motion RAO, one observes that the annulment frequency
coincides for both operators, as expected. Also, it can be
observed that the first annulment frequency is close to the
peak frequency of the heave RAO, somewhat higher than the
peak frequency. This is not a coincidence. In fact, the peak
frequency can be approximated by the natural frequency:

 .

Developing expressions for the mass and added mass, one has:

                         (3)

Comparing the natural frequency and the first annulment
frequency, one has:
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                                      (4)

The above relation is always greater than 1, the amount being
calibrated by the following design parameters:

 , and . As typically , 

and , the first annulment frequency is above the

peak frequency for just an amount of the order of a tenth.

One design approach is to make the peak frequency well below
the range of frequencies of the sea spectra where energy is
significant. Another approach is to make the lowest frequency
corresponding to 1/100 of the peak energy of the spectrum still
be higher than the peak frequency of the heave RAO.

Considering a Pierson-Moskowitz spectrum (Pierson and
Moskowitz, 1964), this frequency would be approximately:

                                                             (5)

where T0  is the sea spectrum peak period.

The relation between the 1/100 energy frequency of the sea
and the natural heave frequency is:

(6)

Once the 1/100 energy frequency is kept well above the natu-
ral frequency, and above the first annulment frequency, one
can expect small heave motions.

Corresponding expressions can be written for the cases where
the transversal distances between the upper and lower parts of
columns and between the pontoons are not the same, and
where the upper and lower diameters of columns are different.
The corresponding additional design parameters become
important in these cases.

The following design parameters are thus seen to play an
important role with respect to heave motion for beam seas.

5 Experimental and Numerical
Results

Figures 6 to 8 present the numerical and experimental results
for vertical exciting forces versus frequency for models 1 to 3.
Firstly, it is noted that the experimental and numerical results
compared well.

Fig. 6 Vertical exciting force versus frequency - model 1
(experimental: dots; numerical: continuous line)

Fig. 7 Vertical exciting force versus frequency – model 2
(experimental: dots; numerical: continuous line)

Fig. 8 Vertical exciting force versus frequency –  model 3
(experimental: dots; numerical: continuous line)

In addition:

a) Model 1 has columns with no distinction between the
upper and lower parts, and the transversal positions of the
axes of the pontoons and columns are the same at each
board. The ratio between the annulling frequency w1 and
the natural frequency wn,y can thus be estimated by
expression (4). It depends on the ratio between the volumes

of the columns and pontoons ( ) on the vertical sectional
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added mass coefficient of the pontoons (cad,y,p) and on the
vertical added mass coefficient of the columns (Cad,y,p). For

model 1, the result is . The first annulling

frequency has a special importance for design purposes
since it is only slightly above the natural frequency (12% in
the case of model 1), and it is responsible for a significant
diminishing of the heave RAO just above its peak.

b) Model 2 has different transversal distances between the
upper and lower parts of the columns and the center of the
platform. The transversal distance between the lower parts
of the columns is equal to that between the pontoons. Due
to the increase in the proportion of vertical forces on the
columns in relation to the forces on the pontoons, and
because of the action of the pressure on the base of the
upper columns, the component of the force relative to the
pontoons never cancels the one relative to the columns.
Consequently, there is no first annulling frequency.

c) Model 3 has equal transversal distances between the upper
and lower parts of the columns, as well as the pontoons,
and the center of the platform. Similarly to model 2, there
has been an increase in the proportion of vertical forces on
columns relatively to the pontoons, because of the action
of the pressure on the base of upper columns. Yet, the
component of the force relative to the pontoons does
cancel the one relative to the columns in a first annulling
frequency, which is observed to be 34% above the natural
frequency. This proportion increased in relation to model
1 due to the enlargement of the upper columns with respect
to the lower columns.

All the above forces were estimated under the assumption of
the inertia regime disregarding the viscous damping terms.
Since the wave height is supposed to be of the order of
centimeters and the transversal typical dimensions of pontoons
and columns are of the order of tens of centimeters, the KC
number is of the order of the magnitude of one tenth,
justifying the adopted procedure.

Figures 9 to 12 present heave RAO for models 1 to 4.

Fig. 9 RAO heave, model 1 (experimental: dots;numerical:
continuous line)

Fig. 10 RAO heave, model 2 (experimental: dots; numerical:
continuous line)

Fig. 11 RAO heave, model 3 (experimental: dots; numerical:
continuous line)

Fig. 12 RAO heave, model 4 (experimental: dots; numerical:
continuous line)

Again the main characteristics of the responses, e. g. the peak
frequency, the order of the magnitude of the peak amplitude
and the annulling frequencies, seem to have been captured
both by numerical and experimental means.
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There is a significant difference, other than those already
noticed between model 1 and the others. Due to the fact that
the first annulling frequency is very close to the peak frequency,
the humps to the right of the peak for model 1 are not as much
attenuated by the magnification factor as the corresponding
humps for the other models.

6 Analysis

Figures 13a and 13b demonstrate the vertical exciting forces
RAOs for two series of semi-submersibles generated from
model 1.

In the first series, the ratio between the upper and lower heights
of the column was kept the same for all tests (hu /h1 = 1.0),
while the ratio of displacements of the upper and lower parts
of the columns varied (c,u / c,1= 1.0;1.1;1.2;1.3;1.4). Other
main dimensions and the total displacement were kept
constant.

In the second series, the ratio between displacements of the
upper and lower parts of the columns was kept the same for all
the tests (c,u / c,1= 1.0), and the ratio between heights varied
(hu /h1 = 0.6;0.7;0.8;0.9;1.0). Other main dimensions and the
total displacement were kept constant.

Figures 13a (for the first series) and 13b (for the second series)
show that the first annulling frequency displaces to the right
and, correspondingly, the humps of the exciting force response
diminish when:

• for the first series, the upper volume of the columns
becomes increasingly greater than the lower volume;

• for the second series, the upper height of the columns
become increasingly smaller than the lower height, and
correspondingly the upper diameter becomes increasingly
greater than the lower.

Fig. 13a Compar ison of  ver t ica l  exc i t ing forces for  hu/h1 =
1.0 and c,u/ c,1= 1.0;1.1;1.2;1.3;1.4 (from thinnest
to thickest)

Fig. 13b Comparison of vertical exciting forces for c,u/ c,1=
1.0 and hu/h1 = 0.6;0.7;0.8;0.9;1.0 (from thickest to
th innest)

Figures 14 and 15 demonstrate heave RAOs for the same two
series of semi-submersibles generated from model 1. In these
figures, there are also curves for three conditions of irregular
seas according to the Pierson-Moskowitz spectrum, for 12
sec, 10 sec and 8 sec peak periods, on a scale of 1:180 (figure
14) and of 1:150 (figure 15).

The same tendency regarding the displacement of the first
annulling frequency that was observed regarding vertical forces
(figure 13) is reproduced regarding heave (figures 14 and 15).
However, due to the attenuation effects related to the dynamics
of the semi-submersible motion, only the first hump to the
right of the heave RAO peak presents a significant attenuation.

Figures 14a and 14b show that the greater the distance between
the sea spectrum peak and the heave RAO peak is, the lesser the
benefit of either increasing volumes or diminishing heights of the
upper part of the columns with respect to the lower one is. This is
valid on the scale of 1:180 for sea spectrum peaks below 12 sec.

However, when the spectrum peak increases, or when the scale
decreases (see figure 15), it is possible that a non-neglectful
energy of the spectrum will lie at the heave RAO peak region,
where the inverse tendency regarding RAO intensities exists
in contrast with the first hump region of the RAO. Therefore,
for certain sufficiently small scales in combination with certain
sufficiently high spectrum peaks, it may even be deleterious to
increase volumes or diminish heights of the upper part of the
columns with respect to the lower one.

Fig. 14a Comparison of heave RAOs for hu/h1=1.0 and c,u/ c,1=
1.0;1.1;1.2;1.3;1.4 (from thinnest to thickest).
Also shown irregular sea spectra (ordinates multiplied
by 100) for 12, 10 and 8 sec peak periods (dashed,
dot-dashed, dotted, respectively); scale 1:180
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Fig. 14b Comparison of heave RAOs for 
c,u

/
c,1

= 1.0 and h
u 
/h

1 
=

0.6;0.7;0.8;0.9;1.0 (from thickest to thinnest). Also
shown irregular sea spectra (ordinates multiplied by
100) for 12, 10 and 8 sec peak periods (dashed, dot-
dashed, dotted, respectively); scale 1:180

Fig. 15a Compar i son  o f  heave  RAOs fo r  hu/h1  =  1 .0  and

c,u/ c,1= 1.0; 1.1; 1.2; 1.3; 1.4 ( from thinnest to
thickest). Also shown irregular sea spectra (ordinates
multiplied by 100) for 12, 10 and 8 sec peak periods
(dashed, dot-dashed, dotted, respectively); scale 1:150

Fig. 15bComparison of heave RAOs for c,u/ c,1= 1.0 and hu/h1 =
0.6; 0.7; 0.8; 0.9; 1.0 (from thickest to thinnest). Also
shown irregular sea spectra (ordinates mult ipl ied by
100) for 12, 10 and 8 sec peak periods (dashed, dot-
dashed, dotted, respectively); scale 1:150

Figures 16 (for 1:180 scale) and 17 (for 1:150 scale) display a
clearer picture about the influence of the sea spectrum peak
frequency value, the displacement of height ratios between
the upper and the lower parts of columns, as well as the scale
in the first annulling detachment from the significant sea
energy region. Here, the lower frequency corresponding to
1/100 of the sea spectrum peak energy is considered. For values
smaller than one of the ratio between the first annulling and
the 1/100 sea peak energy frequencies, it is always convenient,

regarding heave response, to increase the displacement ratio
and / or to diminish the height ratio between the upper and
the lower parts of columns. For values greater than one of the
ratio between the first annulling and the 1/100 sea peak energy
frequencies, some specific calculations must be conducted.

Semi-submersibles of a greater size are seen to be favorable for
differentiating upper and lower parts of columns.

Fig. 16a Comparison of ratio between the first annulling and
the 1/100 sea peak energy frequencies for hu/h1 = 1.0
and c,u/ c,1= 1.0;1.1;1.2;1.3;1.4 (from thinnest to
thickest). Lines numbered correspond to 12, 10 and 8
sec peak periods; scale 1:180

Fig. 16b Comparison of ratio between the first annulling and
the 1/100 sea peak energy frequencies for c,u/ c,1=
1.0 and  hu /h1 = 0.6;0.7;0.8;0.9;1.0 (from thickest to
thinnest). Lines numbered correspond to 12, 10 and
8 sec peak periods; scale 1:180

Fig. 17a Comparison of ratio between the first annulling and
the 1/100 sea peak energy frequencies for hu/h1 = 1.0
and c,u/ c,1= 1.0;1.1;1.2;1.3;1.4 (from thinnest to
thickest). Lines numbered correspond to 12, 10 and 8
sec peak periods; scale 1:150
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Fig. 17b Comparison of ratio between the first annulling and
the 1/100 sea peak energy frequencies for c,u/ c,1=
1.0 and  hu /h1 = 0.6;0.7;0.8;0.9;1.0 (from thickest to
thinnest). Lines numbered correspond to 12, 10 and
8 sec peak periods; scale 1:150

7 Conclusions

The following overall conclusions can be drawn:

a) The numerical results based on first principles applied for
seakeeping behavior of semi-submersibles present reasonable
agreement with experimental results obtained in a wave
flume.

b) Some characteristics of the seakeeping responses, particularly
interesting for the semi-submersibles conception, are
identified and related to design parameters through the
first principles model.

c) The first principles model is able to point trends regarding
semi-submersible conception compatible to those obtained
with more robust seakeeping estimation methods, e. g.,
diffraction panel methods.

d) The first principles model is understood to be a valuable
tool in the early stages of design, while the more robust
methods are necessary in the following stages.

Regarding specifically the design characteristics, it was observed
that:

e) For values smaller than one of the ratio between the first
annulling and the 1/100 sea peak energy frequencies, it is
always convenient, regarding heave response, to increase
the displacement ratio and / or to diminish the height ratio
between the upper and the lower parts of columns.

f) For values greater than one of the ratio between the first
annulling and the   sea peak energy frequencies, some
specific calculations must be conducted in order to reach a
decision on differentiating the upper and lower parts of
columns.

h) Semi-submersibles of a greater size are seen to be favorable
for differentiating upper and lower parts of columns.
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Abstract

Scenarios for a subsea production system are evaluated considering technical feasibilit y, operational reliabilit y and financial return
for the investment. A case study based on an offshore gas field is adopted as well as three associated subsea production scenarios in
order to perform the relevant analyses which could lead to the recommendation of the best option. The field is located at a distance
of 160 km from the Brazilian coast at the water depth of 500 m, decreasing to 180 m at 140 km from the coast and then progressively
up to the beach. Three different scenarios for the subsea production systems are proposed. Semi-submersible (scenario 1) distant
160 km from the coast at water depth of 500 m and the subsea arrangement constituted of eight satellite wells. Jacket platform
(scenario 2) distant 140 km from the coast at water depth of 180 m. Scenario 3 is a Subsea to Beach system (without platform).
Initially, general arrangements for the subsea production systems are implemented to establish the respective equipment locations.
Flow assurance has been considered in order to avoid hydrate formation which could block the lines and stop production. Risk
assessment for the proposed subsea production systems are performed using fault tree analyses. The selected top event is either total
or partial production loss. Finally a cost analysis is performed for the system life cycle, including both capital (CAPEX) and
operational (OPEX) expenditures. Based on these assessment analyses the best arrangement for the subsea production system is
recommended.

Keywords

Subsea production system; subsea to beach; flow assurance

1 Introduction

The study reported in this paper aims at contributing to evaluate in a systematic way scenarios for a subsea production system,
considering technical feasibilit y, operational reliabilit y and financial return for the investment. Offshore gas field is adopted for the
case study as well as three associated subsea production scenarios in order to perform the analyses to evaluate the respective
arrangements and to recommend the best option.

Scenario Evaluation for Subsea Production System

Tiago P. Estefen a, Daniel S. W erneck a, Diogo do Amaral a, João Paulo C. Jor gea,
Leandr o C. Trovoado a, Jian Su a, Edson Labanca b and Segen F. Estefen a

a COPPE/ Federal University of Rio de Janeiro, Brazil. Corresponding author: segen@lts.coppe.ufrj.br

b PETROBRAS



Vol. 4 No. 2 pp. 73-87 December 2008/June 2009 Marine Systems & Ocean Technology            74

Subsea production systems for gas field offshore Brazil are
proposed for the case study. The field is located at a distance of
160 km from the Brazilian coast at a water depth of 500 m.
Water depths decrease reaching 180 m at 140 km from the
coast and then progressively up to the beach. Reservoir data
indicated pressure of 530 bar and average temperature of
140oC. Production will be based on eight subsea wells with an
initial flow rate of 20 million m3 per day of gas and 2,000 m3

per day of condensate.

Three different scenarios for the subsea production systems
are proposed:

• Scenario 1: Semi-submersible distant 160 km from the
coast at water depth of  500 m;

• Scenario 2: Jacket platform distant 140 km from the coast
at water depth of 180 m;

• Scenario 3: Subsea to Beach system (no platform).

Init ially, general arrangements for the subsea production
systems are implemented to obtain the respective positions of
the equipment, i.e. christmas trees (X-Trees), manifolds,
jumpers, flowlines, production and export risers, gas process
plant, control umbilicals and long distance pipelines. The
general arrangements aim at operational flexibility and system
redundancy. Possibilit ies of flow maneuver and maintenance
procedures in emergency situations are also analyzed for each
scenario.

Considering that gas wells are being developed flow assurance
is taken into account in order to avoid hydrate formation
which could block the lines and stop production. Two solutions
are analyzed, thermal insulation and continuous injection of
mono ethylene glycol (MEG). A series of analyses are
performed using commercial software and analytical solution
is employed to describe the thermodynamic state (pressure
and temperature) in the phase equilibrium diagram of gas
hydrate. Based on these results it is possible to assure that the
gas flow is out of the hydrate envelope.

Risk assessment is performed based on fault tree analyses for
the three scenarios. The selected top event is defined as the
total and partial production loss. Due to the lack of a reliable
data base to perform quantitative risk analyses to evaluate
the respective failure probabilities, qualitative risk assessment
is then carried out. The three scenarios are studied in terms
of operational reliability in order to recommend the best
option and possible improvements for the overall
performance.

Costs play an important role in the definition of the most
attractive option for the proposed subsea arrangements. Cost
analysis is based on both capital and operational expenditures,
production rate, gas price and loan interest rates. Net present
value approach is used to estimate the respective scenario profit.
Uncertainties associated with the prices raised from the market
are accounted for.

2 System Design

In order to exploit the gas field, three scenarios associated to
Semi-submersible platform (SS), Jacket platform (J) and a
new innovative system, Subsea to Beach (SB), were considered.

The SS arrangement was considered due to the wells water
depth of 500 meters, and also because it has been successfully
used offshore Brazil for decades. Also, it has showed to be
adequate to the motion constraints for production in typical
Brazilian environmental conditions.

Jacket platform became an option when water depths decreased
from 500 to 180 meters only 20 km away from the wells into
shore direction. As a fixed system it presents advantages in
relation to SS motions induced by waves and currents, allowing
the use of rigid static risers.

The third scenario, Subsea to Beach, was proposed as an
alternative without a processing plant on the platform deck.
Therefore, it is practically unmanned offshore, reducing costs
related to sea crew and supply vessels. Safety aspects related to
the risk to human activities are also substantially reduced.
However, it should be emphasized that the process plant and
workers are based onshore with associated risks.

Wells layout for gas field is shown in Figure 1.

Fig. 1 Wells layout for the gas field

Preliminary studies have been performed to define respective
layouts for the three scenarios. Equipment and their
distribution on the seabed as well as flowlines and risers have
been considered. The subsea system design for each scenario is
presented below.

