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Résumé
Une méthode simple pour estimer l’assiette, le gı̂te et la résistance d’un navire monocoque à des nombres de

Froude F ≤ 0.45 est présentée. L’assiette et le gı̂te sont déterminés de deux manières alternatives: une approche
expérimentale fondée sur une analyse de mesures données dans la literature, et une approche numérique fondée
sur l’approximation potentielle linaire. L’assiette et le gı̂te sont determinés par des relations analytique simples,
et donc sans calculs d’écoulement, dans l’approche expérimentale. L’approche numérique n’exige que des calculs
d’écoulement autour de la carène ΣH

0 du navire au repos. Les deux approches donnent des prédictions raisonnables
de l’assiette et du gı̂te pour un large éventail de monocoques. La résistance est aussi déterminée de manière simple,
fondée sur la décomposition classique de Froude: des relations analytiques classiques sont utilisées pour la com-
posante de viscosité, et la résistance de vagues est évaluée par la théorie (linaire potentielle) de Neumann-Michell. La
résistance est plus sensible à la position du navire que l’assiette et le gı̂te, et doit donc être évaluée pour une carène
‘dynamique’ ΣH

st qui rend compte de l’assiette et du gı̂te du navire. Cependant, il n’est pas necessaire que la carène ΣH
st

soit déterminée de manière trés précise. En fait, les carènes ΣH
1 et ΣH

a obtenues au moyen de l’approche numérique ou
de l’approche expérimentale ont des résistances pratiquement identiques. Par contre, la résistance de la carène ΣH

1 et
la résistance (quasiment identique) de la carène ΣH

a sont nettement plus élevées, et aussi en bien meilleur accord avec
les mesures expérimentales, que la résistance de la carène ΣH

0 du navire au repos aux grands nombres de Froude.

Summary
A practical method for estimating the sinkage, the trim and the drag of a freely-floating common monohull ship at

moderate Froude numbers F ≤ 0.45 is considered. This method can be used for ship models as well as full-scale ships
with smooth or rough hull surfaces, and is well suited for early ship design and hull form optimization. The sinkage
and the trim are estimated via two alternative simple methods: an experimental approach based on experimental data
given in the literature, and a numerical approach based on a practical linear potential-flow theory (the Neumann-
Michell theory) that only requires simple flow computations. The experimental approach yields particularly simple
analytical relations for the sinkage and the trim, and thus requires no flow computations. The numerical approach only
involves flow computations for the hull surface ΣH

0 of the ship in equilibrium position at rest. Both approaches yield
reasonable sinkage and trim predictions for a wide range of monohull ships. The drag is also estimated in a simple
way, based on the classical Froude decomposition into viscous and wave components: well-known semiempirical
expressions for the friction drag, the viscous drag and the drag due to hull roughness are used, and the wave drag
is evaluated via the Neumann-Michell theory. The drag is more sensitive to the hull position than the sinkage and
the trim. Accordingly, it must be computed for a ‘dynamic’ ship hull surface ΣH

st that accounts for sinkage and trim
effects, although the hull surface ΣH

st does not need to be very precise. In fact, the hull surfaces ΣH
1 and ΣH

a predicted
by by the numerical approach or the experimental approach have nearly identical drags. However, the drag of the
hull surface ΣH

1 and the (nearly identical) drag of the hull surface ΣH
a are significantly higher, and also much closer to

experimental measurements, than the drag of the hull surface ΣH
0 of the ship at rest at high Froude numbers.



1. Introduction

The drag experienced by a ship is a critical element
of ship design. Accordingly, the prediction of the flow
around a ship hull that advances at a constant speed along
a straight path, in calm water of large depth and lateral
extent, is a classical basic ship hydrodynamics problem
that has been widely considered in a huge body of lit-
erature. Indeed, a number of alternative methods — in-
cluding viscous flow computational methods, nonlinear
or linear potential flow methods, and analytical methods
— have been developed to compute the flow around a
ship hull. A brief review of these alternative methods
can be found in e.g. Noblesse et al. (2013a).

The drag of a ship is well known to be influenced
by several complicated flow features, including (i) flow
separation at a ship stern, notably a transom stern, (ii)
wavebreaking at a ship bow, (iii) hull roughness for full-
scale ships, and (iv) influence of sinkage and trim for a
freely floating ship.

This study considers the influence of sinkage and
trim on the drag of a common generic freely floating ship
(free to sink and trim) at a moderate Froude number

F ≡ V/
√

gL ≤ 0.45 (1)

where V and L denote the speed and the length of the
ship, and g is the acceleration of gravity. The analysis of
sinkage and trim effects on the drag evidently involves
two basic elements: the determination of sinkage and
trim, and the determination of the drag. These two basic
tasks are considered here via practical methods suited
for routine applications to design.

1.1. Practical determination of sinkage and trim

The pressure distribution around a ship hull surface
ΣH that advances at a constant speed V in calm water ev-
idently differs from the hydrostatic pressure distribution
around the wetted hull surface ΣH

0 of the ship at rest, i.e.
at zero speed V = 0. Consequently, the ship experiences
a hydrodynamic lift and pitch moment, and a related ver-
tical displacement and rotation of ΣH

0 that are commonly
called sinkage and trim, and have been widely consid-
ered in the literature; e.g. Subramani et al. (2000), Yang
et al. (2000, 2007), Yang & Löhner (2002), Ni et al.
(2011), Yao & Dong (2012), He et al. (2015), Doctors
(2015), Chen et al. (2016), Ma et al. (2016a). The differ-
ences between the wetted hull surface ΣH

0 of a ship at rest
and the corresponding actual mean wetted ship hull sur-
face ΣH are illustrated in Fig.1 for three freely floating
ship models at a Froude number F = 0.4.

