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ABSTRACT

Verification of ship stability is based on rules which account for the effects of wind.
Restrictive hypothesis are employed to define those rules and especially the influence of ship
heeling. This study reviews some stability rules and applies them to the case of the F70
frigate. Then, two alternate approaches are considered: (i) accounting for the actual lateral
areas and respective centroids of the heeled ship, and (ii) CFD calculations to determine
aero and hydro dynamic coefficients at each heel angle. Finally, comparison is made between
the results of these alternate approaches and the stability rules.
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1.

of such assumptions include:

INTRODUCTION

Strong winds can increase the risk of
capsizing, thus, stability assessment must
account for wind effects. This study reviews
some of the assumptions commonly embedded
in stability rules and investigates two alternate
approaches.

Fixed value for aerodynamic drag
coefficient regardless of ship geometry or heel
angle (e.g. CD = 1.12).

1.1

Dead ship condition (zero forward speed
with a beam wind) considered the worst case.
Blendermann (1996) has shown that beam
wind is not the worst case.

Fixed locations (centroid of projected
lateral areas) of application of aero and hydro
dynamic forces.

Stability Rules

The first phase of this study was a review of
some stability rules (i.e. French Navy, Dutch
Navy, IMO, Brown & Dreybach).
The
formulations defined in these rules were
employed to calculate wind heeling moments
for the French Navy F70 class frigate.

Constant wind speed. Gusting is accounted
for as either an increase in wind lever arm
(IMO) or by defining requirements for righting
arm area ratios (naval stability rules).

Whether it is because they are very old
(sometimes established more than 50 years ago)
or to facilitate the calculations, some of the
assumptions common to stability rules are
simplistic and do not reproduce faithfully the
physics of the studied phenomenon. Examples

No variation in amplitude of wind against
altitude (IMO) or simple wind profile (naval
stability rules). No variation in direction.
Simplified windage area.
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1.2

Alternate Approaches

The inclining lever arm in meters or BLI, due
to wind (wind heeling moment divided by ǻ.g)
is then obtained by summing the influence of
each strip as follows:

The second phase of this study was to
address the first two assumptions of the
previous section and investigate two alternate
approaches:

ͲǤͲͳͻͷǤ ܣ Ǥ ݄ Ǥ ܸଶ
ܿ ݏଶ ߮
ܤǤ ܮǤ ܫǤ ൌ  
ͳͲͲͲǤ ο


AERODYNAMIC APPROACH: Uses the
same basic wind moment formulation found in
the stability rules. Except, the fixed distance
between the upright centroid of windage area
and half draft (along with cosine function) are
replaced with calculated centroids for above
waterline windage area and below waterline
hull area (Zaero, Zhydro).

Where:
Wind speed at strip center [knots]
Vi =
Projected area of each strip [m²]
Ai =
vertical distance between the center of
hi =
the strip and the drift center (assumed
immersed at T/2) [m]
Heel Angle [deg]
ĳ=
Vessel displacement [t]
ǻ=

CFD APPROACH: Uses a CFD model to
generate aerodynamic and hydrodynamic
coefficients (CY, CZ, Ck) for the ship at each
heel angle.

1.3

(1)

The coefficient 0.0195 is derived from the
combination of physical constants and the units
used for wind speed:

Comparison

ଵ ఘೊ ଵǤ଼ହଶ ଶ
ଶ 

The last phase of this study was to compare
wind heeling moment results to assess their
consistency. The study focused only on the
determination of the heeling moment on a ship
exposed to a given constant wind speed. The
relevance of the choice of speed and associated
regulatory criteria is not discussed.

ቀ

ଷǤ

ቁ ൌ ͲǤͲͳͻͷ [kg.m-2.kts-2]

(2)

Where:
CY = 1.12,
ȡ=
1.29 kg/m3 and
g=
9.81 m²/s
The cos2 term, which is used in many other
regulations, comes from historical studies of
sail ships (Middendorf, 1903). Sail ships have a
large windage area (upright) that decreases
drastically with heel (Middendorf, 1903). The
formulation is obviously flawed as at 90° heel a
ship will still have a windage area.