2.1 Semi-submersible Platform

The subsea production system comprises eight satellite wells
connected to the floating platform by flowlines and flexible
risers with 8" diameter, thermally insulated. The gas is
dehydrated on the process plant, compressed and then exported
together with condensed gas through a hybrid riser
configuration. Water from the separation process is treated
and then disposed into the sea. The hybrid riser comprises
three flexible risers, 8" diameter, which connect the platform
to the vertical rigid riser with 22" diameter. Direct hydraulic
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control system was adopted due to the number of wells and
their short distances from the SS.

The hybrid riser is connected to a pipeline to export the gas
directly to shore. Eight pairs of production and export risers
as well as the umbilical cables have been equally distributed
along the deck rectangular edge to avoid concentration loads
at a few points. Deck house is located far from the riser
connections to minimize the risk of accidents affecting the
workers. The Semi-submersible platform arrangement is
shown in Figure 2.

Fig. 2 Semi-submersible platform arrangement

2.2 Jacket Platform

The fixed platform subsea production system presents two
parallel manifolds, each one connected to four X-Trees
through flexible flowlines with 8" diameter. Each manifold
has two production headers (10") interconnected to a PLEM
(Pipe Line End Manifold) in order to allow gas flow through
two rigid pipes with 18" diameter each, up to the platform.
Two PLETs (Pipe Line End Termination) are used for rigid
pipe connection to the platform. The connections among
manifolds, PLEMs and PLETs are made by using rigid
jumpers.

One of the manifolds receives an umbilical while the other
receives a service flexible pipe (8") and another umbilical. The
service and umbilical lines are directly interconnected to the
manifolds through flowlines. The second umbilical passes
through the PLEM, considering that there is a valve used to
maneuver the PIG by hydraulic activation.

For this scenario, it was decided to use thermal insulation for
the production pipes. Due to the need of a MEG injection in
case of shut down, one of the umbilicals has an internal hose
for chemical injection.

The multiplex electro-hydraulic control system was used
due to the distance between the platform and the wells,
20 km, enabling faster valve activation in comparison to a
hydraulic direct system. Another advantage of this system
is the reduced number of umbilicals attached to the
platform.

In the process plant, water associated to the natural gas is
removed before the gas is compressed and exported
together with the condensed gas through a rigid riser (22").
Figure 3 shows the Jacket platform arrangement.

Fig. 3 Jacket platform arrangement

2.3 Subsea to Beach

Bernt and Smedsrud (2007) describe the concept and the
technical solutions developed and applied to the Ormen Lange
subsea to beach production system, second-largest Norwegian
gas field. The paper presents the extensive design, fabrication
and testing processes undertaken in order to verify correct
functionality and confidence in the applied solutions.

Subsea to Beach arrangement presents the same equipment
configuration, X-Trees, manifolds and PLET connections as
in scenario 2 (Jacket), but without using the platform. The
exportation to the onshore terminal will be accomplished
throughout two rigid pipes with 22" diameter each.

In this scenario, it was also decided to use thermal insulation
for the production pipes. Due to the need of MEG injection
in case of shut down, once again one of the umbilicals has an
internal hose for chemical injection. Due to the distance from
the wells to shore, about 160km, the multiplex hydraulic
control system was chosen.

As reservoir pressure falls both as time goes by and also with
the increase of accumulated production, it may be necessary
to install  subsea separator  and gas compressor to guarantee
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the field  production during the project life. Figure 4 shows the
proposed arrangement for Subsea to Beach scenario.

Fig. 4 Subsea to Beach arrangement

3 Subsea Processing

Technical challenges and solutions related to flow assurance
for gas production in accordance to the environmental
conditions are analyzed. One major problem for a gas field
design is to avoid the hydrate formation. Two solutions are
considered, thermal insulation and continuous injection of
mono ethylene glycol (MEG).

In order to obtain thermal insulation that complies with project
specifications, temperature profiles in steady-state production
conditions for the three different scenarios were initially
calculated based on a theoretical approach (Jian Su et al.,
2005). The pressure profile, in steady-state, was determined
using the computer program PIPESIM (2000). Analyses of
the transient regime were carried out employing the specialized
software OLGA® (2000). Shut down production and line
depressurization were also simulated. Afterwards, the
continuous injection of thermodynamic inhibitor, MEG, and
the volume needed to avoid the hydrate formation has been
analyzed.

3.1 Hydrates

Hydrates are ice-like solid crystalline normally formed at high
pressure and low temperatures in the presence of water.

Once defined the gas composition, flow assurance study is
summarized in three fundamental analyses: thermodynamic,

fluid dynamic and heat transfer. The thermodynamic analysis
defines state properties such as specific heat for constant
pressure and constant volume (Cp and Cv) and specific mass
(r ). These will be used to determine pressure and temperature
profile along the line. Therefore, with temperature and pressure
data along the line, it is possible to determine hydrate formation
points. In case there is hydrate formation, prevention and
dissociation methods should be proposed.

The most adopted methods to avoid hydrate formation are:

• Water removal;

• Line heating;

• Line depressurization;

• Line thermal insulation;

• Use of thermodynamic inhibitors.

3.2 Thermal Insulation

The thermal insulation proposed, polypropylene foam, for
rigid pipes consists of a multi-layer anti-rusty protection applied
to the pipe surface. The surface has to be previously cleaned
and prepared according to pre-set standards. This system is
appropriate to offshore installations, due to its good
mechanical and thermal resistance features, and it is generally
used for water depths up to 600 meters. After a previous visual
inspection of pipes and pre-heating / jetting on the pipe external
surface, the system is applied in four different layers: primer
(1st layer), adhesive (2nd layer), polypropylene foam (3rd layer)
and polypropylene solid (4th layer).

For flexible pipe configuration synthetic foam tapes with glass
micro spheres are used. The U value, determined by design
requirements, is provided to the manufacturer, so that the
insulating tape layers can be determined and incorporated to
the pipe before the outer layer is applied in the final
manufacture stage.

3.3 Gas State Properties

The first step to verify whether the flow complies with project
specifications is to obtain thermodynamic properties and phase
diagram. To do that the software PVTSIM (2002) was
employed. PVTSIM is a versatile PVT simulation program
which allows reservoir engineers, flow assurance specialists
and process engineers to combine reliable fluid characterization
procedures with robust and efficient regression algorithms to
match fluid properties and experimental data. The fluid
parameters may be exported to produce high quality input
data for reservoir, pipeline and process simulators. Based on a
gas typical composition the following phase diagram was
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obtained, as illustrated in Figure 5. Hydrate formation occurs
on the left side of the curve.

Fig. 5 Phase diagram showing the condit ions under which
hydrates will form

3.4 Temperatur e and Pressure Profile
Determination

Temperature and pressure profiles in steady-state flow
conditions were obtained for the three scenarios. The
theoretical analysis to obtain the temperature profile was based
on Jian Su et al. (2005). The analyses to obtain the pressure
profile were carried out using the software PIPESIM (2000).
PIPESIM is a steady-state, multiphase flow simulator used for
the design and diagnostic analysis of oil and gas production
systems. PIPESIM software tools model multiphase flow from
the reservoir to the wellhead and also analyzes flowline and
surface facility performance to generate comprehensive
production system analysis. Fluid modeling was obtained by
applying the state equations in multi-component systems.
The study was performed considering the flow rate of 10
million m3/day (by the end of the design life, i.e. the worst
case for the heat transfer).

To obtain the curve out of the hydrate envelope for the three
scenarios, Figure 6, it has been estimated the following U
(global heat transfer coefficient) values:

• Scenario 1, Semi-submersible (flexible risers), U = 17.79
w/m² °C;

• Scenario 2, Jacket - Polypropylene foam proposed as
thermal insulator, with polypropylene solid outer layer of
0.25" and polypropylene foam inner layer of 0.25", U =
3.78 w/m² oC;

• Scenario 3, Subsea to Beach - Polypropylene foam proposed
as thermal insulator, with polypropylene solid outer layer
of 0.25" and polypropylene foam inner layer of 1", U =
1.05 w/m² oC.

Fig. 6 Thermodynamic state (pressure, temperature) in the
phase equilibrium diagram of gas hydrate, scenario 1, 2
and 3

3.5 Transient Regime

In order to analyze the transient regime, the operational shut
down was simulated using the program OLGA® (2000) with
input data from PVTSIM (2002) results. OLGA® models the
flow of production using complex simulations which predict
the behavior of the fluid flow. The advantage of OLGA lies in
the ability to model the dynamic qualities of production for
all multiphase scenarios. Only the worst case scenario for
hydrate formation, Subsea to Beach, was considered. Results
are shown in Figure 7.

Fig. 7 OLGA® (2000) results for transient analysis at production
shut down

The simulation considers the situation where the manifold's
and the terminal's production valves are closed. Green and
black curves refer to fluid temperature and pressure at the
manifold, respectively. Blue and red curves refer to fluid
temperature and pressure at the terminal, respectively.

Figure 7 is used to estimate the shut down period which
insulation provides without hydrate formation. Analyzing the
hydrate curve previously obtained, Figure 5, with the coldest
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temperature together with the higher pressure, it is possible to
conclude that there will be no hydrate formation for at least
60 hours.

In case the hydrate block is formed, it can be dissociated by
depressurizing the line. Using again the computer program
OLGA® (2000) it is possible to estimate time needed to decrease
properly the pressure. Figure 8 indicates that it is necessary
about 8 hours for the pressure to drop down to 25 bar (pressure
at the onshore terminal). The analysis considered the distance
between manifold and onshore terminal.

Fig. 8 Time required for pressure drop, scenario 3

3.6 Mono Ethylene Glycol

Another alternative to prevent hydrate formation is the use of
chemical inhibitors. Mono ethylene glycol (MEG) is the state
of the art hydrate control method. Besides preventing hydrates,
MEG reduces the corrosion rate in carbon steel pipelines and
it is well suited as carrier for corrosion inhibitors and pH-
stabilizers.

The main benefits of a MEG solution are:

• Reliable solution;

• Closed loop;

• Corrosion protective;

• No gas plant or refinery contamination;

• Environmentally friendly, non toxic, non flammable;

• Qualified technology.

3.6.1. MEG Calculation

A high-concentration (5% to 50%) of these chemical in the
water phase is required to avoid hydrate formation. The
methodology used to calculate the necessary amount of MEG
in the system is based on the hydrate curves. Using the
properties of the gas, different concentrations of MEG in the

system are determined and then new hydrate curves are
generated, which was made with the program PVTSIM (2002).
Results are shown in Figure 9.

Fig. 9 MEG concentration

Taking the 9ºC sea temperature into the graphic, the working
pressures are obtained for each one of the different MEG
percentage curves. By doing that, it is possible to conclude that a
30% MEG concentration is acceptable since the pressure given is
approximately 150 bar, and the actual working pressure is around
110 bar. The 40 bar difference represents the safety factor.

MEG delivery requirements for each well are individually
determined based on predictions of water production from each
well, given by the multiphase measure device installed on each X-
Tree as part of the control system. For mono ethylene glycol
(MEG) net, it is assumed that for 100 kg of produced fluid, 1 kg
is of water.  Calculations have indicated that for the production of
20 million m3/day, the necessary amount of MEG is 0.52 kg/s.

4 Subsea Equipment

In this chapter a more detailed description of the subsea
equipment and its selection are accomplished for the proposed
gas field exploitation. The reliability of the subsea system design
is strongly dependent on the specific equipment design. In
case of complex equipment, like X-Tree and manifold, special
studies are necessary to optimize the equipment design and to
take advantage of its flexibility in benefit of the subsea system
design (Labanca, 2005).

4.1 Wet Christmas T ree (X-Tree)

X-Tree can be classified according to the control valve layout
(Albernaz, 2005) as:

• Horizontal Wet Christmas Tree;

• Conventional Wet Christmas Tree (vertical).

Horizontal X-Tree can be described as a production adapted
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base with valves mounted on the lateral sides, allowing well
intervention and production column replacement without its
removal. This characteristic does not present an advantage for
the gas fields, considering that rare interventions are needed.

Vertical X-Tree provides increased installation and operational
flexibility over the horizontal tree. The vertical tree comprises
separate modules that can be installed independently. The
vertical X-Tree set comprises production adapted base (PAB),
tubing hanger, flowline connectors, valves and tree cap.

Vertical X-Tree uses a PAB which enables the installation of
the lines independently. This feature was taken into account
for choosing the vertical X-Tree to be included in the proposed
subsea arrangements for the three scenarios. Considering 500
m water depth, all methods of installation using divers were
discarded.

The latest concept for guidelineless X-Tree uses the vertical
connection module (VCM). The possibilit y of independent
installations of X-Tree and flowlines contributes to optimize
the installation costs. Another important point is the use of
only one vessel for the X-Tree installation.

For the three scenarios considered the same X-Tree are adopted
because it depends only on the reservoir characteristics. For
the considered gas field, 500 m water depth and 7691 psi
reservoir pressure, the selected X-Tree is the guidelineless, with
VCM and work pressure of 10,000 psi.

4.2 Manifold

Manifolds can be classified according to their function and
way of installation. Regarding its function, in general, they
can be classified as:

• Collecting manifold - It collects the flow from several pipes
into a single pipe;

• Distribution manifold - It distributes  the flow from a
single pipe to several pipes;

• Mixed manifold - It has both characteristics above mentioned.

The main advantages in its application are:

• Reducing the number of risers in the platform minimizing
both the space and the load applied on stationary production
unit, thus reducing the pipes costs;

• Installing in advance, i.e. subsea system awaiting  platform
arrival;

• Optimizing subsea arrangement (clearing the ground next
to the platform and its anchor system).

4.2.1 Manifold Installation

Regarding the way of installation and intervention, the
manifolds are of two types: DA (diver assisted) or DL (diverless).
The DA manifolds can only be installed in water depths of up

to 300 m. In the proposed scenarios DL manifolds are
employed.

The manifold comprises the following parts:

• Sub-base structure;

• Pipes and valves;

• Recoverable valve modules;

• Recoverable control modules (subsea part of the control
system);

• Pipe connecting modules.

4.2.2 Manifold Arrangement and Operation

For scenarios 2 and 3 two manifolds in parallel are employed.
Figure 10 presents the manifold with capacity for four wells.
For clarity the symbols only appear in one group of valves, but
in fact they are in each of the four groups.

Fig. 10 Submarine manifold for 4 wells
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For MEG distribution, four chokes are used in the manifold
for each X-Tree for separate flow control, considering that
product injection needs may differ for each production line.

Production pipe linked to each X-Tree can be lined up for the
three headers, Figure 11. One, through the T1 valve, that goes
to service pipe in order to test well production. The other two,
P1 and P2, go to their respective production headers. This
configuration assures operational flexibilit y, because it is
possible through a maneuver of valves to select the well
production for the desired export pipeline. The two production
headers coming from the manifold arrive at a PLEM and then
the production is exported through two pipelines.

Fig. 11 Manifold recoverable module

It was installed in each manifold one electric hydraulic
distribution module (EHDM) for the umbilical vertical
connection. And also two subsea control module (SCM)
responsible each one for the control of two X-Trees. Thus, in
case of one SCM failure only two production wells are lost.

It has been decided the use of six recoverable modules, four for
production and two for the SCM. Components which need
maintenance were installed in the production, such as hydraulic
valves, flow meters, pressure and temperature transducers. Size
and weight of the manifold are increased by using recoverable
modules. However, they allow the repair of important
components without being necessary to recover the manifold.

4.3 Control Systems

4.3.1 Hydraulic Direct

Hydraulic direct is the simplest, cheapest and most reliable
system, therefore the favorite for satellite well control. It was
adopted for scenario 1 due to the number of wells and the
small distance between them and the SS. Each X-Tree receives
one umbilical from platform containing the necessary electric
cables to acquire data and hydraulic hoses to activate valves.

4.3.2 Multiplex Electro Hydraulic

The multiplex control is usually employed in systems with a
manifold with a great number of hydraulic functions. This
system multiplex the hydraulic functions and the data
acquisition from manifold and wells through a central station
installed on the platform / onshore terminal and, also, from
subsea control modules installed in the manifold. The
interconnection of the subsystems is done through only four
hydraulic hoses and four pairs of electric cables mounted on
the umbilical. The cables have double-function, they transfer
power from the processing unit to sensors installed on the
manifold and X-Tree, and they bring to the operational and
supervision central station the signals from these sensors. The
main actions executed by this system are:

• Operation of hydraulic valves of the manifold, X-Tree,
PLEM and of those installed in the wells downhole;

• Operation of hydraulic chokes;

• Pressure and temperature monitoring of the import and
export fluids and position of the chokes;

• Pressure and temperature monitoring at X-Tree;

• Pressure and temperature monitoring at the well.

The main components of this system are:

• Electro-hydraulic distribution module (EHDM) - installed
in the manifold;

• Subsea control modules (SCM) - installed in the manifold;

• Electronic surface unit (ESU) - installed in the production
terminal unit.

This system was employed in scenarios 2 and 3 due to both
manifold use and the long distance between production unit
and wells.

4.4 Equipment General Arrangement

In manifold 2 arrives, from the platform or onshore terminal,
one umbilical with a MEG injection hose included, while in
the manifold 1 arrives an umbilical and a flexible service
pipe. Two umbilical cables were used in order to provide
more reliability to the system due to operational redundancy
in case of failure. Since there is no need for service and MEG
lines to pass through the PLEM, they are connected to the
other manifold by rigid jumpers. One of the umbilicals is
also connect in that same way, while the other one goes
through the PLEM in other to actuate the VP valve on that
equipment. Figure 12 illustrates the general arrangement of
the subsea equipment. For clarity the symbols only appear in
one group of the recoverable module, but in fact they are in
each of the eight groups.
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Fig. 12: General arrangement of the subsea equipment

4.5 Subsea Compression and
Separation

Reservoir pressure drops throughout the field production
lifetime. This wil l impact production rate and profitabilit y,
especially for the Subsea to Beach case due to the 160 km of
production pipelines. Because of that, the use of a subsea
compressor was considered.

Before compression can be made, it is necessary to separate
the water associated with the gas and the condensate. For that,
it is essential to install a subsea separator. This system is focused
on the following processes (Fantoft and Hendriks, 2004):

• Separation of water, gas and condensate;

• Re-injection of the separated water into the reservoir;

• Compression of the dehydrated gas;

• Mixture the compressed gas with the condensate;

• Export the gas and condensate mixture.