As already noted, alternative methods for evaluating
the sinkage and the trim, as well as the drag, experienced
by a freely floating ship have been considered in the lit-
erature. In particular, the approach considered in Subra-
mani et al. (2000), Yang et al. (2000), Yang & Löhner
(2002), Ni et al. (2011), Yao & Dong (2012), He et al.
(2015), Chen et al. (2016) involve iterative flow compu-
tations for a sequence of hull positions. Such iterative

Figure 1: Profiles of the wetted hull surfaces of the Wigley hull, the
S60 model and the DTMB5415 model at rest (blue dashed lines) and
in freely floating positions at Froude numbers F = 0.4 (red solid lines).

flow computations are not well suited for routine practi-
cal applications to early ship design and hull form opti-
mization, and are shown in Ma et al. (2016a) to be un-
necessary for typical monohull ships at Froude numbers
F ≤ 0.45. Practical methods for estimating the sinkage,
the trim and the drag of a ship, notably methods that do
not require iterative flow computations for a sequence of
hull positions, are useful if not necessary at early design
stages and for hull form optimization.

Ma et al. (2016a) considers two simple approaches,
an ‘experimental approach’ and a ‘numerical approach’,
for estimating the sinkage and the trim of a typical freely
floating monohull ship that advances in deep water at a
Froude number F ≤ 0.45.

The experimental approach is based on an analysis
of experimental measurements reported in the literature
for 22 models of monohull ships. This analysis of ex-
perimental data yields particularly simple approximate
analytical relations that explicitly (without flow compu-
tations) predict the sinkage and the trim experienced by
a monohull ship in terms of the ship speed V and four
main hull-geometry parameters: the length L, the beam
B, the draft D, and the block coefficient Cb .

The numerical approach only involves linear poten-
tial flow computations for the ship at rest, i.e. for the
wetted hull surface ΣH

0 , rather than for the mean wetted
hull surface ΣH of the ship at its actual position. Indeed,
a main conclusion of Ma et al. (2016a) is that, for com-
mon monohull ships at Froude numbers F ≤ 0.45, the
sinkage and the trim can be realistically predicted via
computations for the ‘static’ hull surface ΣH

0 of the ship
at rest, i.e. without iterative flow computations for sev-
eral hull positions. This practical simplification stems
from the fact that the sinkage and the trim are mostly de-
termined by the pressure distribution over the lower part
of the ship hull surface, and consequently are not highly
sensitive to the precise position of the ship. A linear po-
tential flow method is used in the numerical approach
considered in Ma et al. (2016a).

Both the simple numerical approach and the even
simpler experimental approach are found in Ma et al.
(2016a) to yield realistic overall predictions of sinkage
and trim for a wide range of monohull ships at Froude
numbers F ≤ 0.45.

The influence of sinkage and trim on the drag of a
typical monohull ship at a Froude number F ≤ 0.45 is
examined here, as already noted. The drag of a freely
floating ship hull can be significantly larger than the drag
of the hull surface ΣH

0 of the ship at rest, as well docu-
mented in the literature; e.g. Subramani et al. (2000),



Yang et al. (2000), Ni et al. (2011) and Ma et al. (2016b).
For instance, the theoretical predictions reported in Ma
et al. (2016b) show that at a Froude number F = 0.45,
the Wigley hull and the S60 model experience an in-
crease in total drag of about 15%, while the total drag of
the DTMB5415 model is about 7% higher, due to sink-
age and trim effects. These examples show that sink-
age and trim effects on the drag of a ship (especially the
wave drag component) can be significant and cannot be
ignored, and moreover depend on the hull form. Thus,
sinkage and trim effects on the drag need to be consid-
ered within the design process, arguably even at early
design stages and for hull form optimization.

1.2. Practical determination of the drag
As required for routine applications to early ship de-

sign, and in accordance with the simple approaches con-
sidered in Ma et al. (2016a) for estimating the sinkage
and the trim, a practical approach is also used in Ma et
al. (2016b) to determine the drag of a typical freely float-
ing monohull ship at Froude numbers F ≤ 0.45. Specif-
ically, classical semiempirical relations for the friction
drag, the viscous drag and the drag due to hull roughness
are used, and the wave drag is evaluated via a practical
linear potential flow method. As is explained further on,
the drag is much more sensitive to the hull position than
the sinkage and the trim. Indeed, the drag must be com-
puted for a ‘dynamic’ ship hull surface ΣH

st that accounts
for sinkage and trim effects.

However, the hull surface ΣH
st does not need to be

very precise. In fact, a notable result of the numerical
computations given in Ma et al. (2016b) is that the total
drag computed for a hull surface ΣH

st chosen as the hull
surface ΣH

1 that is predicted by the numerical approach,
i.e. potential flow computations for the hull surface ΣH

0 of
the ship at rest, or as the hull surface ΣH

a that is predicted
by the even simpler experimental approach, are nearly
identical.