2. STABILITY RULES

1.1 French Naval Rules
The wind heeling moment formula in the
French military regulations, IG 6018, (1999) is
derived from the work of Sarchin and Goldberg
(1962). It requires a reference wind speed (at
10 m height above waterline), assumes a wind
speed profile (~ h1/7) and integrates over the
projected surface area exposed to wind.
Integration is simplified by dividing this
surface area into horizontal strips, each being
subjected to a constant wind speed depending
on the average height of the considered strip.

1.2 Dutch Naval Rules
The formula used in naval regulations of
the Netherlands is similar to the French
regulations except that it utilizes a cos3 term
and does not take into account the wind speed
profile. These regulations are derived from
Germany naval rules (Arndt 1982). The wind
heeling arm formula is as follows:
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ܤǤ ܮǤ ܫǤ ൌ 

ܲǤ ܣǤ  ͳ ܫ ͵ ଷ ሺ߮ሻ
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ʹ

It is possible to compute an equivalent wind
speed by comparing the IMO and naval
formula at zero heel. Comparing with the
French regulations, the relation obtained is:

(3)

ܲ
ܸ ൌඨ
ͲǤͲͳͻͷǤ ݃

Where:
P = Wind pressure [Pa]
A = Windage surface area [m²]
I = Distance between the half-draft and the
windage area center
CW = 1.2
ȡl = 0.125 kg.s².m-4

With the usual value of P = 504 Pa (IMO
without gust) and assuming CY = 1.12, then
V=51 knots or 63 knots (IMO with gust)
instead of 100 knots generally used in naval
stability rules for combatants.

The advantage of this formulation lies in its
ability to model the decay of the heeling
moment while maintaining a non-zero value at
ĳ = 90 °. The choice to keep one quarter of the
zero heel value seems somewhat arbitrary.

2.3

2.4

ܤǤ ܮǤ ܫǤ ൌ

In the regulations established by the IMO,
and therefore applicable to civilian vessels, the
pressure applied on the windage surface is
specified instead of the wind speed. In addition,
the heeling moment is considered invariant
with heel angle. The B.L.I. is calculated as
follows:
ܲǤ ܣǤ ܼ
ͳͲͲͲǤ οǤ ݃

Brown & Deybach

Brown & Deybach (1998) proposed a
formula that considered the principal
dimensions of the ship. Their wind heeling
arm formula was as follows:

IMO

ܤǤ ܮǤ ܫǤ ൌ 

(5)
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Where:
CD = Drag coefficient = 1.12
B=
Ship beam
Lpp= Ship length
CW = Water plane area coefficient

(4)

Where:
P = Pressure applied to windage surface [Pa]
Z = Distance between the center of the
windage area and the center of the
underwater lateral area (assumed by
default located at T/2) [m]

3. CASE STUDY
The ship chosen for this study is the French
Navy F70 type anti-aircraft frigate shown in
Figure 1. The CAD model of the ship used for
this study has a simplified superstructure
(masts and antennae are not considered) as
shown in Figure 2. Blendermann (1999)
provides guidance on the influence of the
details of the superstructure on the

This formulation is acceptable as it applies
mainly to large commercial vessels like
container ships or tankers, which by their shape,
have a windage surface almost independent of
the heel angle.

737

Proceedings of the 12th International Conference on the Stability of
Ships and Ocean Vehicles, 14-19 June 2015, Glasgow, UK.

aerodynamic
coefficients
and
its
recommendations have been followed. The
hydrostatic characteristics of the hull are
presented in Table 1.