The installation of this two equipment, subsea separator and
subsea compressor, would solve the pressure drop problem,
conferring profitability and a series of advantages to the Subsea
to Beach scenario, such as:

• Draw out of the field production;

• Better field management. The separation of water would
help on hydrate prevention;

• Reduced environment impact. The separated water can be
re-injected into the reservoir.

4.5.1 Subsea Separation

The economic potential of subsea separation has been known
for some time. Yet, while there are a substantial number of
subsea pump systems in operation, there are only two subsea
separation stations installed. One is the Troll Pilot for water
separation and reinjection, operated by Norsk Hydro in the
North Sea. The second installation is the VASP system for gas-
liquid separation and boosting operated by Petrobras in Brazil.

There are interrelated reasons why the development of subsea
separation applications has lagged. First, some components of
such a system would have to be newly designed and qualified.
Second, a system incorporating new technology carries a higher
potential risk. In addition to undemonstrated performance,
both durability and ease of maintenance would need to be
addressed to reduce the unknown aspects of the risk.
Accordingly, plans for any new design must include
qualification to minimize the risk of a new technology.

4.5.2 Subsea Compression

The subsea compression equipment is one of the biggest
challenges for the proposed implementation of the Subsea to
Beach concept. Bjerkreim et al. (2007) describes the subsea
compression technical solution to be implemented in the
Ormen Lange field.
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4.5.3 Process Description

All production is directed to the subsea separator, which wil l
be responsible for separating the water from the condensate
and the gas. The gas is then compressed and put together with
the condensate. At this point the mixture is exported through
production pipelines to the terminal. The separated water is
then re-injected in the field.

For system optimization, it is better to position the equipment
as near to the field as possible. For scenario 3 the appropriated
location is near the PLEM.

5 Risk Assessment

In order to estimate the reliability of the three proposed subsea
arrangements for gas exploitation, fault tree analyses (Rausand,
1999; Kuo, 1998; ABS Guide, 2003) are performed assuming
as the top event of both total and partial production losses.
The fault tree does not consider the processing plant.

The subsea equipment taken into account have a limited
number of components to make it possible the overall
reliability analyses in the present stage, when the concepts
should be better understood and the risks identified.

Although the respective fault trees for the considered scenarios
could be employed in a latter stage to generate quantitative
estimates for the failure probabilit y, in this paper only
qualitative reliability analyses are performed. It is important
to emphasize that the access to reliable data base is necessary
for a consequent quantitative risk analysis. Otherwise the
results for the quantitative analysis could lead to wrong
conclusions and mistaken decisions.

5.1 Scenario 1: Semi-submersible

The subsea arrangement based on satellite wells implies that
each independent well system (X-Tree/ flowline/ riser) is
responsible for 1/8 of the total production. Each well system
is independent and in case of one main component / process
failure the respective production is interrupted.

It can be observed that the satellite arrangement prevents the
total production interruption because of the direct link
between well head and processing unit. Total production loss
is only possible if:

a) all eight independent import systems  (X-Tree/ flowline/
riser) present simultaneously failure, or

b) the export riser system presents failure either in the SLOR
or export pipeline.

The fault tree associated with partial production loss for the
Semi-submersible scenario is presented in the Figure 13.

Fig. 13 Fault tree for the Semi-submersible scenario - partial
production loss

5.2 Scenario 2: Jacket

Subsea arrangement for this scenario presents some tolerances
to failure, i.e. failure in the flowline linking manifold to process
plant does not cause partial production loss.

In relation to total production interruption, it can be observed
that this scenario seems to be less reliable than the previous
one. In the present scenario there is more equipment prone
to cause complete production shut down in case of failure,
such as:

• 22" export riser/flowline;

• 2 x 18" flowline/riser from PLEM to Jacket - equipment
installed in parallel, the total production interruption
depends on failure of both parallel lines;
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• Umbilicals from Jacket to manifold - also installed in
parallel with the same redundancy as the lines above
mentioned;

• Subsea control module (SCM) responsible for two
X-Trees each - only the simultaneous failure of the four
SCM could fully stop production.

A particular well shut down seems to have a smaller failure
probability for this scenario than for the previous one. It is
mainly due to the more reliable link X-Tree / manifold / Jacket
than X-Tree / riser / Semi-submersible, due to the riser dynamic
behavior and associated uncertainties.

The fault tree associated with partial production loss for the
Jacket scenario is presented in Figure 14.
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5.3 Scenario 3: Subsea to Beach

Subsea arrangement for this scenario is very similar to that for
Jacket scenario. Therefore the fault trees are also similar. The
main advantage of this arrangement in relation to the Jacket
scenario is the possibility of not using risers, although dynamic
considerations for Jacket risers can be neglected. All the lines in
the Subsea to Beach scenario are subjected to design static loads.
Exception could be considered for eventual pipeline free span but
it could occur also in the other two scenarios with similar
probabilities.

An additional advantage is associated with the use of two
export 22" pipelines instead of one employed in the Jacket
subsea arrangement. The dual pipe system introduces
operational redundancy to the arrangement. In the case of a
pipe interruption, flow assurance could be maintained without
affecting the production. The main disadvantage is associated
with the gas transportation without water separation, which
represents a considerable higher probability of hydrate
formation and consequent pipeline block as compared with
dehydrated gas obtained from the offshore process plant
available in both scenarios 1 and 2.

5.4 Conclusions from the Qualitative
Risk Assessment

Based on the above fault trees two different situations in relation
to production loss are analyzed: total production loss and
partial production loss.

5.4.1 Total Production Loss

The conceptual probability of failure for the total production
loss indicates that scenario 1 presents the best result. The
satellite wells contribute to decrease the probability of a
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complete shut down. The possibility of a shut down depends
on export pipe system failure. For scenarios 2 and 3, there are
additional possibilities of failure associated with subsea
multiplexed control and manifold.

Scenario 3 presents advantage in relation to the scenario 2.
An advantage for scenario 3 is the redundant export pipelines
adding operational flexibility to the subsea arrangement, since
the failure of one pipeline does not imply in production loss.
However, due to the transportation of the gas/water mixture,
scenario 3 presents higher probability of hydrate formation
than scenarios 1 and 2, which have separation process to
dehydrate the gas.

In relation to the total production loss it can be concluded
that the most reliable subsea arrangement system is that
represented by scenario 1, followed by scenarios 3 and 2.

5.4.2 Partial Production Loss

The partial production loss considers only one well
interruption. Analyzing the subsea arrangements and
respective fault trees it can be observed that scenarios 2 and 3
are more reliable than scenario 1. As already mentioned the
advantage of on-bottom import system using manifolds and
electro-hydraulic multiplex control reflects on smaller failure
probability if compared with the import and export dynamic
risers in scenario 1. In general, it can be concluded that
scenarios 2 and 3 are more reliable than scenario 1 for partial
production loss. In this case it is difficult to distinguish scenarios
2 and 3. Although scenario 3 has two redundant export
pipelines, the transport of water/gas mixture increases the
probability of hydrate formation if compared with scenario 2,
although in this scenario there is no pipeline redundancy.

5.4.3 The Best Scenario

Considering that the total production loss is associated with
a failure probability substantially smaller than for the partial
production loss, the indication of the most reliable scenario
should take into consideration small production losses
during the project life cycle. The satellite wells associated
with dynamic risers again put the scenario 1 as the less
attractive alternative.

Although equivalent in terms of partial production loss,
scenario 3 is more reliable than scenario 2 for total production
loss (two export pipes). Therefore, based on the qualitative
risk assessment for production loss, the scenario 3 can be
indicated as the best option for the offshore gas field
considered in this study. However, the possibilit y of gas/water
subsea separation and subsea gas compression, before export
to onshore terminal, could mean an outstanding advantage
for Subsea to Beach scenario in relation to both Semi-
submersible and Jacket scenarios. In addition, the possibility
of only one export pipeline could be considered for the Subsea
to Beach scenario for dehydrated gas.

It should be emphasized that a quantitative risk analysis based
on reliable data could eventually result in a different conclusion.

6 Costs

The total cost when developing a subsea exploitation field is a
function of several income and expense factors such as capital
expenditures (CAPEX), operational expenditures (OPEX),
production rate, product price, frequency of component
failures and intervention vessels (Gustavsson et al., 2004).

The value of a project is based on its capability to generate
future cash flow, therefore the investment alternatives can
only be compared if measured at the same time. To do that,
the approach based on the Net Present Value (NPV) is adopted.

6.1 MEG/Insulation Analysis

In order to prevent hydrate formation, two possibilities were
considered, the continuous injection of MEG and the thermal
insulation of the production pipelines. These two methods
have different impacts on cost. Insulation requires more initial
expenditure, increasing the CAPEX. On the other hand the
continuous injection of MEG requires much less CAPEX but
its maintenance adds to the OPEX.

For scenario 1 the insulation concept was readily adopted
because of the short distance from the wells to the Semi-
submersible. The analyses were performed only for scenarios
2 and 3 due to the long distances from the wells to the Jacket
platform or to the onshore terminal, respectively. If using
continuous MEG injection, a flexible 6" flowline is required
for MEG transportation. Even though the flexible line is more
expensive then the rigid one, the fact that it is possible to
install this line together with the umbilicals makes the overall
installation expenditure more attractive. If it were a rigid pipe,
another vessel would have to be contracted. When using
insulation, the cost of the pipes increase because of the
insulation layer itself, but installation costs are the same. Table
1 shows the results obtained for scenarios 2 and 3 for the sum
of CAPEX and OPEX.

Table 1: Comparative costs between of MEG and insulation
for scenarios 2 and 3

6.2 Cost Analysis for the Three
Scenarios

Cost analysis was made considering the use of loans based on
Price method, which determines constant payments. It was
assumed  80% loan for  20 years pay period with 6% year
interest rate. Doing that, the initial investments are greatly
reduced since only 20% of CAPEX is paid at the end of each
semester. The loan debt increases til l operations begin and
payments start. Table 2 summarizes the main loan data.
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Table 2: Main loan data

Based on the subsea design, industry prices were raised to
specify each system component and installation costs. In order
to estimate income, the 20 million m3 / day were converted to
equivalent number of oil barrels. Two NPV values were
calculated for each scenario for two oil equivalent prices. The
higher NPV obtained was for Subsea to Beach, Table 3.

Table 3: Cost analysis for two income considerations

After calculating the capital return for each scenario, the
most obvious aspect is the proximity of the obtained results.
Even though the Subsea to Beach has the best NPV, US$
172.41 million for the barrel oil price of US$ 25.00 and US$
643.21 million for US$ 45.00, these are 37.7% and 8%
greater than the lowest ones of US$ 125.20 million and US$
596.00 million for Jacket platform scenario. Because of that
and the fact that there are uncertainties for the component
costs, it is not possible to guarantee the Subsea to Beach
scenario as the most profitable investment.

Finally, to better understand the NPV return value behavior, a
risk estimative for the cost analysis is performed. This was
particularly necessary due to the fact that the prices obtained
for each component can fluctuate. To run the analysis, it is
necessary to know which components have a higher impact
on the NPV. This sensibilit y study consists of varying the value
of one parameter, the platform or the OPEX for example, to
analyze the impact on the calculated NPV. The outcome of
the study is that the most important parameters are the
platforms, the OPEX and semester income value, and all
pipeline costs for buying and installing them.

The next step was to run the risk cost analysis. This was
performed using the software @Risk (2004). Basically,
triangular functions were determined for each of the selected
parameters of the three scenarios, and their prices were defined
with a minimum value (10% less), the mean value and the
maximum value (10% more). Then 10,000 iterations were
assumed in the analysis, where the program randomizes the
parameter values with costs within established limits.

Figure 15 shows the probability graphics obtained for the
scenarios 1, 2 and 3. The analysis considered the oil price per
barrel as US$ 25.00.

(a) Semi-submersible scenario

(b)  Jacket scenario

(c)  Subsea to Beach scenario

Fig. 15 Probability analyses for NPV
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It is confirmed that the Subsea to Beach scenario has the
highest NPV values, ranging from 107 million to 233 million,
with the highest (11%) chance of returning 177 million. The
Jacket plataform has lower values for the returning range, but
it shows the highest probability of 12%, the biggest one over
the three scenarios. The Jacket platform shows values with a
range between 56 and 192 million.

7 Conclusions

Three subsea production systems have been proposed for a gas
field offshore Brazil. The considered scenarios were Semi-
submersible platform (SS), Jacket platform (J) and Subsea to
Beach (SB). Aspects related to subsea processing, risk assessment
and costs have been considered to provide the necessary support
for the development of the subsea production systems.

For the three scenarios a series of analyses have been carried
out to determine the thermodynamic state (pressure and
temperature) in the phase equilibrium diagram of gas hydrate
to assure that the flow is out of the hydrate envelope. Based on
these results it is realized that the gas mixture can be
maintained out of the hydrate envelope by using appropriate
pipe insulation. Analyzing Subsea to Beach for the worst case,
the longest pipe with flow rate of 10 million m3 per day by the
end of the  life cycle, U value equal to 1.05 w/m2 °C was
obtained for the two 22" pipelines. Flow assurance is feasible
for all scenarios. The most critical scenario is the SB because it
needs either pipeline insulation or MEG continuous injection.

Risk assessment has been conducted for production loss. Fault
trees constructed for each scenario have been analyzed in terms
of qualitative risk approach.  The conceptual probability of
failure for the total production loss indicates that scenario 1
presents the best result. The satellite wells contribute to
decrease the probability of a shut down. The possibility of a
shut down depends on export pipe system failure. For scenarios
2 and 3, there are additional possibilities of failure associated
with subsea multiplexed control and manifold. In relation to
the total production loss it was concluded that the most reliable
subsea arrangement system is that represented by scenario 1,
followed by scenarios 3 and 2.

The partial production loss considers only one well
interruption. Analyzing the subsea arrangements and
respective fault trees it can be observed that scenarios 2 and 3
are more reliable than scenario 1. The advantage of on-bottom
import system using manifolds and electro-hydraulic multiplex
control reflects on smaller failure probability if compared with
the import and export dynamic risers in scenario 1. In general,
it can be concluded that scenarios 2 and 3 are more reliable
than scenario 1 for partial production loss. In this case it is
difficult to distinguish scenarios 2 and 3. Although scenario 3
has two redundant export pipelines, the transport of water/
gas mixture increases the probability of hydrate formation if
compared with scenario 2, although in this scenario there is
no pipeline redundancy.

Considering that the total production loss is associated with a
failure probability substantially smaller than for the partial
production loss, the indication of the most reliable scenario
should take into consideration small production losses during
the life cycle. Satellite wells associated with dynamic risers put
the scenario 1 as the less attractive alternative. Although
equivalent in terms of partial production loss, scenario 3 is
more reliable than scenario 2 for total production loss.
Therefore, based on the qualitative risk assessment for
production loss, the scenario 3 can be indicated as the best
option for the considered offshore gas field. The possibility of
gas/water subsea separation and subsea gas compression, before
export to onshore terminal, could mean an outstanding
advantage for Subsea to Beach scenario in relation to both
Semi-submersible and Jacket scenarios.

Cost analysis indicates close capital returns for the three
scenarios. Subsea to Beach has the best NPV, US$ 172.41
million for the oil barrel of US$ 25.00 and US$ 643.21 million
for US$ 45.00. These results are 37.7% and 8% greater than
the lowest ones of US$ 125.20 million and US$ 596.00 million
for Jacket platform scenario.

As general conclusion the Subsea to Beach scenario is the
best option according to the obtained results. However,
additional technological developments associated with subsea
gas/water  separation and subsea gas compression are strongly
recommended in order to have this option commercially
available in the near future. Aspects related to subsea
equipment reliability and remote control are also of
paramount importance for the unmanned Subsea to Beach
concept.
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Abstract

The paper presents an experimental technique used for fracture diagnostics of ship shaft lines including the development of a data
acquisition and signal processing system. The investigation aims to determine the effect of forced vibrations. Experimental and
theoretical studies were carried out on a tug-type vessel. Experimental data associated with expert system programs to calculate
alignment and dynamic behavior of discrete systems using the finite element method that makes it feasible to implement
recommendations to minimize the shaft line vibration level. The objective is to avoid the occurrence of structural failure

Keywords

Vibration, propeller shaft, shaft alignment

1 Introduction

Small-sized vessels normally use propulsion engines of medium and high rotation speeds to ensure economy and efficiency in
performance. In turn, these engines together with other equipment installed in the propulsion system, induce forces in the shaft
line. These forces are harmonic with multiples source frequency for the operating equipment. Each equipment and structural
component, in turn, have its own natural vibration frequency.

The proximity between the frequencies can excite the hull structure or the coupled equipment. This can cause a loss of efficiency,
a reduction in the maintenance period, or even structural failures and increasing costs. A problem of forced vibration of one of the
elements on board can generate high repair costs, jeopardizing even the economic viability of the vessel. With the aim of investigating
the effect of forced vibrations, experimental and theoretical studies were carried out on a tug-type vessel.

The tug boat selected was converted into a ROV (Remote Operated Vehicle) Supply Vessel. The tug includes two main engines and
two shaft lines for fixed-pitch propellers. In the conversion process, the propellers were replaced by a controllable-pitch propeller
type and propulsion shaft lines were replaced by a hollow shaft and an O.D.Box (oil distribution box) for activating the controllable-
pitch mechanism. After the modification for period of approximately two years, the vessel experienced successive fractures in the
shaft lines (on both sides), with a total of 5 damages.

In order to verify the exact structural behavior of the shaft lines, experimental data were obtained by data acquisition in four engine
points, in the shaft lines bearings and in the stuffing box.
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In each location, acceleration was measured in three directions
(vertical, horizontal and axial). The measurements were made
during engine operation for different speeds. During the
measurement phase the rotation speed signal was acquired
through a magnetic proximity sensor installed on each shaft.

An experimental procedure used for the fracture diagnostics
in the shaft lines was supported by the development of a data
acquisition and signal processing system based on virtual
instruments in LabViewTM   software [N.I., 1998].