Moreover, the drag of the hull surface ΣH
1 and the

(nearly identical) drag of the hull surface ΣH
a are signif-

icantly higher — and also much closer to experimen-
tal measurements for the Wigley, S60 and DTMB5415
models — than the drag of the hull surface ΣH

0 of the ship
at rest at high Froude numbers F (within the constraint
F ≤ 0.45 considered here). These numerical results sug-
gest that sinkage and trim effects, significant at Froude
numbers 0.35 ≤ F, on the drag of a typical freely float-
ing monohull ship can be well accounted for in a prac-
tical way that only requires linear potential flow compu-
tations, without iterative computations for a sequence of
hull positions.

1.3. Basic notations
Hereafter, coordinates and flow variables are made

nondimensional in terms of the gravitational accelera-
tion g, the water density ρ, and the length L and the speed
V of the ship. The Cartesian system of nondimensional
coordinates

(x, y, z) ≡ x ≡ X/L

is attached to the moving ship. The x axis is chosen
along the path of the ship and points toward the ship bow.
The undisturbed free surface is taken as the plane z = 0
and the z axis points upward. The ship bow and stern are
located at xb = (0.5, 0, 0) and at xs = (−0.5, 0, 0). The
unit vector

n ≡ (nx, ny, nz )

is normal to the hull surface ΣH and points outside the
ship (into the water).

The present study summarizes the analysis and the
main results of the practical approaches considered in
Ma et al. (2016a) and Ma et al. (2016b) for estimating
the sinkage and the trim, and their influence on the drag,
for a common freely-floating monohull ship at moderate
Froude numbers F ≤ 0.45.

2. Basic relations for the sinkage and the trim

Hereafter, the vertical displacement of a ship hull
surface ΣH from its position ΣH

0 at rest, at midship, is
called ‘midship sinkage’ and denoted as Hm. Similarly,
the vertical displacement of ΣH at the ship bow and stern
are denoted as Hb and Hs, and called ‘bow sinkage’ and
‘stern sinkage’. Positive values of Hm,Hb or Hs cor-
respond to downward vertical displacements of ΣH at
midship, at a ship bow or at a ship stern, respectively.
The rotation of ΣH from ΣH

0 is defined by the trim angle
τ◦ ≡ τrad 180/π where the angles τ◦ and τrad are mea-
sured in degrees or in radians, or by the equivalent ‘trim
sinkage’ Hτ defined as

2 Hτ ≡ L tan(τrad) ≈ L τrad ≡ L τ◦π/180 (2)

Positive values of τ◦, τrad, Hτ correspond to a bow-up
rotation.

The relations

Hs = Hm + Hτ and Hb = Hm−Hτ (3)

hold. These geometrical identities determine the stern
sinkage Hs and the bow sinkage Hb from the midship
sinkage Hm and the trim sinkage Hτ that are computed
in the numerical approach considered in section 3. The
relations (3) readily yield

Hb = 2Hm−Hs and Hτ = Hs−Hm (4)

These relations determine the bow sinkage Hb and the
trim sinkage Hτ from the midship sinkage Hm and the
stern sinkage Hs that are determined in section 4 by sim-
ple analytical relations obtained via an analysis of exper-
imental measurements.

3. Numerical determination of sinkage and trim

The midship sinkage Hm and the trim sinkage Hτ,
where a positive sinkage 0 < Hm or a positive trim sink-
age 0 < Hτ correspond to a downward vertical displace-
ment or a bow-up rotation of the ship hull as already
noted, are determined via the relations

Hm/L
F2 ≈

Cz + ε2 Czx

a0 (1− ε0 ε2)
and

2 Hτ/L
F2 ≈

Czx + ε0 Cz

a2 (1− ε0 ε2)
(5a)



Here, ε0 ≡ a1/a0 and ε2 ≡ a1/a2 . Moreover, a0 , a1 and
a2 denote the nondimensional area of the waterplane WH

0
of the wetted hull surface ΣH

0 and the related moments
defined as

(a0 , a1 , a2 ) ≡
(A0

L2 ,
A1

L3 ,
A2

L4

)
≡

∫
WH

0

(1, x, x2 ) dx dy (5b)

The terms Cz and Czx in (5a) represent the nondimen-
sional hydrodynamic lift and moment coefficients de-
fined as

(Cz ,Czx ) =

∫
ΣH

(nz, nxz − nzx) p da (5c)

where the hydrodynamic pressure p is determined by the
Bernoulli relation

p =
√

(ny)2 + (nz)2 φt + (nx )2/2 − (φ2
t + φ2

d )/2 (5d)

Here, φt ≡ ∂φ/∂t and φd ≡ ∂φ/∂d denote the velocity
components along two unit vectors t and d tangent to the
ship hull surface ΣH . These tangential velocity compo-
nents are evaluated here via the Neumann-Michell (NM)
theory expounded in Noblesse et al. (2013a), Huang et
al. (2013) and Noblesse et al. (2013b).