Windage Area
Zaero
Drift Area
Zhydro / calm water plane

m²
m
m²
m

1346
6.24
592
-2.37

4. AERODYNAMIC APPROACH (I)
The formulae for wind heeling in the
stability rules (other than IMO) use the
aerodynamic drag at zero heel angle (or at best
taking into account variation using cos2 or cos3
functions). In addition, they assume that the
drift center is located at half draft.
One way to improve upon these formulae is
to remove the assumption of an a priori law of
decrease (cos2 or cos3) by calculating the actual
projected windage area and centroid height
(Zaero) and immersed lateral area and centroid
depth (Zhydro) at each heel angle. The wind heel
lever formula is thus:

Figure 1: French frigate “Jean Bart”

Figure 2: CAD model of “Jean Bart”

ͳ Ǥ ܥ Ǥ ܣǤ ሺܼ െ ܼ௬ௗ ሻǤ ܸ ଶ
ܤǤ ܮǤ ܫǤ ൌ 
ͳͲͲͲǤ οǤ ݃
ʹ

(6)

Where:
V = Wind speed [m/s] (at height Zaero)
CY = 1.12
ȡ = 1.29kg/m3

Table 1. Main characteristics
Lpp
BWL
T
ο
LCG
YG
VCG

m
m
m
t
m
m
m

A, Zaero, Zhydro are calculated at each heel
angle. This done by using FASTABI (DGA
hydrodynamics code) to establish the hull
equilibrium position (waterline position
relative to hull) at each heel angle and then
using the CAD model to calculate projected
areas and centroids. Figure 3 illustrates this
procedure.

129.00
14.00
4.82
4873
58.92
0.00
5.96
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At zero heel, BLI values are all quite
similar. However, the shape of the lever arm
curves (variance with heel) is very different.
This alternative approach shows a maximum
around 20° heel angle.

Figure 5: coordinate systems

Figure 3: equilibrium and projected wind
areas

5. CFD APPROACH (II)

Figure 4 plots wind lever results for this
alternate approach along with the results
obtained using the stability rule formula noted
in Section 2. To ensure likewise comparison, a
wind speed of 100 knots at 10m has been used
in all cases, Equation (5) was used to calculate
the corresponding pressure for the IMO
formula.

CFD simulations were performed in a deadship condition to determine the aero and hydro
dynamic forces acting on the ship.

5.1

Coordinate System & Coefficients

CFD work was conducted using the fixed
coordinate system shown in Figure 5. The axes
are independent of the heel angle, only the
position of the origin is linked to the ship. The
origin is located as follows:
Ox : At ship LCG (+ fwd, - aft)
Oy : At ship Centreline (+port, -starboard)
Oz : At the waterline (+above, -below)

The coefficients CY, CZ and CK are defined
as:
Figure 4: comparisons of BLI
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Figure 6: computational domain

Where:
FY, FZ = Force experienced by the ship in the
y-axis and z-axis respectively.
Is the heeling moment acting on the
MX =
ship (rotation about the x-axis).
Ship length between perpendiculars.
Lref =

5.3

The calculations were performed using the
commercial software FLUENT from ANSYS.
It solves RANS equations (Reynolds Averaged
Navier-Stokes
equations).
For
these
calculations, the Volume Of Fluid (VOF)
model was used to simulate the coexistence of
the two fluids (air and sea water). A kZ-SST
model was used to model the turbulence of the
two fluids.

Depending on whether aero or hydrodynamic
forces are being considered:
Either projected windage area or
Sref =
submersed hull area at zero heel
angle.
Uref =
Wind speed or drift velocity.
U=
Air or water density.

5.2

Numerical Method

The simulations are unsteady using an
adaptive time step beginning at 0.1s to reach 1s
at the end of the calculation. High order
discretization schemes have been applied to the
momentum equations (MUSCL) and volume
fraction (HRIC) to allow an accurate resolution
of the air-water interface. The hull was
considered to be hydraulically smooth
(roughness was not taken into account).

Computational domain and mesh

The
computational
domain
is
a
parallelepiped as illustrated in Figure 6. A
velocity-inlet condition (red) is applied on the
upstream boundary and a pressure-outlet
condition (blue) is applied at the downstream
boundary. A no-slip condition (green) is
imposed on the ship and a symmetry condition
(gray) on the other boundaries. The
computational domain covers 3 Lpp on each
side and 1.5 Lpp above and below the ship.
The mesh consists of 17 million calculation
points constituting 5 million polyhedral cells.
The mesh near the walls is made of prisms to
ensure proper computation of the boundary
layer. The non–dimensional distance from the
wall y+ is fixed at 50 on the hull. The mesh is
also made of prisms at the free surface to allow
an accurate resolution in this crucial area. The
rest of the mesh is covered by polyhedra.