During the tests, oil whirl, resonance, static misalignment
and whirling were identified. They were confirmed by
numerical models, making possible the recommendation of
measures to minimize the vibration effects which cause fracture
of the shaft lines.

2     Theory of Shaft Vibration

In crankshafts of complex geometry, the coupling effect
between torsion, bending and axial forces can be considered.
In general, torsional modes of vibration are coupled with out-
of-plane bending modes whereas axial modes are coupled with
in-plane bending modes.

Drawing of a tug line shaft is presented in Figure 1.

Fig. 1   Tug shaft line [MACHADO et al, 2004]

Kinetic and potential energies T and V of a continuous system
and the work W done by the forces which act on it are related
as shown in Equation 1, as stated by Hamilton's Principle
[CLOUGH and PENZIEN, 1975]:

                                                           (1)

A finite element model in which the continuous displacement
variables ux , uy , uz and rotation variables qx , qy , qz in a
rectangular Cartesian coordinate system (x, y, z) presented in
Figure 2 may be substituted into interpolated nodal variables
Ui to obtain the Lagrange equations (Eq. 2):

                                (2)

where Fi  are the generalized forces.

Fig.  2  Finite Element Coordinate System [DYKSTRA, 1996]

Adding the kinetic energy of translation, given by (Eq. 3):

                                      (3)

with the rotational kinetic energy of the element about its
center of mass, where small angle approximations have been
made, and integrating over the element length L, yields (Eq. 4):

                                     (4)

In Equation 4,  Jt and Jbn terms correspond to  the
principal directions of the inertia tensor [J] defined per
unit length.

Elastic potential energy or strain energy is defined as a function
of stress {s} and strain {e}, obtained per unit volume as indicated
in Eq. 5:

                                         (5)

where [KL] is the elastic matrix that correlates stress and strain
in the generalized version of Hooke’s Law (Eq. 6):

                                                                             (6)

For Young modulus E, area A, transversal elasticity module
G, moments of inertia Ix , Iy , Iz , the total energy is obtained
by the integration over the volume [DYKSTRA, 1996]. The
terms V1 and V2 represent linear contributions; V1 due to the
axial load and torsion and V2 due to bending (Eq. 7 and 8):

                                       (7)

                                      (8)
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Couplings can be observed through the non-linear
contributions (Eq. 9):

                                                                    (9)

due to the axial/bending coupling V4 (Eq. 10):

                                 (10)

bending/axial coupling V5 (Eq. 11):

                                 (11)

axial/torsion V6 (Eq. 12):

                                                      (12)

and torsion/bending V7 (Eq. 13):

                                               (13)

A discrete system of differential equations of dynamic
equilibrium is finally given as (Eq. 14):

                                        (14)

Precise determination of the linear and/or non-linear
parameters which represent the stiffness matrix [K] based
on the elastic potential energy and of mass [M] based on the
kinetic energy of the system, modeled using the finite element
method, as well as the vector of the external forces {f(t)} and
the damping matrix [C], allow the determination of the
numerical solution of the system of differential equations,
where the vectors ,  and  correspond, respectively to
acceleration, velocity and displacement.

Direct integration of Equation (14), by a step-by-step
procedure includes the nonlinear coupling stiffness from
the displacements.

Another type of analysis that sheds more light on the
dynamic behavior of mechanical systems is the study of
free undamped vibrations. The greatest damage to
mechanical systems is generally caused by resonance
conditions, which occur when the frequency of the
excitation force is close to the natural frequency w (rad/s)
of the structure. Supposing that [C]=[ 0] and {f(t)}={0}, the
following solution is proposed (Eq. 15):

                                                                     (15)

where {f  } and w2 represent, respectively, the eigenvector
(vibration mode) and the eigenvalue of the free vibration
equation (Eq. 16):

                                                              (16)

For the solution of the eigenvalue problem and the calculation
of the overall problem of forced vibration, in the time and
frequency domains, it is essential to have a correct
representation of stiffness, structural mass, adjacent fluid mass
and, particularly, damping and force, generally obtained by
means of full scale measurements.

Another characteristic of crankshafts of complex geometry is
related to the coupling of the strain on orthogonal planes,
produced by any asymmetry of the moment of inertia of the
XZ and XY planes. This asymmetry produces cross coupling
in the movement of the shaft (when deformed on the XZ
plane, a moment appears which tends to rotate it towards the
XY plane - of less stiffness). This moment is of a sinusoidal
nature, which introduces a non-linearity in the shaft
movement equation that can be depicted in a simplified way
through the "Mathieu" equation [MEIROVITCH, 1975]. This
phenomenon is called a parametric vibration and can also be
responsible for generating a classic situation of rotordynamic
instabilit y. This is known as parametric instabilit y and generates
sub-harmonics (normally at a frequency equal to half the
rotation speed) in the shaft motion.

3     Propulsion Shaft Line

3.1  Propeller Shaft Alignment

The aim of alignment is to optimize the uniformity of the
reactions at the bearings, according to the condition of the
geometr ically aligned line. In his calculation [BAPTISTA,
1993], the shaft is treated as a hyperstatic beam, loaded by its
own weight due to both equipment and propeller, and the
thrust of the seawater and lubricating oil. The general
equations based on the "fair curve alignment theory" permit
the determination of moments and reactions in the supports
through the areas of the moments method (3-moments
equation). They are used to calculate the stiffness coefficients
and the matrix of the influence coefficients of the vertical
deflection of each bearing in the reaction of the others. The
alignment requirements are the reactions in the bearings,
revolutions, deflections (seals), bending moments and shear
forces, bending stresses and influence coefficients. Hull
deflection [SVERKO, 2005] also influences alignment,
through the imposition of vertical deflections on the bearings
[DAHLER et al, 2004].
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3.2 Torsion Pr opeller Shaft V ibration

Torsion propeller shaft vibration in a ship is caused by the
torque variation due to the irregular blades water flow and by
the forces generated by the gases in the cylinders, as well as the
unbalanced masses in the system. Excitation frequencies are
in general equal to the rotation speed of the system multiplied
by the number of propeller blades, or by a multiple number.
They can also depend on the number of engine cylinders, the
order of firing, or whether it is a two or four-stroke engine.

Calculation of the natural frequencies of torsional vibration
of the shaft line is important for determining the propeller
shaft critical speed. One method of modeling the shaft line is
based on its transformation into a system of torsional discs
and springs, the theory of which is based on Holzer's method
[MEIROVITCH, 1975].

3.3 Propeller Shaft Axial Vibration

Propeller shaft axial or longitudinal vibration is caused by the
propeller due to the thrust pulsations or the forces of the gases
in the main engine. In this case the excitation frequency will
be the multiplied by the number of propeller blades, or a
multiple of this. The number of cylinders in the main engine
also exercises some influence.

Axial natural vibration frequency of the propulsion system,
including the crankshaft, propeller and intermediary shafts lies
in the 500 to 800cpm band. Possible occurrence of a resonance
condition exists, with components of fifth to seventh order, in
the variation of the pressures on the pistons in the engine
cylinders, for a normal rotation speed in the 110 to 200 rpm
range. It is worth remembering that in this type of vibration,
there is also a contribution from the propeller thrust fluctuation,
as has already been seen, and it occurs at the blade frequency.

 When there is an axial vibration resonance in the propulsion
system, the longitudinal excitation force (forward and reverse)
is transmitted to the hull structure and superstructure, and it
is amplified due to the propulsion system. As a consequence,
an excessive vibration of the superstructure occurs.

To describe the axial vibration mechanism of the crankshaft,
we need to consider its initial causes, which are listed below:

• variation of the propeller thrust

• variations in the explosion pressures of the cylinders

• torsional vibration of the propeller shaft, producing
warping of the sections.

Calculation of the propulsion natural frequencies can be made
by means of modeling equivalent masses and springs. Natural
frequency of the longitudinal vibration of the propeller shaft,
of which the crankshaft is an integral part, depends mainly on
the propeller mass (including, the virtual mass), the spring
constants of the crankshaft and the thrust bearing. Equivalent
stiffness of the thrust bearing can be calculated as an
association in a spring series that represent two components.

One originating in the thrust collar and the other in the
thrust block.

The influence of the shaft torsional vibration on the axial
vibration, is very small. This is because of the difficulty of an
engine to be working at a rotation speed that corresponds to
or is close to the natural frequency of the torsional vibration.
In cases of torsional resonance, the warping of the sections
will produce contractions and distensions in the shaft in the
axial direction, contributing more significantly to the
longitudinal vibration of the propeller shaft.

3.4 Lateral Vibration and Shaft Whirling

The propeller can cause whirling, or rotation of the bending
plane, and the lateral vibration of the propeller shaft, when
the hydrodynamic forces in the blades suffer variations, due to
the wake field. The excitation frequencies are the same as
indicated in the previous sections.

4     Experimental T echnique

Data obtained experimentally [LOPES et al, 1986] helped to
determine the dynamic behavior of the main engine/structure
interaction [LEGUE et al, 1990] and the propulsion shaft line
stiffness/ship hull flexibility interaction [MACHADO et al, 2004].

A better understanding of the machine vibration [LOPES et
al, 1985], structure vibration causes [SILVA NETO et al, 1996],
and an access to the actual values of their parameters
[DOMENICO et al, 1997], obtained experimentally, leads to
the improvement in the quality of  design and construction
processes [MELLO et al, 2006]. The ability to simulate
satisfactorily the actual behavior through an adjustment of the
models to the experimental data, verifying and proposing
measures for minimizing vibration, contribute to avoid damage
to the floating system, environment and human life.

4.1 Experimental Data Manager

The data manager was conceived [NOVAES et al, 1999] to
allow the electric signals obtained from mechanical-magnitude
sensors to be introduced through keying in (RMS total values
or by octave band).

The main data-management modules have the following
characteristics:

a) Storing general information of the ship, sea trials, sea and
operation conditions, mechanical equipment and /or
evaluated structure.

b) Managing information about the electronic instrumentation
parameters (channel, attenuation, sampling rate  etc.) and
i ts association with the mechanical data of interest
(conversion factor between volts and the desired engineering
unit).
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c) Carrying out the data acquisition and the signal pre-
processing.

d)  Selecting the analysis domain (time or frequency).

e) Analyzing the signals through Fast Fourier Transform (FFT),
direct comparison with norms, event statistics or cascade
diagrams.

f) Storing final results, allowing future access and comparisons
with similar problems and respective solutions.

4.2 Data Acquisition

Acquisition module allows to introduce data through keying
in, numerical file reading or directly, from the signal
conditioner (filter/ amplifier).

The pre-processing signal module (Fig. 3) makes it possible to
treat the signal acquired through filters and amplifiers. A
Fourier analysis can also be performed, transforming the
discrete signal obtained in the time domain to the spectrum.

Electric strain-gages installed at 45 degrees to the shaft line
and connected in a Wheatstone Bridge enables one to measure
the shaft strains and, consequently, torque, torsional vibration
and shaft horsepower (SHP). Through telemetering (frequency
modulated by the torque), the signal is sent by a transmitting
antenna to a discriminator coupled to the database by means
of an analogue-digital board.

The signals are then processed, stored and presented in the
form of torque, torsional vibration and power with the
additional reading of a pulse at each shaft rotation.

Piezoelectric accelerometers coupled to magnetic bases record
the local vibration through portable recording equipment or
directly in the data manager, where the processing allows a
direct comparison with acceptable limits proposed by the
norms (Figure 4).

Fig.  3 Comparison with Limits Acceptable by ISO and Bureau
Veritas

The same modules responsible for the acquisition and
processing of local vibration signals can be used for measuring
mechanical equipment vibration.

Analysis of equipment vibration, however, requires more than
one type of numerical signal treatment.

The main engine, when new has a dynamic behavior different
from when it is installed in the ship machinery space. Figures
stored in the data manager show the model of a motor vibrating
in its natural modes T or H (transversal / horizontal), X (forward
and reverse out of phase) and L (longitudinal), in the factory
and in the ship (machine / hull structure coupling).

Equipment vibration during the critical speed can be analyzed
simultaneously in time and frequency domains, as indicated
in Figure 4.

The data manager also allows spectra of the same point of
the machine to be presented in three orthogonal directions,
facilitating the diagnostic of possible problems [LOPES
et al, 2002].

Fig.  4 Analysis of Passage through Critical Rotation Speed -
Time and Frequency

Cascade diagrams are used during machine stop or start up
(Figure 5). Different spectra obtained sequentially are
presented together, making possible to identify a possible
resonance condition.

Fig.  5   Cascade Diagram for Machine Stoppage Test

The problem diagnosis, after treating the experimental data,
is based on the analysis of the main harmonic components
(multiples of the rotation speed), for the indication of possible
causes [LOPES et al, 2002]:
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1 x rotation speed:

• Unbalance

• Misalignment or warping of the shaft

• Tensioning

• Loose components

• Resonance

• Electric

2 x rotation speed:

• Misalignment or warping of the shaft

Harmonic:

• Loose components

• Friction

Sub-harmonic:

• Oil Whirl

• Ball bearing retainer

Network multiple:

• Electric

Resonance:

• Different sources, including shaft, carcass, foundation and
external structures, frequency proportional to stiffness and
inversely proportional to mass.

Rotation speed multiples:

• Defective bearings

• Gearing

• Drive belts

• Blades and diaphragms

5 Case Study - Salgueir o Vessel

Salgueiro vessel, originally a tug vessel, was converted to a
RSV (ROV Supply Vessel) in 1994. The tug had 2 main
engines and 2 line shafts for fixed-pitch propellers. In the
conversion process, the propellers were replaced by a
controllable-pitch type, the propulsion shaft lines were
replaced by a hollow shaft and an oil distribution box was
introduced for activating the controllable-pitch mechanism
(O.D. Box). Since then, over periods of approximately 2
years, the RSV vessel suffered successive breaks in the line
shafts (at the 2 edges), totaling 5 damages. Figure 6 shows the
fracture of the last damaged shaft.

Fig.  6  Fracture in the Propeller Section

At the end of November 2005, two programs were carried out
for measuring the vibration in four points of the 2 shaft lines.
Figure 7 shows a drawing of the shaft  line and the 4 points
where the vibration signals were required, in Axial, Vertical
and Transversal directions.

Fig.  7   Drawing of the Line shaft

Vibration signals were acquired with the RSV vessel anchored
at the port and with the engines at a rotation speed of 471
rpm. The forces and moments of unbalancing inherent to
the engine constitute the main source of excitation of the
system. It is known that the moments of a first order (M1v)
and second order (M2v) are transmitted to the structure of
the vessel and then to the shaft  line bearings, particularly for
engines of 4, 5 and 6 cylinders. In this case, the structure is
excited according to the data shown in Table 1.

Right at the outlet of the engine there is the reduction box
(3:1). The excitation frequencies, at the point of operation
of the engine, after the reduction box, are also shown in
Table 1.

 Table 1: Points of Engine Operation

In the analyzed spectra, the vertical lines indicate the 1st, 2nd,
3rd, and so forth, vibration frequencies in the shaft after the
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reduction box. The notation that will be used to denote these
frequencies will be: the 1st frequency denoted by 1X, the 2nd

frequency by 2X, the 3rd frequency by 3X; and so on
successively.

The measurement was carried out at four points of the shaft
line. Figure 8 shows the RSV vessel main engine, which is a V8
B&W engine. The accelerometer was positioned in the engine
block, at the tip of the engine flywheel.

Fig. 8   Point 1 - Engine Port

At about 1 meter from the reduction outlet, the line shaft
penetrates a bulkhead (Figure 9 top-left), which divides the
ship's engine room. Right after that, one of the intermediary
bearings is located.

Figure 9 top-right shows the second intermediary bearing
(Point 3).

Fig.  9 Points on Port: #2 (1st intermediary Bearing), #3 (2nd

Intermediary Bearing), O.D. Box and #4 (Stuffing Box)

Before reaching the stuffing box, right after the 2nd

intermediary bearing, another accessory of the shaft line is
located: the oil distribution box (O.D. Box), seated on pads,
produces large-scale vibration. This equipment weighs 1,150
kg and is shown in Figure 9 - bottom-left.

Finally, the shaft line penetrates the bulkhead, which separates
the Engine Room from the Stern Tube area. Figure 9-bottom-
right shows the Stuffing Box. The ring that appears in the
lower right corner is for distributing the lubricating oil.

For each of the four points, measurements were made on each
side (Port or Starboard) and in the three directions (V=vertical,
T=transversal, A=axial), thereby obtaining 6 spectra for each
point, making a total of 24 spectra per program. Figures 10
and 11 show the vibration spectra obtained for point 2, in the
port shaft, in the vertical direction, in the first and second
programs, respectively.

Fig. 10   Vibration Spectrum - Point 2V - Port - 1st  Program

Fig.  11   Vibration Spectrum - Point 2V - Port - 2nd Program

Analysis of the obtained spectra indicates the following
diagnosis:

• Oil Whirl: peaks of velocity between 0.43 and 0.48 x RPM;

• Peaks of velocity in the 6X frequency, at the point 2,
starboard, indicating resonance: lateral frequency (whirling)
of the shaft (between intermediary bearings) coinciding
with an excitation frequency of the engine (2nd order);

• The problem of misalignment is marked by large-scale
vibration in the 2X frequency, together with a high level of
axial vibration. The vibration peaks in the 2X frequency
are present in almost all the spectra and the axial vibration
of the reduction box has a peak value of about 2mm/s,
which can be considered high, when axial vibration is
evaluated;

• In order to compare and show how the vibration amplitudes
decrease in the 6X frequency, Figures 10 and 11 show the
spectra for the first and second measurements, respectively.
One can see that the amplitudes decrease from 0,23 mm/s to
0,044 mm/s, a drop of about 81%. Even greater amplitude
reductions occur in all the vertical and transversal vibration
spectra for other points, from first to second program;
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 • For the same measured point (e.g. point 4), same engine
load (80%), same direction (vertical) in the starboard and
port shaft line, one can observe a similar aspect in the
spectra, although with greater vibration level for the port
shaft line, with a controllable pitch system.

6 Comparison with Numerical
Models

Two numerical models of the shaft line were built: one for
alignment analysis and the other composed by finite elements
for free vibration analysis (natural frequencies and vibration
modes). In both cases, the shaft line was subdivided into 73
sections, representing its geometric and mechanical
characteristics.