The nondimensional hydrodynamic lift and pitch mo-
ment coefficients Cz and Czx given by (5c) where the
mean wetted ship hull surface ΣH is taken as the static
wetted hull surface ΣH

0 are denoted as Cz
0 and Czx

0 . The
midship sinkage Hm and the trim sinkage Hτ given by
(5a) where Cz and Czx are taken as Cz

0 and Czx
0 are simi-

larly denoted as Hm
0 and Hτ

0 . The mean wetted hull sur-
face that is obtained from the wetted hull surface ΣH

0 of a
ship at rest via a translation Hm

0 and a rotation Hτ
0 is de-

noted as ΣH
1 , and the hydrodynamic coefficients Cz and

Czx given by (5c) with ΣH taken as ΣH
1 are denoted as Cz

1
and Czx

1 . Similarly, Hm
1 and Hτ

1 denote the sinkage Hm

and the trim Hτ determined from (5a) with Cz and Czx

taken as Cz
1 and Czx

1 .
Expressions (5c) for Cz and Czx show that, except

for a ship hull with large flare and rake angles, the upper
part of a ship hull (where nz ≈ 0) does not contribute
appreciably to the sinkage, and that the upper hull and
the parallel midbody (where nxz ≈ 0 and nzx ≈ 0) do
not contribute much to the trim. Thus, the main contri-
butions to the sinkage and the trim stem from the lower
part of the ship hull surface. It can then be expected that
the sinkage and the trim are relatively insensitive to the
precise position of the ship hull, and can be realistically
evaluated from the pressure at the hull surface ΣH

0 of the
ship at rest. This theoretical expectation is confirmed in
Fig.7, where the sinkage Hm and the trim Hτ computed
for the hull surfaces ΣH taken as ΣH

0 or ΣH
1 are compared.

4. Explicit relations for the sinkage and the trim

The previously-noted fact that the sinkage and the
trim of a ship predominantly stem from the pressure dis-
tribution over the lower part of the ship hull surface also
suggests that the sinkage and the trim may not be highly

Ship model B/L D/L D/B Cb Symbol

USH-3b 0.144 0.071 0.500 0.397
USH-4a 0.096 0.064 0.667 0.397
USH-4b 0.111 0.056 0.500 0.397
USH-4c 0.125 0.050 0.400 0.397
USH-5a 0.078 0.052 0.667 0.397
USH-5b 0.091 0.045 0.500 0.397
USH-5c 0.101 0.040 0.400 0.397
USH-5d 0.091 0.045 0.500 0.396
USH-5e 0.091 0.045 0.500 0.398
USH-6a 0.066 0.044 0.667 0.397
USH-6b 0.076 0.038 0.500 0.397
USH-6c 0.085 0.034 0.400 0.397
Wigley 0.100 0.063 0.625 0.445
S60 0.130 0.052 0.400 0.600
DTMB5415 0.134 0.043 0.323 0.510
Delft372 0.080 0.050 0.625 0.403
ONRT 0.122 0.036 0.292 0.539
JHSS-BB 0.111 0.031 0.276 0.437
JHSS-EB 0.111 0.031 0.276 0.437
JHSS-GB 0.108 0.030 0.276 0.432
JHSS-ST 0.111 0.031 0.276 0.437
Model5365 0.148 0.033 0.226 0.438

Table 1: Beam/length ratio B/L, draft/length ratio D/L, draft/beam ra-
tio D/B and block coefficient Cb for the 22 ship models considered in
the analysis of experimental measurements of sinkage and trim. The
symbols that identify the 22 ship models in Figs.3-5 are also shown.

sensitive to ‘details’ of the hull form (such as a transom
stern) and the Reynolds number, and might reasonably
be assumed to primarily depend on the Froude number
and basic hull form parameters (such as the beam/length
ratio B/L and the block coefficient Cb) that characterize
the overall hull geometry. This theoretical conjecture is
considered in Ma et al. (2016a) via an analysis of experi-
mental measurements of sinkage and trim for 22 models
of freely-floating monohull ships.

4.1. Experimental data base
Specifically, the experimental measurements of sink-

age and trim for 22 models of monohull ships reported in
Kajitani et al. (1983), McCarthy (1985), Molland et al.
(1994, 1995), Olivieri et al. (2001), Fu et al. (2005), Cu-
sanelli (2007), Cook (2011), Broglia et al.(2011, 2014),
Souto-Iglesias et al. (2012) are analyzed in Ma et al.
(2016a).

Table 1 shows that the beam/length ratio B/L, the
draft/length ratio D/L, the draft/beam ratio D/B and the
block coefficient Cb for these 22 ship models vary within
the relatively broad ranges

0.066 ≤ B/L ≤ 0.148 , 0.029 ≤ D/L ≤ 0.071
0.276 ≤ D/B ≤ 0.667 , 0.397 ≤ Cb ≤ 0.6

These ranges of variations of B/L, D/L, D/B and Cb cor-
respond to a fairly wide range of hull forms, as illustrated
in Fig.2 for eight of the 22 ship models.

Fig.3 depicts the experimental measurements, for the
Froude number F within the range 0.1 ≤ F ≤ 0.45, of



Figure 2: Framelines of 8 ship models in the series of 22 models considered in the analysis of experimental measurements of sinkage and trim.

the midship sinkage Hm, the trim sinkage Hτ, the stern
sinkage Hs and the bow sinkage Hb — made nondimen-
sional with respect to the ship draft D — for the 22 ship
models. This figure shows that the midship sinkage Hm

and the stern sinkage Hs mostly increase monotonically
as the Froude number F increases. However, the varia-
tions of the trim sinkage Hτ and the bow sinkage Hb are
more complicated. Accordingly, the experimental mea-
surements of the midship sinkage Hm and the stern sink-
age Hs are analyzed, and the bow sinkage Hb and the
trim sinkage Hτ are determined from Hm and Hs via the
geometrical relations (4). Fig.3 also shows that the trim
sinkage Hτ and the stern sinkage Hs are small for Froude
numbers smaller than about 0.3 but increase rapidly for
0.35 < F . Indeed, the stern sinkage Hs can be as large
as 35% of the ship draft D at F = 0.45.