The results obtained from the alignment calculation were the
reactions in the bearings (Figure 12), the influence matrix
(Figure 13), the elastic line (Figure 14), shear force diagram
(Figure 15) and bending moments (Figure 16).

Bearing number

                                                              Reaction Forces (kgf)

Fig. 12   Reactions in the Bearings

Bearing number

                             (kgf)/(mm Bearing Vertical Displacement)

Fig. 13   Influence Coefficients of the Bearing Reactions

Fig. 14   Elastic Line
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Fig. 15   Shear Forces

Fig. 16   Bending Moments

Free vibrations calculation by the finite element model
indicated the following natural frequencies of the shaft line
(same frequency pairs in orthogonal modes):

1st and 2nd  - Bending at 21.17Hz - Fig. 17

3rd and 4th  - Bending at 24.62Hz - Fig. 18a

5th and 6th  - Bending at 31.12Hz - Fig. 18b

7th and 8th  - Bending at 45.09Hz - Fig. 18c

9th  - Axial at 47.94Hz - Figure 18d

Fig. 17  1st and 2nd Modes - Lateral Vibration at 21.17Hz
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18(a)                          18(b)

18(c )                          18(d)

Fig. 18 Lateral Vibration Modes: 3rd & 4 th (a), 5th & 6 th (b), 7th

& 8 th (c); Axial - 9th (d)

Numerical results, indicates a bending natural frequency
of 21.17Hz. This interesting result could explain the
hypothesis of  resonance condition close to 21Hz frequency
suggested by the measured spectra in the experimental
procedure and also the great concentration of forces close
to the box (O.D Box).

7 Conclusions

The experimental technique for diagnosing fractures in shaft
lines applied to a tug converted to  ROV supply vessel was
integrated with numerical techniques and its general
instrumentation flowchart. The data acquisition system is able
to store, manage, select analysis information, using FFT (Fast
Fourier Transform) to make the diagnosis.

The advantage of this system is the possibility of accessing
information from both full-scale measurements and
numerical simulations of the shaft line, main engine and ship
hull vibrations.

The joint analysis of the vibration spectra and numerical
models allow the following conclusions:

• Periodicity of fractures and the fact that they occurred
after the modifications made to the power transmission
system (fixed-pitch system to controllable-pitch) points to
an inherent cause associated with the new configuration of
the shaft line, factors pile up in such a way as to lead to the
collapse of the shaft;

• The modifications undergone by the line shaft include, at
the very least, two important alterations: the hollow shaft
provides less stiffness relative to the solid section and the
existence of the O.D. Box represents an additional weight
(1.15 tons) in the line shaft;

• It  is  very  likely  that the cause of the collapse is not a single
one, but rather    a combination of already existing factors
that are magnified by the modifications imposed by the
new configuration of the shaft line, being associated with
misalignment and  resonance in the 6X frequency.

In order to minimize limitations in using regular spectral
analysis technique, strictly valid for stationary processes
emerging from linear systems, in transient phenomena analysis
("cascade diagram"), numerical simulations using direct
integration of the equations are performed before and after
acquiring experimental data. At each appropriate time interval,
the displacements, velocities and acceleration of the discrete
model are calculated for load increments, updating the stiffness
and mass matrices terms caused by nonlinear dynamic effects
[ZIENKIEWICZ, 1979].

8 Future Work

At this stage, gyroscopic effects [PRODONOFF and
MICHALOPOULOS, 1974] on turbomachinery
rotordynamics [CASTILHO, 2007] are being studied and
techniques based in superelements and component mode
synthesis [MEIROVITCH, 1980] are being implemented
to incorporate, respectively, the nonlinear effects and the
influence of the ship hull on line shaft coupled through
its bearings.
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Abstract

As a result of the corrosion wear, which is treated as a random phenomenon, the geometric properties of shipbuilding structural
profiles (bulb plates, inverted angles/L-profiles, channels, symmetric or asymmetric Fundia T-bulbs, symmetric or asymmetric built-
up T-bars, and flat bars) are presented as random functions of the ship's age. Evenly distributed corrosion wear along each cross
section's dimension is assumed (different corrosion wear may be considered along each of the cross section's dimensions). Taylor
series approximation method is applied to present the geometric properties used for assessment of elastic bending strength in
probabilistic terms. The proposed method allows for comparison between different structural profiles using as a criterion the
probability that these structural profiles will meet given Renewal Criteria requirements throughout the ship's lifetime. Based on its
calculation, one can select the most reliable structural profile. The method also allows for better planning of ship repair and
maintenance work.

The method can also be used to reveal the already implemented risk in the existing empirical Renewal Criteria through analysis of
the structural components, their location, ship's type and size. This is one of the first steps towards development of Reliability-based
Rules for building and classing of steel ships.

Keywords

Shipbuilding structural profiles, probabilistic geometric properties, corrosion of ship structures

1 Introduction

The application of the time-variant reliability theory into ship structures design, repair and maintenance requires presentation of all
factors influencing the reliability of the hull structure as random functions of the time. These are the external and internal loads,
geometric properties of the hull girder and its components, mechanical properties of the parent material and the welding joints. The
report deals with probabilistic presentation of the geometric properties of shipbuilding structural profiles.

The randomness of the geometric properties is considered as a result of the probabilistic nature of the corrosion wear. Only
uniformly distributed corrosion wear (i.e. overall corrosion) within each cross section's dimension is taken into consideration.

The paper deals with geometric properties that are used for assessing elastic bending strength and is a continuation of the previous
work done on deterministic calculation of the geometric properties of shipbuilding structural profiles [11] These geometric
properties are presented in probabilistic terms using first order Taylor series approximation method. If the second and third term in
the equations for the mean value and the variance are kept, their contribution is negligible. In the extreme cases, their contribution
barely reaches 0.05-0.10% of the value of the first term [10].
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The application of the Taylor method for probabilistic
presentation of the other geometric properties used for
calculation of the shear and torsion strength and the plastic
section modulus becomes too cumbersome. Therefore, they
can be determined by an approximate method [12].

The following structural profiles are covered by the model:
Symmetr ic or asymmetr ic Fundia T-bulbs (Fig. 1 and Fig.
2); symmetr ic or asymmetr ic built-up T-bars (Fig. 3 and
Fig. 4); Bulb plates (Fig. 5 and Fig. 6); Inverted angles (Fig.
7); L-profiles (Fig. 8); Channels (Fig. 9); Flat bars (Fig. 10).
The geometric properties of these profiles are calculated
following the method described in [11].

The essence of the Taylor series method [24] is the linear
transformation of the function, Y, in the vicinit y of its
mean value. Applying first order Taylor series expansion
for non-correlated, statistically independent variables, one
can obtain:

                        (1.1)

where the subscript m means that the expression within the
bracket should be calculated substituting xi with its mean value

. The Cross Section Area, First and Second Moment of
Area, Product of Inertia, and Section Modulus for symmetric
bending of different types of structural profiles applied in the
shipbuilding industry have been analyzed using the above given
formulas.

2  Type of the pr obabilistic distribution

It was shown in [10] that the above-mentioned geometric
properties of shipbuilding structural profiles obey the Gaussian
(normal) distribution. The normal distribution should be
truncated because of the following reasons:

• The geometric properties cannot increase due to corrosion
wear, i.e. they cannot be greater than their corresponding
init ial values. However, what is the initial value? All
manufacturers of shipbuilding structural profiles specify the
tolerances within which they guarantee the dimensions of
the corresponding structural profile. The reason for the
deviations from the specified nominal values of the
dimensions is the unavoidable inaccuracies of the
manufacturing process. In other words, the initial dimensions
are of a probabilistic nature.

Modern technology allows for very high accuracy of the
dimensions, but it is questionable to target entire elimination
of the existing tolerances. High accuracy is not an end in
itself. There is no sense increasing the accuracy if the effect on
the hull structure strength is insignificant while the production
cost may substantially increase [3].

Under these circumstances, one should make assumptions
about the maximum possible initial value of the geometric
property under consideration (i.e. the upper truncation value).

• The geometric properties of shipbuilding structural profiles
cannot decrease indefinitely during the ship's operational
lifetime. Again, one should make an assumption for the
minimum possible value of the geometric property under
consideration (i.e. the lower truncation value). The "safest"
assumption is to set this lower truncation value to zero. This
assumption is not realistic because the structure's dimensions
will shrink but will not disappear just because of corrosion
wear (the assumed minimum possible value of the geometric
properties is given further in this Section).

The procedure presented in the paper is a general one and
allows for change of any of the assumed boundaries depending
on the peculiarities of any specific case.

Let's continue with the parameter y presented in the following
non-dimensional form:

                                                                             (2.1)

where Ynom is the nominal value of Y

Let's mark the boundaries of the random parameter y as
follows:

bu = maximum possible value of the corresponding geometric
property; bl = minimum possible value of the corresponding
geometric property.

The starting point for finding the equation of the truncated
normal distribution function of any geometric property under
consideration is the premise that the area below the truncated
normal distribution with boundaries bu and bl should be equal
to unity (as for a normal distribution with boundaries ).
The difference between the ordinates of the two probability
density functions will be a constant C that could be determined
the following way [21]:

        (2.2)

                                                    (2.3)

Thus, the truncated normal distribution function of  y, pc(y),
will be:

                            (2.4)

                               (2.5)
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 = mean value of  y, s y= standard deviation of y, F  =
Laplace integral of probabilit y.

The procedure for probabilistic calculation of the geometric
properties of shipbuilding contains the following phases:

1. The mean values and the standard deviations of the
corrosion wear are determined for the attached plate, web
plate, and the bulb head/flange for each year of the ship's
operational lifetime.

2. The mean values and standard deviations of all dimensions
of the structural profile's cross section are determined for
each year of the ship's life span. The most accurate source
of information might be the statistical data collected by
the manufacturers. If they are not accessible, one could
perform statistical analysis of the "as-rolled" or "as-built"
structural profiles delivered in the shipyard [10]. Another
way is to use the tolerances given by the manufacturer. As
a first approximation, the mean value can be taken as
equal to the middle of the tolerance range, and the standard
deviation as equal to 1/5 of the tolerance range.

3. The mean values of any geometric property are determined
with eq. (1.1) for each year of the ship's lifetime.

4. The first derivatives of any geometric property relatively to
each dimension of the structural profile's cross section are
determined. The equations of the first derivatives were
substantially simplified without loosing their accuracy. It
was done by finding the relationship between the derived
formulas for the first derivatives and previously obtained
formulas for some geometric properties.

5. The variance/standard deviation of any geometric property
is determined with eq.(1.1).

6. Knowing the mean values and the standard deviations of
any geometr ic property, its truncated normal distribution
function is built for any ship's age (see Fig. 11). The assumed
upper and lower truncation values are given further on.

7. The envelope of the truncated normal distribution
functions is built by putting together the probability density
functions calculated with eq. (2.4) for each year of the
ship's lifetime. It is a smooth surface in the 3D space (see
Fig. 12).

It is worth drawing the attention to the following:

The stiffeners in ship hull structures are simply replaced when
they do not meet the requirements of the Classification
Societies' Renewal Criteria. It is hard to believe that they will
be repaired to increase their strength (especially, rolled profiles).
The hull girder is repaired, but not the individual stiffeners.
The smoothness of the 3D surface is breached (sudden elevation
occurs) when the corroded stiffener is replaced by a new one
to meet the Renewal criteria. Then, the 3D surface becomes
smooth again. This property of the envelope facilitates its
calculation and allows for several practical applications. For

example, one could formulate the following problems with
practical importance:

• For given time T what is the probability of the geometric
property, y, under consideration being between yuand y l:

                                    (2.6)

where (y) is the probability density function of the given
geometric property, y, under consideration at time T; CT is
the coefficient determined with eq.(2.3).

• What is the probability of the geometric property y being
between any yu and yl during the time interval  (Tu , Tl )?
I.e.

 (2.7)

where yu = upper boundary of y; yl  = lower boundary of y;
Tu  = upper boundary of the time T; Tl = lower boundary of
the time T; bu = maximum possible boundary of y (i.e. the
upper truncation of y); bl = minimum possible lower
boundary of y (i.e. the lower truncation of y); p T(y) =
probability density function of y at any time T;

Eq. (2.7) represents a kind of "average" probability that y
will not exceed given limits within a specified time-interval.

The integral in the denominator of eq. (2.7) within the brackets
multiplied with the coefficient CT should always be equal to
unity. Consequently, the denominator in eq. (2.7) is equal to
Tu - Tl . Thus, the denominator's geometric interpretation is
the volume below the envelope within the given time interval

 =Tu - Tl . This volume can be likened to the volume of a
parallelepiped with area of the base equal to unity and height
equal to Tu - Tl . The nominator's geometric interpretation is
the volume below the envelope within given boundaries Tu  , Tl

and yu , y l. It may be called volume of a "deformed"
parallelepiped. Thus, the geometric interpretation of eq. (2.7)
is the ratio between two volumes: the volume of the "deformed"
parallelepiped and the volume of the parallelepiped with base
equal to unity and height equal to Tu - Tl . In other words, the
"average" probability is equal to the volume of the "deformed"
parallelepiped (see Fig. 13) divided by Tu - Tl . Consequently,
eq.(2.7) can be rewritten as

               (2.8)

As to the geometric interpretation of eq. (2.6), it is equal to
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the area below the probability density function of y for time
T within the given boundaries yu  and  yl (see the crosshatched
area in Fig. 13).

Using eq. (2.8) as a criterion, a parametric study was carried
out on the effect of different maximum and minimum
possible values of y (i.e. upper and lower truncation limits bu

and bl) on the "average" probabilit y. Their effect was calculated
for the most frequently used geometric properties: Total Cross
Section Area, Cross Section Area of the stiffener alone,
Moment of Inertia relatively to the Centroidal Axis X1, and
the Section Modulus for symmetric and asymmetric bending.
The maximum possible value of  y, bu , was varied between
1.00 and 1.10 while the minimum possible value of y, bl  , was
varied between 0.5 and zero. In all cases the differences
between the "average" probabilities were less than 1%. Based
on this analysis, the author recommends the following values
for bu  and bl  :

bu  = 1.10   bl  = 0                                                               (2.9)

The author found that for the corrosion wear reported in
different publications, such as [4], [16], [17], the coefficient
CT is practically equal to unity. In other words, the difference
between the truncated normal distribution and the traditional
normal distribution is negligible. Then, eq. (2.7) could further
be simplified and rewritten as:

                                                                                     (2.10)

3 Basic and auxilliary
non-dimensional functions.
First derivatives

The basic and auxiliary non-dimensional functions have been
derived in two formats: accurate and approximate [11]). The
approximate format substantially simplifies the calculations
for the first derivatives of the geometric properties. The analysis
performed in [11] showed that the difference between the
accurate and approximate equations does not exceed 2.7%,
which is quite acceptable in this case bearing in mind the
existing uncertainties. The first derivatives of the auxiliary
non-dimensional functions and the auxiliary parameters are
given in Appendix A. As said above, only the first derivatives
of the approximate auxiliary functions are given in Appendix
A and used in this work because of their simplicity and
sufficient accuracy. In addition, the following auxiliary
parameter, h, is introduced to simplify the writ ing of the
equations:

                                                                        (3.1)

4 First derivatives of the
geometric properties of
shipbuilding structural profiles

Bulb Plates

The components of the first derivatives of all geometric
properties of bulb plates relatively to axis   X i = h, b, t2, tw, R2,
R3, R4, R5, and b are given in Appendix B. Using these
components, one can find:

First derivatives of the Cross Section Area:

 (4.1)

First derivatives of the Static Moment relatively to axis X:

   (4.2)

First derivatives of the Static Moment relatively to axis Y:

   (4.3)

First derivatives of the Moment of Inertia relatively to axis X:

  (4.4)

First derivatives of the Moment of Inertia relatively to axis Y:

   (4.5)

First derivatives of the Product of Inertia relatively to axes X
and Y:

                                                                                         (4.6)

Inverted Angles or L-Profiles

The geometric properties of inverted angles/L-profiles and their
first derivatives are determined with the equations for bulb
plates, substituting R3 = R4 = 0.

Channels

As in [11], a horizontal section of the profile though h/2 is
drawn. This section is denoted with Xa (see Fig. 1.6). Thus,
two profiles are created - one above the new axis Xa (its
geometric properties are marked with the subscript a) and one
below the horizontal section (its geometric properties are
marked with u). For the "above-the-horizontal-section" profile
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the formulas for the "Basic" Profile in [11] are used with the
following input parameters: R1= R3 = R4 = 0, ha = h/2, b, tw,
s = 2 tw, t2 ,b, R2 R5

Notes:
1. ha is the height above the middle horizontal section

2. h is the height of the real channel profile.

3. The components of the first derivative of all geometric
properties of channels relatively to axis X i = h, b, t2, tw, R2,
R5 , and b are given in Appendix C.

4. In some of the manufacturers' standards the thickness of
the flange, tf , is given at section through (b-tw)/2. To
obtain the parameter t2 that is used:

                                   (4.7)

5. If the thickness of the flange, tf , is given at section through
b/2, eq. (4.7) is transformed to

                                         (4.8)

First derivatives of the Cross Section Area:

                     (4.9)

The derivatives   are given

in Appendix C while derivatives  and

 are given in Appendix B.

First derivatives of the Static Moment relatively to axis X:

for                       (4.10)

for        (4.11)

First derivatives of the Static Moment relatively to axis Y:

                       (4.12)

The derivatives   are given in Appendix C while
derivatives  and  are given in
Appendix B.

First derivatives of the Moment of Inertia relatively to axis X:

when 

     (4.13)

when 

                    
(4.14)

The derivatives

 and  are given in

Appendix B while derivatives  , ,  ,

and  are given in Appendix C.

First derivatives of the Moment of Inertia relatively to axis Y:

    (4.15)

The derivatives  and  are given in
Appendix B;  derivatives  - in Appendix C.

First derivatives of the Product of Inertia relatively to axes X
and Y:

when 

                                         (4.16)

when 

                   (4.17)

Asymmetric Fundia T-Bulbs

Based on [11], a vertical section of the profile through the middle
of the web plate is drawn. Thus, two profiles are created - one
from the right-hand side of the section and another one from the
left-hand side of the section. The characteristics of the right-of-
the-section profile are marked with the subscript r while those of
the left-of-the-section - with l. The width of the "right" section is
br = c while that of the "left" section is bl = b-c. The web plate
thickness of each of these two structural profiles is:

                                                              (4.18)

The input parameters are: x i = h, b, c, t, s, tw, R1, R2, R3, and b
The components of the first derivatives of all geometric
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properties of asymmetric Fundia T-bulbs relative to h, b, c, t, s,
tw, R1, R2, R3, and b are given in Appendix D.

First derivatives of the Cross Section Area:

       (4.19)

First derivatives of the Static Moment relatively to axis X:

   (4.20)

First derivatives of the Static Moment relatively to axis Y:

         (4.21)

First derivatives of the Moment of Inertia relatively to axis X:

        (4.22)

First derivatives of the Moment of Inert ia relatively to axis Y:

          (4.23)

First derivatives of the Product of Inertia relatively to axes X
and Y:

               (4.24)

Symmetric Fundia T-Bulbs

The same approach is used as for asymmetric Fundia T-bulbs.
Based on [11], if the properties of the "right-hand side" of the
corresponding profile are taken as a basis, all geometric
properties of the whole profile could be easily determined as

shown hereafter. The components of the first derivative of all
geometric properties of symmetric Fundia T-bulbs relatively
to axis X i =  h, b, c, t, s, tw, R1, R2, R3, and b are given in
Appendix D.

First derivatives of the Cross Section Area:

                                                                 (4.25)

First derivatives of the Static Moment relatively to axis X:

                                                              (4.26)

First derivatives of the Moment of Inertia relatively to axis X:

                                                                (4.27)

First derivatives of the Moment of Inert ia relatively to axis Y:

                                                              (4.28)

Asymmetric Built-up T-Bars

The same approach as for asymmetr ic Fundia T-bulb is
applied. Based on [11], a vertical section through the middle
of the web plate is drawn that divides the structural profile
into two parts - "right" and "left". Thus, the geometric
properties of the whole profile could be determined by a
combination of the geometric properties of both parts. The
components of the first derivative of all geometric properties
of asymmetric built-up bars relatively to h, b, c, t2 , and tw
are given in Appendix E.

First derivatives of the Cross Section Area:

                                                          (4.29)

First derivatives of the Static Moment relative to axis X:

                                                    (4.30)

First derivatives of the Static Moment relatively to axis Y:

                                                 (4.31)

First derivatives of the Moment of Inertia relatively to axis X:

                                                  (4.32)
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First derivatives of the Moment of Inertia relatively to
axis Y:

                                                    (4.33)

First derivatives of the Product of Inertia relatively to axes X
and Y:

                                              (4.34)

Symmetric Built-up T-Bars

As for symmetric Fundia T-bulbs, the properties of the "right-
hand side" of the corresponding profile are taken as a basis for
calculation of the geometric properties of the whole profile.
The components of the first derivative of all geom. properties
of symmetric built-up T-bars are given in Appendix E.

First derivatives of the Cross Section Area:

                                                                    (4.35)

First derivatives of the Static Moment relatively to axis X:

                                                             (4.36)

First derivatives of the Moment of Inertia relatively to axis X:

                                                               (4.37)

First derivatives of the Moment of Inertia relatively to axis Y:

                                                              (4.38)

Flat Bars and Attached Plate

The first derivatives of all geometric properties of flat bars are
given in Appendix F and those for the attached plate-in
Appendix G.

5 Other geometric properties

First derivatives of the following geometric properties:

Abscissa of the centroid relative to axis Y:

   (5.1)

Ordinate of the centroid relative to axis X:

    (5.2)

Centroidal Moments of Inertia:

(5.3)

(5.4)

Product of Inertia relatively to centroidal axes X1 , Y1

  (5.5)

Maximum Moment of Inertia

                      (5.6)
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Minimum Moment of Inertia

                    (5.7)

Angle of the Principal axis X2 relatively to axis X1

       (5.8)

Angle of the Principal axis Y2 relatively to axis X1

                                                                   (5.9)

Moment of Inertia relatively to the Principal axis X2

      (5.10)

Moment of Inertia relatively to the Principal axis Y2

  (5.11)

Radius of Gyration of the Area relatively to axes X1 and X2

  (5.12)

Radius of Gyration of the Area relatively to axes Y1 and Y2

    (5.13)

Perimeter of the stiffener

The formulae for the first derivatives of L are given in Appendix H.

Section Modulus for symmetric bending

First derivatives of the Section Modulus relatively to axis X i:

                     (5.14)

where  is determined with eq. (5.3) ,  is
determined with eq. (5.2), while     is calculated
with the formula:

                                                (5.15)

Section Modulus for asymmetric bending

The first derivatives of Z,asym are:

 

     (5.16)

The first derivatives of x2, m and y2, m are given in Appendix H.

6 Corrosion wear

There are a lot of published data on corrosion wear. For the
sake of brevity, only the basic trends would be mentioned.
According to [7], [16], [17], and [18] there is no tendency
of wastage acceleration with aging because the corrosion
wear rate is represented as an average corrosion rate per
year.  Hence, the corrosion wear is a linear function of the
ship's age. It follows from [2] that after ship's age of 12-14
years, an acceleration of the corrosion wear occurs. Thus,
the corrosion wear could be represented by two linear
functions with two different slopes vs. ship's age. The data
in [13] leads to a conclusion that corrosion wear stabilizes
with ship's aging and even decreases (this conclusion is
drawn on the basis of statistical analysis of ships in operation
up to 45-46 years).
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All above given references are based on statistical analysis of
thousands of data performed by qualified and respected
researchers. Despite this fact, it is hard to accept that this issue
is finally clarified. There is still a lot to be done before one
could have greater confidence in the prediction methods for
corrosion wear rate. One of the important tasks is to present
the corrosion wear rate as age dependent [19]. It is a hard task
but worth spending time and effort, especially when Time-
dependent Reliability Theory is applied.

Probably better agreement between different statistical
analyses could be achieved if time dependent corrosion
degradation is separated into three phases as proposed in [23].
The first one is the time when there is no corrosion because
the protection of the metal surface works properly. The second
one is initiated when corrosion starts destroying the
protection. The third phase reflects the corrosion process as a
result of the protection provided by the oxidized metal.

The rate of corrosion wear depends on many factors like ship's
operational life, quality of steel, methods of corrosion
protection, operation conditions, etc. The combination of all
these factors can vary substantially from case to case. More
accurate prediction of the corrosion wear can be achieved
only through incorporating more detailed theoretical
understanding of the various processes which affect corrosion,
i.e. building up a phenomenological model for the probabilistic
description of the corrosion [14], [15]. However, even then
considerable uncertainty in the probabilistic model of the
corrosion wear will still remain

Under these circumstances, the only practical approach is to
select one mathematical model to start with the calculations
(for example - presenting the corrosion wear as a linear
function with one slope vs. ship's age) and adjust it after
each thickness gauging. Although the existing uncertainties
in its prediction are too many, this simplified approach could
still contribute to a better understanding of an aging ship's
strength.

A significant number of detail records exist showing that the
overall corrosion wear prevails in most cases. One illustration
of this fact is Fig. 14, originally made by Mr. Rong Huang  [9].
Unfortunately, even the most detailed records do not include
data for the change of the radii in the corners of the structural
profile. To deal with this situation, several assumptions are
made to ensure continuity of the cross section due to shrinkage
of the structural profile as a result of the corrosion wear (see
further in this Section).

In general, the corrosion wear of the bulb head in vertical and
horizontal direction is not the same. The figures in the corners
of corroded rolled sections cannot be described as figures with
radii anymore. However, bearing in mind that the effect of
these figures on the geometric properties for elastic bending is
relatively small, one could assume that they could still be
described as figures with radii (these radii may be different
from those of the "as-rolled" structural profile). Thus, it is
possible to use all equations for calculation of the geometric

properties of corroded structural profiles derived in this work.

As to the effect of the angle   underneath the bulb head on the
geometric properties for elastic bending, its effect is not
negligible. Although the available statistical data for its change
due to corrosion wear are insufficient, all first derivatives of
the geometric properties relatively were derived for
completeness. Thus, the mathematical  model for
implementation of the Taylor series is suitable for full use in
the future when more complete statistical data might be
available. For "present day" use the angle   is assumed as
unchanged due to corrosion. To ensure continuity of the cross
section when it shrinks due to overall corrosion, the assumed
new cross section shape is shown in Fig. 15 that refers to bulb
plates, inverted angles/L-profiles, and channels. As shown in
Fig. 15, the corrosion of the bulb head, b, T , at time T along
its upper surface, along its side opposite to the web plate and
along its inclined surface underneath is assumed as uniform.
Its magnitude has been determined from the following
equation:

                         (6.1)

where dv,T is the overall corrosion wear of the bulb head in
vertical direction at time T (it is defined as the difference
between the ship's age and the longevity of the corrosion
protection, i.e. T = Ts -Tc where Ts is the ship's age and Tc is
the longevity of the corrosion protection. Consequently:

                                                       (6.2)

The same principle was applied for Fundia T-bulbs bearing in
mind that the leading parameter is t instead of t2 (as is the case
with bulb plates). The assumed shrinkage of built-up T-bars is
shown in Fig. 16 and that of Flat bars - in Fig. 10.

The new dimensions of all structural profiles under
consideration used in this work are given hereafter.

Bulb Plates

Bearing in mind eq. (6.2), one could calculate the new
dimensions of the cross section of corroded bulb plate at time
T with the following formulae:

    (6.3)

As to radii R2,T  and R3,T , the following equations were applied:

    (6.4)

dw,T = corrosion wear of the web plate at time T; dv,T = gauged
corrosion wear in vertical direction of the bulb head at time T;
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d b,T = assumed corrosion wear of the bulb head at time T used
in the calculations (it ensures continuity of the cross section);
vo = "vertical" thickness of the bulb head for the "as-rolled"
profile measured in the middle of  b; vT = "vertical" thickness
of the bulb head at time T measured in the middle of  bT .

The vertical sections where vo and vT are measured may not be
the same. This discrepancy does not have any significant effect
on the results for the probabilities  and

. The radii R4,T  and R5,T and the
angle b were assumed as unchanged, i.e.

                          (6.5)

The equations for the parameter t2 were determined the
following way:

If originally t2 > R3 :

     (6.6)

If originally t2 = R3:

                                                      (6.7)

where the subscript T earmarks the value of the corresponding
cross section's dimension at time T; d v,T is the overall corrosion
wear of the web plate at time T;  d b,T is the gauged vertical
overall corrosion wear of the bulb head at time T (corrosion in
direction parallel to axis Y).

Inverted angles/L-profiles
The dimensions of the cross section are calculated with the
equations for bulb plates. The only difference is for L-profiles
when calculating the parameter t2. In the specifications of the
manufacturer, the thickness of the flange and radius R2 are
given (see Fig. 8). Then, t2 can be calculated with the equation

                              (6.8)

Channels
The new dimensions of the corroded cross section are
calculated with eqs. (6.3) - (6.7), bearing in mind that
R3= R4 = 0.

Asymmetric and Symmetric Fundia T-bulbs

                 (6.9)

      (6.10)

       (6.11)

Asymmetric and Symmetric built-up T-bars

           (6.12)

                       (6.13)

Where the subscript T earmarks the value of the corresponding
cross section's dimension at time T;  d w,T is the overall corrosion
wear of the web plate at time T; d hor,T  is the gauged horizontal
overall corrosion wear of the flange at time  T (i.e. corrosion
in direction parallel to axis Y)

Flat bars
                                (6.14)

Attached plates
                                 (6.15)

where  d p,T  is the corrosion wear of the thickness of the
attached plate at time T.

7 Calculation of the mean values
and the variances / standard
deviations of the cross section's
dimensions

Formulae for the general case
(i.e. for any law of the corrosion wear)

The derived set of formulae for probabilistic presentation of
the geometric properties of corroded shipbuilding structural
profiles is valid for any type of the probability density function
of the corrosion wear. Consequently, for any dimension x of
the cross section one could write:

     (7.1)

where xT = value of  x at time T (x is any dimension of the cross
section that is used to calculate the geometric properties of the
cross section); xo = initial value of  x  for "as-rolled" or "as-
built" structural profile; dx,T = corrosion wear of the
corresponding parameter x at time T;   = the mean value of
x at time T;  = mean of the initial value of  x (x  is any
dimension of the cross section). It is assumed here that it is
equal to the mean of the nominal value of x. Usually, it deviates
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from the nominal values given in the specifications for

shipbuilding structural profiles up to 1-2% [10];   = mean
value of the corrosion wear of x at time T; Dx,T is the variance
of x at time T; Dx,o is the variance of the initial value of  x. It
is also assumed here that it is equal to the variance of the
nominal value of  x; Dd ,T  is the variance of the corrosion wear
of x at time T. The "o" subscript is omitted in the text following
below for simplicity.

Linear dependency of the corrosion wear on the time
As a first approach, a constant average corrosion wear is assumed
throughout the ship's lifetime after failure of the corrosion
protection. Then, any parameter x at time T can be calculated
with the formula:

                                                     (7.2)

where dx, a = average corrosion wear per unit time of any
parameter x. Consequently, the mean and the variance of x
will be:

                       (7.3)

where Dd, a  is the average variance of the corrosion wear of any
parameter x per unit time. Thus, the mean values and variances
of all dimensions of the cross section used as input data for
probabilistic presentation of the geometric properties of
shipbuilding structural profiles will be:

Bulb plates

                                          (7.4)

                       (7.5)

                   (7.6)

                                 (7.7)

                                    (7.8)

                                   (7.9)

                                  (7.10)

                                                   (7.11)

Mean Value and Variance of the parameter t2,T when originally
t2 = R3 :

                   (7.12)

Mean Value and Variance of the parameter t2,T when
originally t2 > R3 :

 (7.13)

    (7.14)

where the subscript T earmarks the value of the corresponding
cross section's dimension at time T;  = mean value of
the overall corrosion wear of the web plate at time T;  =
mean value of the overall corrosion wear of the bulb head in
vertical direction at time T;  = mean value of the overall

corrosion wear of the web plate per unit time;  = mean
value of the overall corrosion wear of the bulb head in vertical
direction per unit time; Dw,a = average variance of the overall
corrosion wear of the web plate per unit time; Dv,a = average
variance of the overall corrosion wear of the bulb head in
vertical direction  per unit time;  = mean of the nominal
value of h;  = mean of the nominal value of  b ; = mean
of the nominal value of  tw; = the mean of the nominal
value of R2 ; = mean of the nominal value of R3 ; =
mean of the nominal value of R4 ; = mean of the nominal
value of  R5 ; Dh = variance of the nominal value of h; Db =
variance of the nominal value of b; Dw =  variance of the
nominal value of  tw ; DR2 = variance of the nominal value of
R2 ; DR3 = variance of the nominal value of  R3 ; DR4 =
variance of the nominal value of R4 ; DR5 = variance of the
nominal value of  R5
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Due to lack of information, it was assumed that the means of
the nominal values of all radii are equal to their nominal value
given in the manufacturer's Specifications. It was also assumed
that variances / standard deviations of the nominal values of
all radii are equal to zero.

Inverted angles /L-profiles
The formulae for bulb plates are used. As to the parameter t2 ,
its mean value and variance are calculated with the formulae:

  (7.15)

where and  DR 2 , T  are determined with eq. (7.7).

Channels
The mean values and the variances of all cross section's
dimensions are determined with the equations for bulb plates
bearing in mind that R3 = R4 = 0.

Asymmetric and Symmetric Fundia T-bulbs

                                                                                        (7.16)

                                                                                        (7.17)

                                                                                     (7.18)

                                                                                           (7.19)

                                            (7.20)

                  (7.21)

                                   (7.22)

                                              (7.23)

                                  (7.24)

                                                   (7.25)

where the subscript T earmarks the value of the corresponding
cross section's dimension at time T;   = mean of the nominal
value of c;  = mean of the nominal value of t;  = mean of the
nominal value of s;  = mean of the nominal value of the
radius R1; Dc = variance of the nominal value of c; D t =
variance of the nominal value of t; Ds = variance of the nominal
value of h; DR1 = variance of the nominal value of R1.

Due to lack of information, the same assumptions for the
means and variances/standard deviations of the radii were
made as for bulb plates. The parameters s and b were assumed
as not changing with the ship's aging. The means of their
nominal values were assumed as equal to the nominal values
while the standard deviations of their nominal values were
assumed as equal to zero.

Asymmetric and Symmetric built-up T-bars

                    (7.26)

             (7.27)

             (7.28)

                  (7.29)

           (7.30)

Where the subscript T earmarks the value of given cross
section's dimension at time T;  = mean value of the
overall corrosion wear of the flange in horizontal direction
per unit time; = mean value of the overall corrosion wear
of the flange in vertical direction per unit time;  = mean
value of the overall corrosion wear of the web plate per unit
time; Dhor,a= average variance of the overall corrosion wear of
the flange in horizontal direction  per unit time; Dv,a = average
variance of the overall corrosion wear of the flange in vertical
direction  per unit time; Dw,a = average variance of the overall
corrosion wear of the web plate per unit time.
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Flat bars

                         (7.31)

                (7.32)

where the subscript T earmarks the value of given cross section's
dimension at time T;    = mean value of the overall corrosion
wear of the flat bar in vertical direction per unit time (if no data,
one could assume  );   = mean value of the
overall corrosion wear of the flat bar per unit time; Dv,a = average
variance of the overall corrosion wear of the flat bar in vertical
direction  per unit time (if no data, one could assume Dv,a =
Dw,a); Dw,a = average variance of the overall corrosion wear of the
flat bar in horizontal direction  per unit time.

Attached plates

                   (7.33)

                                                    (7.34)

                                                            (7.35)

where the subscript T earmarks the value of given cross section's
dimension at time T ;  = mean value of the overall corrosion
wear of the attached plate per unit time;   Dp,a = average
variance of the overall corrosion wear of the attached plate per
unit time

When the geometric properties are presented in non-
dimensional format, the new mean value,  , and the standard
deviation, , will be:

                              (7.36)

The developed procedure has been applied to all major
shipbuilding structural profiles. For each of them about 20
geometric properties have been calculated.