4.2. Midship sinkage
The variations of the experimental measurements of

the midship sinkage Hm for the 22 models of monohull
ships depicted in the top left corner of Fig.3 with respect
to the Froude number F and the four basic hull form pa-
rameters B/L, D/L, D/B and Cb are analyzed in Ma et
al. (2016a). This analysis shows that the midship sink-
age Hm increases approximately like F2 as F ≤ 0.45
increases, is approximately proportional to

√
BD, and

moreover increases as the block coefficient Cb increases.
Specifically, the detailed analysis of experimental mea-
surements of the midship sinkage Hm given in Ma et al.
(2016a) shows that Hm can be explicitly estimated in
terms of the beam B, the draft D, the block coefficient
Cb and the Froude number F via the analytical relation

Hm/
√

BD ≈ F2Cm where Cm ≡ 0.9(Cb − 0.13) (6)

The experimental measurements of (Hm/
√

BD )/Cm

are depicted in Fig.4 for the 22 ship models. The thick
solid (red) line and the two thick dashed (blue) lines in
this figure correspond to the function F2 or the functions

(1±0.3)F2, respectively. The two thin solid (black) lines
that bound the shaded region correspond to the func-
tions (1 ± 0.2)F2. Most of the experimental measure-
ments are within the shaded region bounded by the two
curves (1± 0.2)F2, and nearly all the measurements are
between the two thick dashed (blue) curves (1± 0.3)F2.
The simple analytical approximation (6) can then predict
the midship sinkage Hm of a wide range of monohull
ships with an accuracy of 20% in most cases and 30% in
nearly all cases.

4.3. Stern sinkage

The variations of the experimental measurements of
the stern sinkage Hs for the 22 models of monohull ships
depicted in the bottom left corner of Fig.3 with respect
to the Froude number F and the four basic hull form
parameters B/L, D/L, D/B and Cb are analyzed in Ma et
al. (2016a). This analysis shows that the stern sinkage
Hs increases approximately like the function

f ≡ F2
∗

√
1 + F8

∗ where F∗ ≡ F/ 0.33 (7a)

as F ≤ 0.45 increases, and is approximately proportional
to
√

BD. The available experimental measurements of
Hs show no convincing correlations between Hs and Cb.
Specifically, the detailed analysis of experimental mea-
surements of the stern sinkage Hs given in Ma et al.
(2016a) shows that Hs can be explicitly estimated in
terms of the beam B, the draft D, and the Froude number
F via the simple analytical relation

40 Hs/
√

BD ≈ f (7b)

where f is defined by (7a).
The experimental measurements of 40 Hs/

√
BD are

depicted in Fig.5 for the 22 ship models. The thick solid
(red) line and the two thick (blue) dashed lines in this
figure correspond to the function f ≡ F2

∗

√
1+ F8

∗ and
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Figure 3: Midship sinkage Hm/D (top left corner), trim sinkage Hτ/D (top right), stern sinkage Hs/D (bottom left) and bow sinkage Hb/D (bottom
right) for 22 models of monohull ships, identified by the symbols listed in Table 1, at 0.1 ≤ F≤ 0.45.

the functions (1 ± 0.4) f , respectively. The two thin solid
(black) lines that bound the shaded region correspond to
the functions (1 ± 0.2) f . The measurements are largely
inside the shaded region, and most of the measurements
are between the two thick dashed (blue) curves (1±0.4) f .
The approximation (7) can then predict the stern sinkage
Hs of a wide range of monohull ships with an accuracy
of 20% in many cases and 40% in most cases.

4.4. Explicit analytical approximations

The midship sinkage Hm and the stern sinkage Hs

can then be approximately determined by means of the
simple analytical relations (6) and (7), and the bow sink-
age Hb and the trim sinkage Hτ can be determined from
Hm and Hs via the geometrical relations (4). Thus, the
analysis of experimental measurements considered in Ma
et al. (2016a) determines the midship sinkage Hm, the
stern sinkage Hs, the bow sinkage Hb and the trim sink-
age Hτ via the analytical relations

Hm ≈ 0.9
√

BD (Cb − 0.13)F2 (8a)

Hs ≈ 0.025
√

BDF2
∗

√
1 + F8

∗ with F∗ ≡ F/0.33 (8b)

Hb = 2Hm− Hs and Hτ ≡ Lτ◦π/360 = Hs− Hm (8c)

The trim angle τ◦ in (8c) is measured in degrees. The
relations (8) determine Hm, Hs, Hb and Hτ in terms of
the Froude number F and three major parameters — the
beam B, the draft D, and the block coefficient Cb —

that characterize the ship hull form. These relations ex-
plicitly determine the sinkage and the trim without flow
computations, and are then particularly simple.

5. Practical determination of the drag

The nondimensional drag coefficient

Ct ≡ D/(ρV2L2) (9)

is evaluated in Ma et al. (2016b) in a simple way, based
on the classical Froude decomposition into viscous and
wave components, as in Yang et al. (2013). Specifically,
Ct is expressed as

Ct = Cw + Cv + Ca (10)

where Cw represents the wave drag coefficient, Cv is the
viscous drag coefficient for a smooth ship hull, and Ca

accounts for the additional drag due to roughness.
The viscous drag Cv in (10) is expressed as

Cv = (1+ k)Cf (11a)

where Cf and k are the usual friction drag coefficient and
form factor. The friction drag Cf is evaluated via the
ITTC 1957 formula

Cf =
AH

2L2

0.075
(log10 Re − 2)2 where Re ≡

VL
ν

(11b)
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Figure 6: Side views (left) and bottom views (right) of the wetted hull surfaces ΣH
0 of the Wigley hull (top), the S60 model (middle) and the

DTMB5415 model (bottom) approximated via 7,562 (Wigley), 11,542 (S60) and 12,586 (DTMB5415) flat triangular panels.

and AH denotes the wetted area of the ship hull surface
ΣH . The kinematic viscosity ν is taken as 1.14×10−6m2/s
hereafter. The form factor k is estimated via the relation

k = 0.6
√

∆/L3 + 9∆/L3 with 0.05 ≤ k ≤ 0.40 (11c)

given in Manen and Oossanen (1988). Here, ∆ denotes
the displacement of the ship.