8  Accuracy of the method

To check the accuracy of the proposed method, calculations
for the major shipbuilding structural profiles were carried out
in the following way:

The classification societies Rules control the web plate thickness
of rolled profiles and the web plate and flange thickness of
built-up T-bars [1], [6]. It has been shown in [10] that this
approach, although very simple, is quite reasonable to control
the remaining strength of structural profiles when the
permissible reduction due to corrosion of the web plate/flange
thickness is around 25%. Using the same approach, series of
calculations were performed by the Monte Carlo simulation

method to verify the proposed analytical method. As an
example, the results for the probability that the web plate/
flange thickness will meet the Renewal Criteria requirements
(25% permissible reduction) are given in Fig. 17. Although
there are no requirements for the maximum permissible
reduction of the cross sectional area and the other geometric
properties, calculations were performed with both Monte
Carlo simulation method and the proposed analytical method
for the section modulus for symmetric and asymmetric
bending. The results are shown in Fig. 18 and Fig. 19.

One can observe in Fig. 17, Fig. 18, and Fig. 19 that the
results are almost identical. The differences (see Fig. 20) are
between plus 1% and minus 1.5%, which is a negligible
difference for such type of calculations. Thus, a conclusion
is made that the accuracy of the proposed analytical method
is very high and it can be recommended for use.

9 Numerical examples

The calculations were performed for all aforementioned
shipbuilding structural profiles assuming linear dependency
of the corrosion wear on the ship's age (i.e., constant corrosion
rate in the third period of corrosion activity). To make easier
the comparison between the results for each structural profile,
the duration of the first period (i.e, no corrosion) was assumed
as equal to two years.

The two probabilities  and
 were calculated for each structural profile.

The former probability represents the probability of given
geometric property being between specified limits within given
time period. In the paper, 75% and 100% of the original value
of the corresponding geometric property were assumed as its
lower and upper limit while for the duration of the time period
the time between sixteen and twenty years were selected. The
latter probability represents the annual probability of given
geometric property being between specified limits (in both
cases, 75% and 100% of the corresponding geometric property
were used as lower and upper limit).  For the sake of brevity,
only the results for the Cross Sectional Area of the stiffener
itself, AS, Section Modulus for symmetric and asymmetric
bending, SMsym and SMasym , and the web plate/flange
thickness, tw , t f . are given in the paper (the results for the
other geometric properties can be found in [10]). A stable
trend in all calculations was noticed: the mean values and the
standard deviations of all geometric properties change almost
linearly with the ship's age (e.g., Fig. 21 - Fig. 24).

Bulb Plates (Fig. 5)

The dimensions of the tested bulb plate are given in Table 1.
The nominal values of some of its geometric properties are
given in Table 2. The corrosion data used in the calculations are
given in Table 3. An assumption was made in this particular
example that the corrosion wear along the stiffener's cross section
is uniform and equal to the corrosion wear of the web plate.
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Table 1 Nominal values of the dimensions of the bulb plate's
cross section (see Fig. 5)

Table 2 Nominal values of some of the geometric properties
of the bulb plate *

Table 3 Means and standard deviations/variances of the
corrosion wear  a used as input in the calculations
for the bulb plate

However, the calculations are not limited to the above
mentioned geometric properties or assumptions for the type
of the corrosion wear. All other geometric properties can also
be calculated for any kind of the corrosion wear along the
cross section's dimensions and presented in probabilistic terms
with the proposed methodology.

The average probability P(0.75ynom   y   ynom; 16   T   20)
is given in Table 4 and the annual probabilit y P(0.75ynom   y
 ynom; T) is given in Fig. 25

Table 4 Results for P(0.75ynom   y   ynom; 16   T   20)
for the bulb plate

Inverted angle (Fig. 7)

The example for inverted angles is based on data for inverted
angle BUA100F described in [5]. The reason for its selection
was the intention of having a structural profile with geometric
properties close to those of the bulb plate. Thus, more realistic
comparison between the results for both profiles could be
done (although this unequal inverted angle may not be
manufactured anymore, it still can be used for comparison
purposes).

The same input data for the corrosion wear, and the same
boundaries of y and tw are used as for the bulb plate. The
probability P ( yl  y  yu ; T ) for the geometric properties
(but not for tw) of inverted angles and L-profiles drops earlier
and more sharply than the corresponding probability for
bulb plates.

* The effect of the welding metal is excluded
** Sign "+" of the angle means rotation clock wise relatively to the axis for comparison
* * * The length of the attachment of the bulb plate to the attached plate is excluded

Vol. 4 No. 2 pp. 99-140 December 2008/June 2009 Marine Systems & Ocean Technology    112

Geometric Pr oper ties of Shipbuilding Str uctural Pr ofiles in Pr obabilistic T erms to Be Used in Elastic Bending Str ength Calculations
Lyuben D. IvanovLyuben D. IvanovLyuben D. IvanovLyuben D. IvanovLyuben D. Ivanov



Table 5 Nominal values of the dimensions of the inverted
angle's cross section (the original dimensions were
in Imperial system)

Table 6 Nominal values of some of the geometric properties
of the inverted angle

The average probability P(0.75ynom   y   ynom; 16    T   20)
is given in Table 7 and the annual probabilit y       P(0.75ynom

y   ynom; T) is given in Fig. 26.

Table 7 Results for P(0.75ynom   y   ynom; 16    T   20) for
the inverted angle

L-profile (Fig. 8)

The example for L-profiles is based on data for Fundia L-
profile [22]. The same input data for the corrosion wear are
used as for the bulb plate. The probability P ( yl  y  yu ; T )
for the geometric properties (but not for tw) of L-profiles drops
earlier and more sharply than the corresponding probability
for bulb plates.

Table 8 Nominal values of the dimensions of the L-profile's
cross section
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Table 9 Nominal values of some of the geometric properties
of the L-profile

The average probability P(0.75ynom  y  ynom; 16  T   20) is
given in Table 10 and the annual probabilit y  P(0.75ynom  y 
ynom; T) is given in Fig. 27.

Table 10 Results for P(0.75ynom  y  ynom; 16  T   20) for
the L-profile

Channel (Fig. 9)

This structural profile was widely used in riveted structures.
Although at present it is very rarely used, an example is given
here for completeness. It is based on data for the hot rolled
channel S235JRG2 given in [8] and [20]. There are negligible
differences between the obtained results for the geometric
properties and the corresponding data given by the manufacturer.
However, they do not affect the accuracy of the calculated P ( yl
  y   yu ; T ) and P ( yl   y   yu ; Tl  T   Tu ).

The input data for the cross section's dimensions and the
major numerical results are given in Table 11 and Table 12. To
facilitate the comparison, the data for the corrosion wear were
taken the same as already described in the previous sections.

Table 11 Nominal values of the dimensions of the channel's
cross section

Table 12 Nominal values of some of the geometric properties
of the channel

The average probability P(0.75ynom   y   ynom; 16  T  20) is
given in Table 13 and the annual probabilit y P(0.75ynom   y
 ynom; T) is given Fig. 28.
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Table 13 Results for P (0.75ynom    y  ynom; 16   T   20) for
the channel

Asymmetric Fundia T-bulb (Fig. 2)

The example refers to Fundia T-bulb ATB 125 x 40 x 400 x 12
as described in [22]. It is the smallest structural profile of this
type. The purpose of its selection as an example was to be as
close as possible to the previously given examples with relatively
small structural profiles. The data for the corrosion wear was
assumed as being the same as those used for the bulb plates.
The thickness loss along the perimeter of Fundia's T-bulb cross
section was assumed equal to that of the web plate. However,
the developed methodology does not impose any limitations
on the magnitude of the corrosion wear of each cross section's
dimension of the stiffener and can be applied to any other
corrosion wear once more reliable data are available.

The numerical calculations show that replacement of this
Fundia T-bulb within the envisaged ship's operational lifetime
is an unlikely event. This conclusion is not surprising. The
metal located in the bulb head is much thicker than in the
flange of built-up T-bar, inverted angle, or L-profile. That is
why the normal corrosion rate does not cause significant
reduction of the geometric properties.

Table 14 contains data for the nominal values of the cross
section's dimension of the asymmetric Fundia T-bulb. Table
15 represents the results from the numerical calculations of
some of its cross section geometric properties.

Table 14 Nominal values of the dimensions of the asymmetric
Fundia T-bulb's cross section

Table 15 Nominal values of some of the geometric properties
of the asymmetr ic Fundia T-bulb *

The average probability P (0.75ynom    y  ynom; 16   T   20)
is given in Table 16 and the annual probabilit y P(0.75ynom   y
 ynom; T) is given in Fig. 29.

Table 16 Results for P (0.75ynom    y  ynom; 16   T   20) for
the asymmetr ic Fundia T-bulb

Symmetric Fundia T-bulb (Fig. 1)

The example refers to Fundia symmetric T-bulb TB 160 x 40
x 400 x 12 as described in [22]. It is the smallest structural
profile of this type. Thus, better comparison can be made with
the results for the previously calculated asymmetric Fundia T-
bulb. The nominal values of the symmetric Fundia T-bar's
cross section are given in Table 17. The corresponding nominal
values of its geometric properties are given in Table 18.

The calculations are performed for the same corrosion wear
assumed for the bulb plate. Although the calculations for
symmetr ic Fundia T-bulb are simpler than those for the
asymmetric Fundia T-bulb, the procedure is practically the

* The effect of the welding metal is excluded
* * Sign "+" of the angle means rotation clock wise relatively to the axis for comparison
* * * The length of the attachment of the T-bulb to the attached plate is excluded
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same. That is why fewer numerical data are given here than for
the asymmetric Fundia T-bulb.

Table 17 Nominal values of the dimensions of the symmetric
Fundia T-bar's cross section

Table 18 Nominal values of some of the geometric properties
of the symmetr ic Fundia T-bulb *

The average probability P(0.75ynom   y  ynom; 16  T  20) is
given in Table 19 and the annual probabilit y P(0.75ynom   y 
ynom; T) is given in Fig. 30.

Table 19 Results for P(0.75ynom   y  ynom; 16  T  20) for
the symmetr ic Fundia T-bulb

Asymmetric built-up T-bar (Fig. 4)

The example refers to asymmetr ic built-up T-bar with
dimensions 470x150x11x20 (mm). The eccentricity of the flange
c is 100 mm. The same corrosion wear was used as that for the
bulb plate.

If  one compares the examples for the built-up T-bar and the
Fundia T-bulb, one can notice the difference between these
two particular examples: The probability that the web plate
thickness of the built-up T-bar will meet the requirements of
the Renewal Criteria decreases substantially after the ship's age
 15 years.

Again, this is not a surprise because of the difference between
the web plates' thickness of the two structural profiles. The
dimensions of the built-up T-bar are determined after elaborate
optimization, considering the minimal steel weight as a criterion
with simultaneous fulfillment of the criteria for overall and
local buckling of the web plate and flange. This procedure
produced web plate thickness smaller than that of the Fundia T-
bulb by 3 mm.

Table 20 contains data for the nominal values of the cross
section's dimension of the asymmetric built-up T-bar under
consideration. Table 21 represents the results from the numerical
calculations of some of its cross section geometric properties.

Table 20 Nominal values of the dimensions of the asymmetric
built-up T-bar's cross section

* The effect of the welding metal is excluded
* * Sign "+" of the angle means rotation clock wise relatively to the axis for comparison
* * * The length of the attachment of the T-bulb to the attached plate is excluded
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Table 21 Nominal values of some of the geometric properties
of the asymmetr ic built-up T-bar

The average probability P (0.75ynom   y  ynom; 16   T   20)
is given in Table 22 and the annual probabilit y P (0.75ynom 
y  ynom ; T) is given in Fig. 31.

Table 22 Results for P (0.75ynom   y  ynom; 16   T   20) for
the asymmetr ic built-up T-bar

Symmetr ic built-up T-bar (Fig. 3)

The asymmetr ic built-up T-bar in the previous example was
transformed into a symmetric one by placing the flange
symmetr ically to the web plane. Naturally, the geometric
properties relatively to axes X and X1 do not change. The
Section Modulus for asymmetric bending, SMasym, will change
slightly. From the major geometr ic properties that are
presented here in probabilistic terms, only the probabilities
P( yl  y  yu ; T ) will change.

The cross section dimensions are given in Table 23. Its new
geometric properties are given in Table 24. The same corrosion
wear is assumed as for the bulb plate.

A question may arise such as why there is SMasym when the
structural profile is a symmetric one? The reason is that the

Principal Axes X2 and Y2 do not coincide with the Centroidal
axes X1 and Y1 due to the inclined attached plate.

Table 23 Nominal values of the dimensions of the symmetric
built-up T-bar's cross section

Table 24 Nominal values of some of the geometric properties
of symmetr ic built-up T-bar

The average probability P (0.75ynom   y  ynom; 16   T   20)
is the same as for the asymmetric built-up T-bar. The annual
probability P (0.75ynom   y  ynom ; T) is given in Fig. 32.

Flat bar (Fig. 10)

The flat bars are not typical stiffeners. Their dimensions are not
based on the theory of optimal design of stiffeners but on some
other considerations. One of them is the need of reducing the

* The effect of the welding metal is excluded
* * Sign "+" of the angle means rotation clock wise relatively to the axis for comparison
* * * The length of the attachment of the T-bar to the attached plate is excluded
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thickness of the plating they are attached to in order to ease
cutting, bending or welding during the ship's construction. Major
concern in their design is their buckling strength. Therefore, one
should still have enough information for their geometric properties
to be used in buckling strength calculations. The example is for a
flat bar 120 x 14 (mm).

Table 25 contains data for the nominal values of the cross section's
dimension of the flat bar under consideration. Table 26 represents
the results from the numerical calculations of some of its cross
section geometric properties. The statistical characteristics of the
corrosion wear are the same as those for the bulb web plate.

Table 25 Nominal values of the dimensions of the flat bar's
cross section

Table 26 Nominal values of some of the geometric properties
of the flat bar

The average probability P (0.75ynom   y  ynom; 16   T   20)
is given in Table 27 and the annual probabilit y P (0.75ynom 
y  ynom; T) is given in Fig. 33.

Table 27 Results for P (0.75ynom   y  ynom; 16   T   20) for
the flat bar

Conclusions

1. An analytical method for presentation of the geometric
properties used in assessing the elastic bending strength of
all types of shipbuilding structural profiles is developed.
The solution is in closed format, which allows for quick
explicit estimates of the effect of each input parameter on
any geometric property.

2. Although the derivation of the equations is tedious work,
once done, tested and verified, the programming of the
calculations is relatively simple. It can be done even with
such popular and accessible computer programs as
Microsoft EXCEL (the author obtained all numerical results
using this computer program).

3. The existing Renewal Criteria for stiffeners and girders
control only the geometric properties. This practice, which
is employed by Classification Societies, is based on their
experience in dealing with the strength of aging ships.
However, the quest for increasing ship safety will soon lead
to a shift in this practice towards strength analysis of aging
ships. The presented method for probabilistic presentation
of the geometric properties of the shipbuilding structural
profiles may become one of the key components in the
strength calculations together with the probabilistic
presentation of the loads and the mechanical properties of
the material.

4. The presented method can be applied in the design stage.
It allows for comparison of the effectiveness of the
structural profiles using as a criteria the probability that
different structural profiles with the same or close SM,
Moments of Inertia, etc will meet the requirements of the
Renewal Criteria throughout the presumed ship's lifetime.
For the "as-built" ship, they may have the same geometric
properties, but with time the probability of meeting the
requirements of the Renewal Criteria may differ substantially.

5. The method can also be applied during the ship's operation,
repair and maintenance. Performing calculations as
described in the report, the surveyor will have information
about the probability that given structural profile will meet
the requirements of the Renewal Criteria until the next survey.

* The effect of the welding metal is excluded
* * Sign "+" of the angle means rotation clock wise relatively to the axis for comparison
* * * The length of the attachment of the flat bar to the attached plate is excluded

Vol. 4 No. 2 pp. 99-140 December 2008/June 2009 Marine Systems & Ocean Technology     118

Geometric Pr oper ties of Shipbuilding Str uctural Pr ofiles in Pr obabilistic T erms to Be Used in Elastic Bending Str ength Calculations
Lyuben D. IvanovLyuben D. IvanovLyuben D. IvanovLyuben D. IvanovLyuben D. Ivanov



6. It is possible with the developed method to analyze the
existing Renewal Criteria for a variety of structural
components, locations, ship's types and size in order to
reveal the already implemented risk in the Rules. Only
after that, one should decide whether changes in the
Renewal Criteria are necessary.
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Appendix A
Derivativeses of the basic and auxiliary
non-dimensional functions and those of
the auxiliary parameters

A.1  Basic non-dimensional functions

         (A.1)

(The angle   in eqs. (A.1) is in radians)

     (A.2)

      (A.3)

   (A.4)

   (A.5)

   (A.6)

(The angle   in eqs. (A.2) - (A.6) is in degrees)

The Basic non-dimensional functions (see Section 2.A) for
angle b and angle 90-b  are symmetric relatively to vertical
axis passing through angle b = 45 degrees. It means that the
first derivatives of these functions for angle b and angle 90-b
have the same absolute values but opposite signs. One could
easily see this peculiar feature of the basic non-dimensional
functions in eqs. (A.2) - (A.6). This feature is more obscured
for the functions A(b ) and A(90-b) in eq. (A.1) because of
the introduction of the auxiliary parameter h given in eq.
(2.16). The following reasoning may clarify this obscurity:
Assume that the first derivative ¶A(b)/¶b is calculated. To
double-check its accuracy, the above mentioned feature of the
Basic non-dimensional functions could be of help. To do it,
one should calculate the corresponding "pair" function  ¶A(90-
b)/¶b for the following angle h:

                                    (A.7)

For example, the "pair" function of  ¶A(b )/¶b for = b = 30 0

 is  ¶A(90-b )/¶b for 90-b=60 0. The latter is to be calculated
for angle  h=15 0 (see eq. (A.1) ). This follows from eq. (A.7)
in which one should substitute b with 90-b = 60 0.

A.2  Auxiliary non-dimensional functions

         
 (A.8)

                           (A.9)

           
(A.10)

                      (A.11)

       (A.12)

A.3  Auxiliary parameters

For bulb plates, inverted angles/L-profiles, and channels:

               (A.13)

                   (A.14)

For Fundia T-bulbs:

             (A.15)
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      (A.16)

    (A.17)

   (A.18)

Appendix B
First derivatives for bulb plates

The parameters x i are: h , b, t2 , tw , R2 , R3 , R4 , R5 , b. One can
find information for the existence of the first derivatives
relatively to each xi in the tables given in the beginning of
each sub-section.

B.1  Cross Section Area

First derivatives different from zero:

  (B.1)

   (B.2)

Note: ¶g /¶b is determined with equation (A.13).

                     (B.3)

                              (B.4)

                    (B.5)

B.2  Static Moment relatively to axis X

First derivatives different from zero:

   (B.6)

               (B.7)

              (B.8)

Note: ¶t /¶b is determined with eq. (A.14).

                  (B.9)

   (B.10)

             

 (B.11)

   (B.12)

       (B.13)

                 (B.14)

             (B.15)

                              (B.16)

        (B.17)

B.3  Static Moment relatively to axis Y

First derivatives different from zero:

              (B.18)
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       (B.19)

             (B.20)

     (B.21)

        (B.22)

      (B.23)

                             (B.24)

       (B.25)

B.4  Moment of Inertia relatively to axis X

First derivatives different from zero:

             (B.26)

         (B.27)

           (B.28)

                    (B.29)

      (B.30)

                                                                                       (B.31)

        (B.32)

   (B.33)

              (B.34)

             (B.35)

                          (B.36)

 (B.37)

B.5  Moment of Inertia relatively to axis Y

First derivatives different from zero:

                (B.38)

        (B.39)
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                     (B.40)

      (B.41)

                                                                                      (B.42)

        (B.43)

                        (B.44)

                                                                                      (B.45)

B.6  Product of Inertia relatively to axes X, Y

First derivatives different from zero:

    (B.46)

                                     
    (B.47)

           (B.48)

                              (B.49)

                                (B.50)

(B.51)

                            (B.52)

     (B.53)

  (B.54)

               (B.55)

                                   (B.56)

   (B.57)

      (B.58)
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Appendix C
First derivatives for channels

C.1  Cross Section Area

First derivatives different from zero:

                   (C.1)

    (C.2)

C.2  Static Moment relatively to axis X

The first derivatives of the Static Moment relatively to axis X
are calculated with the equation for the first derivatives for the
Cross section Area , A a , L , given above.

C.3  Static Moment relatively to axis Y

First derivatives different from zero:

        (C.3)

     (C.4)

             (C.5)

The first derivatives of  and  are given in Section B.3.

C.4  Moment of Inertia relatively to axis X

First derivatives different from zero:

     (C.6)

  (C.7)

        (C.8)

     (C.9)

C.5  Moment of Inertia relatively to axis Y

First derivatives different from zero:

                (C.10)

   (C.11)

                     (C.12)

C.6  Product of Inertia relatively to axes X, Y

                   (C.13)

                                    (C.14)

Appendix D
First derivatives for asymmetric fundia
t-bulbs

D.1  Cross Section Area

First derivatives different from zero:

                        (D.1)

                          (D.2)
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                                                                                       (D.3)

                                                                                        (D.4)

                                                                                            (D.5)

The derivatives ,

are determined with eqs.

(B.3) and (B.4) .

D.2  Static Moment relatively to axis X

First derivatives different from zero:

                                                                                           (D.6)

    (D.7)

         (D.8)

      (D.9)

                                          (D.10)

   (D.11)

    (D.12)

  (D.13)

                                               (D.14)

     (D.15)

        (D.16)

  (D.17)

      (D.18)

                                        (D.19)

                          (D.20)

                  (D.21)

                 (D.22)

                                                                                       (D.23)

                                                                                          (D.24)

                                        (D.25)

                 (D.26)

D.3  Static Moment relatively to axis Y

First derivatives different from zero:

     (D.27)
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                    (D.28)

   (D.29)

       (D.30)

                                             (D.31)

   (D.32)

           (D.33)

                                                                                        (D.34)

                                                                                          (D.35)

                  (D.36)

      (D.37)

      (D.38)

                                                                                            (D.39)

                        (D.40)

D.4  Moment of Inertia relatively to axis X

First derivatives different from zero:

                    (D.41)

                 (D.42)

                                                                                          (D.43)

           (D.44)

                          
  (D.45)

    (D.46)

          (D.47)

        
 (D.48)
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             (D.50)

                                                                                          (D.51)
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                     (D.52)

  (D.53)

        (D.54)

                                                                                          (D.55)

                                                                                          (D.56)

           (D.57)

            (D.58)

                                                                                        (D.59)

                                                                                          (D.60)

, and  , are determined with

eq. (B.32).

D.5  Moment of Inertia relatively to axis Y

First derivatives different from zero:

    (D.61)

           (D.62)

      (D.63)

                                                                                         (D.64)

                                             (D.65)

                                                                                          (D.66)

          (D.67)

                                                                                              (D.68)

            (D.69)

                                                                                        (D.70)

                                                                                         (D.71)
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 (D.72)

                                                                                           (D.73)

                                                                                        (D.74)

                                                                                          (D.75)

                         (D.76)

D.6  Product of Inertia relatively to axes X, Y

First derivatives different from zero:

                        (D.77)

                               (D.78)

                                                                                          (D.79)

                                                                                         (D.80)

                        (D.81)

     (D.82)

                                   (D.83)

                                                                                           (D.84)

            (D.85)

                                                                                    (D.86)

                (D.87)

                                                                                    (D.88)

                                                                                    (D.89)

                                                                                    (D.90)

                                (D.91)

                                                                                       (D.92)

                                                                                       (D.93)
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   (D.94)

  (D.95)

                                                                                        (D.96)

         (D.97)

                                                                                         (D.98)

                  (D.99)

Appendix E
First derivatives for asymmetric built-up
t-bars

E.1  Cross Section Area

First derivatives different from zero:

        (E.1)

      (E.2)

E.2  Static Moment relatively to axis X

First derivatives different from zero:

            (E.3)

                              (E.4)

E.3  Static Moment relatively to axis Y

First derivatives different from zero:

                      (E.5)

           (E.6)

E.4  Moment of Inertia relatively to axis X

First derivatives different from zero:

                                      (E.7)

   (E.8)

        (E.9)

                               (E.10)

E.5  Moment of Inertia relatively to axis Y

First derivatives different from zero:

                  (E.11)
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    (E.12)

                                       (E.13)

E.6  Product of Inertia relatively to axes X, Y

First derivatives different from zero:

 (E.14)

                (E.15)

          (E.16)

Appendix F
First derivatives for flat bars

F.1  Cross Section Area

                                                                (F.1)

F.2  Static Moment relatively to axis X

                                               (F.2)

F.3  Static Moment relatively to axis Y

                                                (F.3)

F.4  Moment of Inertia relatively to axis X

                                            (F.4)

F.5  Moment of Inertia relatively to axis Y

                                               (F.5)

F.6  Product of Inertia relatively to axes X, Y

                                        (F.6)

Appendix G
First derivatives for attached plates

G.1  Cross Section Area

First derivatives different from zero:

                                              (G.1)

G.2  Static Moment relatively to axis X

First derivatives different from zero:

                                                                                             (G.2)

         (G.3)

  (G.4)

G.3  Static Moment relatively to axis Y

First derivatives different from for bulb plates, inverted angles/
L-profiles, channels, or flat bars:

                       (G.5)

                   (G.6)

First derivatives different from zero for Fundia T-bulbs or
built-up T-bars:

        (G.7)
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G.4  Moment of Inertia relatively to axis X

First derivatives different from zero:

     (G.8)

                                                                                          (G.9)

For 

     (G.10)

For  

            

 (G.11)

G.5  Moment of Inertia relatively to axis Y

First derivatives different from zero for bulb plates, inverted
angles/L-profiles, channels, or flat bars:

          (G.12)

           (G.13)

    (G.14)

First derivatives different from zero for Fundia T-bulbs or
built-up T-bars:

  (G.15)

                                 (G.16)

G.6 Product of Inertia relatively to axes X, Y

First derivatives different from zero for bulb plates, inverted
angles/L-profiles, channels, or flat bars:

               (G.17)

        (G.18)

    
  (G.19)

  (G.20)

First derivatives different from zero for Fundia T-bulbs or
built-up T-bars

 (G.21)

                       (G.22)

  (G.23)
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 (G.24)

Appendix H
First derivatives of some other
geometric properties

H.1  Perimeter

Bulbs
First derivatives different from zero:

    (H.1)

                             (H.2)

                                          (H.3)

                         (H.4)

Inverted angles or L-profiles

All first derivatives are exactly the same as those for the bulb
plates.

Channels

First derivatives different from zero:

   (H.5)

                     (H.6)

                   (H.7)

Asymmetr ic Fundia T-bulbs

First derivatives different from zero:

                      (H.8)

                (H.9)

  (H.10)

   (H.11)

                                                                                         (H.12)

Symmetr ic Fundia T-bulbs

All first derivatives for symmetric Fundia T-bulbs are the same
as those for asymmetr ic Fundia T-bulbs except the first
derivative relatively to b:

                                                            (H.13)

Asymmetr ic built-up T-bars

There are only three first derivatives different from zero:

               (H.14)

Symmetr ic built-up T-bars

The first derivatives are the same as those for the asymmetric
built-up bars.

Flat bars

                                                       (H.15)

H.2 Parameters  y , x2,m and y2,m

        (H.16)
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When y > 0

Bulbs

  (H.17)

   (H.18)

                             (H.19)

                       (H.20)

                                                     (H.21)

                                                    (H.22)

All other first derivatives are given in Section 5.

Inverted angles/L-profiles

                   (H.23)

                (H.24)

Channels

The derivatives of x2m and y2m relatively to axis X  i are
determined with eqs. (H.23) and (H.24).

Asymmetr ic Fundia T-bulbs

The derivatives of x2m and y2m relatively to axis X i are determined
with eqs. (H.17) and (H.18) for bulb plates where:

    (H.25)

                    (H.26)

                                                         (H.27)

Note: The derivatives ¶y / ¶xi  are calculated with eq. (H.16)

                                                   (H.28)

                                                    (H.29)

Symmetr ic Fundia T-bulbs

The derivatives of x2m and y2m relatively to axis Xi are determined
with eqs. (H.17) and (H.18) for bulb plates where  ¶ym/¶xi

 is determined with eq. (H.26) while  ¶ym/¶xi is determined
with the following equation:

            (H.30)

Asymmetr ic built-up T-bars

(H.31)

  (H.32)

Symmetr ic built-up T-bars

     (H.33)

  (H.34)
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Flat Bars

              (H.35)

                (H.36)

When y < 0

Bulbs

 and  are determined with eqs. (H.17)
and (H.18) while  and  are calculated
with the equations:

           (H.37)

       (H.38)

All other parameters are calculated as for bulb plates with
angle y >0.

Inverted angles/L-profiles

    (H.39)

   (H.40)

Channels

Due to the peculiarities of the structural profile, it is unlikely
that the angle y  < 0.

Asymmetr ic Fundia T-bulbs

The derivatives of x2m and y2m relatively to axis X i are
determined with eqs. (H.17) and (H.18) for bulb plates where

 is determined with eq. (H.26)  and is
determined with the equation:

                 (H.41)

Symmetr ic Fundia T-bulbs

The derivatives of x2m and y2m relatively to axis X i are determined
with eqs. (H.17) and (H.18) for bulb plates where   
is determined with eq. (H.26) and  is determined with the
following equation:

             (H.42)

Asymmetr ic built-up T-bars

   (H.43)

    (H.44)

Symmetr ic built-up T-bars

    (H.45)

  (H.46)

Flat Bars

      (H.47)

    (H.48)
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                                                      (H.49)

Note: The derivatives ¶y  / ¶xi are calculated with eq. (H.16).

Fig. 1 Symmetric Fundia T-bulb

Fig. 2 Asymmetric Fundia T-bulb

Fig. 3  Symmetric built-up T-bar

Fig. 4  Asymmetric Built-up T-bar

Fig. 5  Bulb Plate

Fig. 6  Symmetric Bulb Plate

Fig. 7  Inverted Angle

Fig. 8  L-profile
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Fig. 9  Channel

Fig. 10  Flat Bar

Fig. 11 Annual p.d.f. of the cross-sectional area of a bulb plate
alone

Fig. 12 Envelope of the annual p.d.f .  of  the cross-sect ional
area of a bulb plate alone

Fig. 13 The "average" probability P(yu  y  y l  ; Tu  T  T l)
is equal to the volume of the "deformed" parallelepiped
divided by Dt  = Tu - Tl  ;  y = yu - yl  . The probability
P(yu  y  yl; T) for T = Tu is equal to the crosshatched area

Fig. 14 Corrosion wear of symmetric built-up T-bar recorded by
Rong Huang [9]

Fig. 15 Assumed sh r inkage  o f  the  c ross  sec t ion  o f  ro l l ed
profiles due to overall corrosion wear: dw , T = corrosion
wear of the web plate at time T; dv,T = gauged corrosion wear
in vertical direction of the bulb head at time T; db ,T =
assumed corrosion wear of the bulb head at time T used in
the calculations; vo = "vertical"  thickness of the bulb
head for the "as-rolled" profile measured in the middle
of b; vT = "vert ical" thickness of the bulb head at time
T measured in the middle of bT . The vertical sec t ions
where vo and vT are measured may not  be the same.
This discrepancy does not have signif icant e f f e c t on
the results for the probabi l i t ies P(yl   y  yu;T) and
P(yl  y  yu ; Tl  T  Tu)
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Fig. 16 Assumed shr inkage of  the cross sect ion of  bu i l t - up
T-bars due to overall corrosion wear: dw,T = corros ion
w e a r  o f  t h e  w e b  p l a t e  a t  t i m e  T ;  d v, T = gauged
corrosion wear in vert ical  d i rec t ion of the f lange at
t imeT; d h o r , T  = gauged  co r ros ion wear of the f lange
in h o r i z o n t a l  d i r e c t i o n at t ime T. T h e r a d i i  R4 , T

and R5,T and the angle b were assumed asunchanged,
i.e. R4,T = R4; R5,T  = R5; bT = b

Fig. 17 Probability of meeting the renewal criteria requirements
for web plate/f lange thickness of asymmetric built-up
T-bar (25% permissible reduction)

Fig. 18 Probability of meeting the renewal criteria requirements
for  the cross sect ional  area of  asymmetr ic  bui l t -up
T-bar (assumed 25% permissible reduction)

Fig. 19 Probability of meeting the renewal criteria requirements
for the section modulus for symmetric and asymmetric
bending of asymmetr ic bui l t -up T-bar (assumed 25%
permissible reduction)

Fig. 20 D i f f e rence  in  pe rcen tages  be tween  the  ca l cu la ted
probabilities of meeting given renewal criteria requirements
for  an  asymmetr ic  bu i l t -up  bar  when Monte  Car lo
simulation and the proposed analytical method areapplied

Fig. 21 Change of the mean value of the total cross sectional
area and the cross sectional area of the bulb plate alone
over time

Fig. 22 Change of the st. deviation of the total cross sectional
area and the cross sectional area of the bulb plate alone
over time
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Fig. 23 Change of the mean values of the section modulus for
symmetric and asymmetric bending over time

Fig. 24 Change of the standard deviation of the section modulus
for  symmetr ic  and asymmetr ic  bend ing  over  t ime
(they coincide)

Fig. 25 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the bulb plate

Fig. 26 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the inverted angle

Fig. 27 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the L-profile

Fig. 28 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the channel

Fig. 29 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the asymmetric Fundia T-bulb

Fig. 30 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the symmetric Fundia T-bulb
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Fig. 31 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the asymmetric built-up T-bar

Fig. 32 Probability of meeting the renewal criteria requirements
(max reduct ion of 25%) for the sect ion modulus for
asymmetric bending of the symmetric built-up T-bar

Fig. 33 Probability of meeting the renewal criteria requirements
(max reduction of 25%) for some of the major geometric
properties of the flat bar
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Calendar of Events

MCMC 2009
8th IFAC Conference on Manoeuvring and Control of Marine
Craft
Guarujá, SP, Brazil, 17-19 September 2009
http://www.mecanica-poliusp.org.br/07even/cont/mcmc/
home.html

IMAM 2009
13th International Congress of the International Maritime
Association of the Mediterranean
Istanbul, Turkey, 12-15 October 2009
www.imam2009.itu.edu.tr

COPINAVAL 2009
XXI PanAmerican Conference of Naval Engineering,
Marit ime Transport and Port Engineering
Viña del Mar, Chile, 19-22 October 2009
www.copinaval.com

COBEM 2009
20th   International Congress of Mechanical Engineering
Gramado, RS, Brazil, 15-20 November 2009
www.abcm.org.br/cobem2009/

4th  IWAOH
4th International Workshop on Applied Offshore
Hydrodynamics
Rio de Janeiro, RJ, Brazil, 2-4 December 2009
www.laboceano.coppe.ufrj.br/4iwaoh/

PACAM 2010
11th Pan-American Congress of Applied Mechanics
Foz do Iguaçu, PR, Brazil, 4-8 January 2010
www.abcm.org.br/pacam2010/

OTC 2010
41st Offshore Technology Conference
Houston, USA, 3-6 May 2010
www.otcnet.org/2010

OMAE 2010
29th International Conference on Ocean, Offshore and Arctic
Engineering
Shanghai, China, 6-11 June 2010
www.asmeconferences.org/omae2010

ISOPE 2010
20th  International Offshore and Polar Engineering Conference
Beijing, China, 20-25 June 2010
www.isope.org

PRADS 2010
11th  International Symposium on Practical Design of Ships
and Other Floating Structures
Rio de Janeiro, 19-24 September 2010
www.prads2010.org.br