The roughness correction Ca in (10) is determined
via the Bowden-Davison formula

Ca = 10−4 AH

2L2 R where (12a)

4 ≤ R ≡ 1050(ks/L)1/3− 6.4 ≤ 8 (12b)

given in Bowden and Davison (1974). Here, ks charac-
terizes the hull roughness. The standard value

ks = 0.00015m (12c)

is used in Ma et al. (2016b).
The wave drag coefficient Cw is determined via inte-

gration of the pressure p at the hull surface ΣH , i.e.

Cw =

∫
ΣH

nx p da (13)

where p is given by the Bernoulli relation (5d). The
Neumann-Michell theory is used to compute the flow
around the ship hull surface ΣH and the related pres-
sure p. Expression (13) for Cw shows that the parallel
midbody and the bottom of a ship hull surface, where
nx ≈ 0, contribute little to the wave drag, which mostly
stems from the upper parts of the bow and stern regions
where nx , 0. The drag of a ship can therefore be ex-
pected to be much more sensitive to the precise position

of the ship hull than the sinkage and the trim, which are
mostly determined by the pressure distribution over the
hull bottom as noted earlier.

AH
0 , AH

1 and AH
a denote the wetted areas of the hull

surfaces ΣH
0 of the ship at rest or the hull surfaces ΣH

1 or
ΣH

a determined from the sinkage and the trim predicted
by the numerical approach or the experimental approach
considered in sections 3 and 4. Expression (11b) shows
that differences among the wetted areas AH

0 , AH
1 and AH

a
yield differences among the friction drag coefficient Cf .
The total drag coefficients Ct

0 , Ct
1 , Ct

a , the viscous drag
coefficients Cv

0 ,C
v
1 ,C

v
a and the wave drag coefficents Cw

0 ,
Cw

1 , Cw
a correspond to the hull surfaces ΣH

0 , ΣH
1 or ΣH

a ,
respectively.

6. Illustrative applications for three ship models

The simple methods for determining the sinkage, the
trim and the drag of a freely-floating ship given above
are now applied to three ship models: the Wigley hull,
the S60 model and the DTMB5415 model. The length
L of these ship models is 2.5m for the Wigley hull, 4m
for the S60 model and 5.72m for the DTMB5415 model.
Side and bottom views of the wetted hull surfaces ΣH

0
for these three ship models are shown in Fig.6. Half of
the hull surface ΣH

0 is approximated via 7562, 11,542 or
12,586 flat triangular panels for the Wigley hull, the S60
model and the DTMB5415 model, respectively.

Fig.7 depicts the midship sinkage Hm/D and the trim
sinkage Hτ/D for the three ship models at Froude num-
bers 0.1 ≤ F ≤ 0.45. The numerical predictions given
by (5) with the Neumann-Michell theory applied to the
hull surfaces ΣH

0 or ΣH
1 are depicted together with exper-

imental measurements and the predictions given by the
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Figure 7: The midship sinkage Hm/D (left) and the trim sinkage Hτ/D
(right) for the Wigley hull (top), the Series 60 model (center) and the
DTMB5415 model (bottom). Experimental measurements (Exp.) are
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and the numerical predictions given by the Neumann-Michell theory
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0 or ΣH
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Figure 8: The left side depicts the wave drag Cw and the right side de-
picts the viscous drag Cv and the total drag Ct for the Wigley hull (top),
the S60 model (center) and the DTMB5415 model (bottom). Experi-
mental measurements (Exp.) are shown together with the theoretical
predictions (10)-(13) applied to the hull surfaces ΣH

a , Σ
H
0 or ΣH

1 .

simple analytical relations (8) obtained from an analysis
of experimental measurements.

Fig.7 shows that the numerical predictions for the
hull surfaces ΣH

0 or ΣH
1 are very close for the midship

sinkage Hm, and do not differ significantly for the trim
sinkage Hτ. Moreover, these numerical predictions are
in relatively good agreement with the experimental mea-
surements. The numerical predictions for the hull sur-
face ΣH

1 are not closer to the experimental measurements
of the trim sinkage Hτ than the numerical predictions for
the hull surface ΣH

0 . This finding suggests that it is suf-
ficient to compute the flow around the ‘static’ ship hull
surface ΣH

0 , instead of the ‘dynamic’ hull surface ΣH
1 ,

for the purpose of predicting the sinkage and the trim of
common monohull ships at Froude numbers F ≤ 0.45.
Fig.7 also shows that the simple analytical relations (8)
yield predictions of the midship sinkage Hm and the trim
sinkage Hτ that are in relatively good agreement with the
numerical predictions, as well as the experimental mea-
surements.

Fig.8 depicts the theoretical predictions of the total
drag Ct, the wave drag Cw and the viscous drag Cv that
correspond to the hull surfaces ΣH

0 , ΣH
1 and ΣH

a for the
Wigley hull, the S60 model and the DTMB5415 model.
The experimental measurements Ct

e of the total drag Ct

that are also shown in Fig.8 correspond to freely-floating
ship models, and are determined as in Longo and Stern
(1998) via the relation

Ct
e = Cr + Cv

0 (14)

where Cr denotes the residual drag of the freely-floating
ship model and Cv

0 is the viscous drag of the hull surface
ΣH

0 of the ship at rest.
Fig.8 shows that differences among the theoretical

drag coefficients Ct, Cw and Cv for the hull surfaces ΣH
1

and ΣH
a are practically negligible; i.e. the drag coeffi-

cients for the hull surface ΣH
a defined by the simple ana-

lytical relations (8) and the hull surface ΣH
1 obtained via

potential flow computations for the hull surface ΣH
0 of the

ship at rest are nearly identical. Moreover, the total drags
Ct of the hull surfaces ΣH

1 and ΣH
a are in reasonable over-

all agreement with the experimental measurements Ct
e .

Fig.8 also shows that differences between the theoretical
drag coefficients Ct, Cw, Cv for the hull surfaces ΣH

1 or
ΣH

a and the hull surface ΣH
0 of the ship at rest are fairly

small for F < 0.25, but increase rapidly for 0.25 < F .
Sinkage and trim effects on the drag can then be ignored
for F < 0.25, but can be significant for 0.25 < F .

Experimental measurements, denoted as Ct
e , of the

total drag Ct for a freely-floating ship are now compared
to the corresponding theoretical predictions Ct

0 or Ct
1 for

the ship hull surfaces ΣH
0 or ΣH

1 . The relative differences
between the experimental measurements Ct

e and the cor-
responding theoretical predictions Ct

0 or Ct
1 for the ship

hull surfaces ΣH
0 or ΣH

1 are given by

et
0 = (Ct

e −Ct
0)/Ct

0 and et
1 = (Ct

e −Ct
1)/Ct

1 (15)

The relative errors et
0 and et

1 are associated with the hull
surface ΣH

0 , which ignores sinkage and trim, or the hull
surface ΣH

1 that accounts for the influence of sinkage and
trim on the drag. Thus, the errors et

0 and et
1 provide a

basis for validating the simple theoretical method con-
sidered here to account for the influence of sinkage and
trim on the drag of a freely-floating ship.

Fig.9 depicts the relative errors et
0 and et

1 for the
Wigley, S60 and DTMB5415 models at Froude numbers
within the range 0.25 ≤ F ≤ 0.45 for which sinkage and
trim have a significant influence on the drag. The dashed
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Figure 9: Relative errors et
0 and et

1, and corresponding smoothing
spline fits, between experimental measurements of the total drag Ct

and theoretical predictions for the hull surface ΣH
0 of a ship at rest or

the hull surface ΣH
1 that accounts for sinkage and trim effects.

and solid lines in Fig.9 are smoothing spline fits that cor-
respond to the experimental values of et

0 (squares) or
et

1 (circles). The errors et
0 increase for 0.28 < F and

are significant for 0.35 < F . Indeed, the errors et
0 are

larger than 10% for 0.4 < F . The errors et
1 are much

smaller than the errors et
0 for the Wigley hull and the

DTMB5415 model at 0.32 < F , and for the S60 model at
0.35 < F . Specifically, the errors et

1 vary within ±2% for
the Wigley and S60 models in the Froude number ranges
0.32 < F or 0.35 < F, and are smaller than about 7%
for the DTMB5415 model at 0.32 < F . The relatively
large errors for the DTMB5415 model might stem from
the fact that this model has a transom stern, as shown in
Fig.1, that is ignored here.

7. Conclusion

The influence of sinkage and trim on the drag of a
typical freely floating monohull ship has been consid-
ered. The comparisons of experimental measurements
and theoretical computations reported for the Wigley,
S60 and DTMB5415 models suggest that the sinkage

and the trim experienced by common monohull ships
are small, and have limited influence on the drag, for
Froude numbers F smaller than about 0.25. However,
the sinkage and the trim, and their influence on the drag,
increase rapidly for 0.25 < F, and are significant for the
highest value F = 0.45 of the Froude number range
0.1 ≤ F ≤ 0.45 considered here. E.g., the theoreti-
cal predictions given in Ma et al. (2016b) show that at
F = 0.45, the Wigley hull and the S60 model experience
an increase in drag of about 15%, and the drag of the
DTMB5415 model is about 7% higher, due to sinkage
and trim effects. The influence of sinkage and trim on the
drag (especially the wave drag) of a ship can then be sig-
nificant, and moreover depends on the hull form. Sink-
age and trim effects should then be considered within the
design process, arguably even at early design stages and
for hull form optimization.

Accordingly, practical methods suited for routine ap-
plications to ship design have been considered here to
determine the sinkage, the trim and the drag. Specifi-
cally, the sinkage and the trim are determined via two
simple alternative methods. These two methods yield
predictions of sinkage and trim that do not differ greatly,
and moreover are in reasonable agreement with experi-
mental measurements for a broad class of monohull ships.
The drag is similarly evaluated in a simple way, based
on the classical Froude decomposition into viscous and
wave components.

One of the two simple alternative methods consid-
ered to determine the sinkage and the trim is a numerical
method. This method only involves linear potential flow
computations (the Neumann-Michell theory is used) for
the wetted hull surface ΣH

0 of the ship at rest. Indeed,
numerical predictions of sinkage and trim for the ‘static’
hull surface ΣH

0 of the ship at rest and for the ‘dynamic’
hull surface ΣH

1 , which is determined from flow compu-
tations for the hull surface ΣH

0 and thus accounts for the
hull sinkage and trim, do not differ significantly for the
Wigley, S60 and DTMB5415 models. The sinkage and
the trim of common monohull ships at F ≤ 0.45 can then
be predicted without iterative flow computations for a se-
quence of ship hull surfaces ΣH

n . This notable simplifica-
tion stems from the fact that the sinkage and the trim are
primarily determined by the pressure distribution over
the bottom of the ship hull surface, and therefore are not
highly sensitive to the precise position of the ship.

The other method considered to determine the sink-
age and the trim is based on an analysis of experimen-
tal measurements (for 22 ship models). This alternative
method yields explicit analytical relations for the sink-
age and the trim, and thus requires no flow computa-
tions. Specifically, the relations (8) explicitly determine
the sinkage and the trim of a ship in terms of the ship
speed V and four basic parameters (the length L, the
beam B, the draft D, and the block coefficient Cb) that
characterize the ship geometry.

As already noted, the drag is also estimated in a sim-
ple way, based on the classical Froude decomposition
of the drag into viscous and wave components. Specifi-



cally, classical semiempirical expressions for the friction
drag, the viscous drag and the drag due to hull roughness
are used, and the wave drag is evaluated via a linear po-
tential flow method (the Neumann-Michell theory). This
simple approach can be applied to ship models as well as
full-scale ships with smooth or rough hull surfaces.

The wave drag is largely determined by the pressure
distribution at the bow and the stern of a ship, and is then
much more sensitive to the precise position of the ship
hull than the sinkage and the trim, which are mostly de-
termined by the pressure at the hull bottom as already
noted. This basic difference explains why the sinkage
and the trim of a ship can be realistically estimated from
flow computations around the hull surface ΣH

0 of the ship
at rest, whereas the drag must be evaluated for a ‘dy-
namic’ ship hull surface ΣH

st that accounts for the sinkage
and the trim experienced by the ship.

However, the hull surface ΣH
st does not need to be

very precise. Indeed, a main result of the numerical com-
putations reported here for the Wigley hull and the S60
and DTMB5415 models is that the hull surface ΣH

a de-
fined by the explicit analytical relations (8) and the hull
surface ΣH

1 determined from potential flow computations
for the hull surface ΣH

0 of the ship at rest have nearly
identical drag coefficients Ct. Another notable result is
that the (nearly identical) predictions of the drag for the
ship hull surfaces ΣH

a or ΣH
1 , which correspond to the

sinkage and the trim predicted by the explicit analytical
relations (8) or via flow computations for the hull sur-
face ΣH

0 as already noted, are significantly higher than
the drag predicted for the hull surface ΣH

0 of the ship at
rest.

Moreover, and more importantly for practical appli-
cations, the drag coefficients predicted for the hull sur-
faces ΣH

a or ΣH
1 are much closer to experimental mea-

surements than the drag of the hull surface ΣH
0 of the ship

at rest for the Wigley hull and the S60 and DTMB5415
models at Froude numbers for which sinkage and trim
effects are significant. Specifically, Fig.9 shows that,
at Froude numbers greater than about 0.32 to 0.35 for
which sinkage and trim effects are large, the relative er-
rors et

1 between experimental measurements of the total
drag and theoretical drag predictions for the hull surface
ΣH

1 , which accounts for the sinkage and the trim as al-
ready noted, are significantly smaller than the errors et

0
associated with predictions for the hull surface ΣH

0 of the
ship at rest.

This finding provides a partial validation of the sim-
ple approach considered here, and suggests that the in-
fluence of sinkage and trim on the drag of a freely float-
ing monohull ship at F ≤ 0.45 can be determined in a
very simple way that is well suited for routine applica-
tions to design, including at early stages and for opti-
mization. In particular, if the analytical relations (8) are
used to estimate the sinkage and the trim, prediction of
the drag of a freely floating ship only requires a compu-
tation of the flow around the hull ΣH

a , i.e., a single (linear
potential) flow computation per Froude number.

As is noted in the introduction, the drag of a freely

floating ship is influenced by sinkage and trim, consid-
ered in the study, as well as by several more complicated
flow features that are not considered here. These addi-
tional features include flow separation that typically oc-
curs at a ship stern, notably a transom stern, and wave-
breaking at a ship bow. For the Wigley and S60 mod-
els, these additional complications only have a relatively
minor influence on the drag. Accordingly, Fig.9 shows
that the relative errors et

1 between experimental measure-
ments of the total drag and theoretical predictions for the
hull surface ΣH

1 are quite small, indeed vary within ±2%,
for these two models at Froude numbers (greater than
about 0.32 to 0.35) for which sinkage and trim effects
are large. The errors et

1 are appreciably larger (as large
as 7%) for the DTMB5415 model, possibly because this
ship model has a transom stern.

In any case, for the three ship models considered
here, the errors et

1 are much smaller than the errors et
0

associated with drag predictions for the hull surface ΣH
0

of the ship at rest for Froude numbers (greater than about
0.35) for which sinkage and trim effects are significant.
A large part of the errors between theoretical predictions
and experimental measurements of the drag of a floating
ship may then be attributed to sinkage and trim effects.
Moreover, these errors can be accounted for in a practi-
cal way, as already noted.
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