5.4

Calculation Conditions

The simulations were performed on flat sea
for a ship at zero forward speed in a fixed
position according to the hydrostatic
equilibrium at the selected heel angle (the
equilibrium is only satisfied on the heave).
The characteristics of the two fluids simulated
are shown in Table 2. The fluid properties were
constant over the computation domain and the
effects of temperature, pressure and air
hygrometry were neglected.
Table 2. Main characteristics of fluid
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Proceedings of the 12th International Conference on the Stability of
Ships and Ocean Vehicles, 14-19 June 2015, Glasgow, UK.

influence of the discretization of the
computational domain. A maximum variation
of about 3% was observed on the force
coefficients. Then the upstream turbulence
flow rate was multiplied and divided by two
without observing any significant influence on
the results. An evaluation of the influence of
Reynolds number was also performed.
Computations were performed for different
wind speeds at zero heel angle, the results are
shown in Table 3. There were no significant
changes in the aerodynamic force coefficients;
as expected since the Reynolds number
remains greater than 107.

Salt water (15°C)
Dynamic
viscosity
Density

P

(Pa.s)

U

(kg/m3)

1.2200.10-03

1026
Such that
Speed
(m/s)
Vhydro
Fy=0
Air (15°C, 1% RH, 1013 mbar)
Dynamic
(Pa.s)
1.7894.10-05
P
viscosity
Density
(kg/m3)
1.225
U
Wind
100
speed at
Vaero (knots)
10m

Table 3. Main characteristics of fluid
V
CY
CZ
knots
Re
+07
25
1.23.10
0.86 0.65
+07
50
2.47.10
0.84 0.64
100
4.93.10+07 0.83 0.62

A uniform lateral current was applied to the
flow (water) to model the consecutive drift of
the ship due to the efforts of the crosswind. The
current speed was determined by balancing the
drift forces sustained by the ship (aerodynamic
and hydrodynamic loadings). The heeling
moments balance is not verified.
Inlet condition imposed on the airflow was
determined to correspond to a fully developed
turbulent boundary layer profile.
For a
100knot wind (at 10m reference height), the
turbulent intensity at 10m is of the order of
10%. Theoretical profile, up- and down- stream
computed profiles are shown in Figure 7.

CK
0.44
0.45
0.47

The simulation duration was a period of
500 s which allowed good convergence of the
force and moment coefficients as shown in
Figure 8. Coefficient values reported in this
study are the average over the last hundred
seconds of simulation.

Figure 7: wind profile

5.5

Figure 8: force and moment time trace

Sensitivity and Convergence

A limited sensitivity analysis was
performed. Firstly a higher density of mesh (10
million polyhedra) was tested to quantify the

The CFD calculation methodology used for
this study has not been validated using a
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Figure 10: Iso-contours of CP and iso-lines
of transverse speed (m/s) around frigate F70 at
+45° heel angle

verification procedure. However, some
confidence may be taken from comparison of
the results obtained to data from wind tunnel
tests. Blendermann (1996, 999) conducted zero
heel angle tests for two ships with silhouettes
similar to that of the F70 frigate (see Figure 9).
Table 4 presents the CY and CK coefficients
from CFD and the Blendermann tests.

Figure 9: From Blendermann (1996 and 1999)
Table 4. Comparison with Blendermann
Blendermann Tests
F70
Present
1996
1999
CFD
0.83
0.81
0.85
CY
0.47
0.48
0.49
CK

Figure 11: Iso-contours of Z(m) and
transverse speed (m/s) around frigate F70 at
+45° heel angle

5.6

Results

A series of simulations were performed for
a wind speed of 100 knots and heel angles
ranging from -60 ° to + 60 °; the positive heel
angles correspond to the realistic situation
where the ship leans towards leeward. The
resulting force and moment coefficients are
shown in Figure 12.There is a decrease in CZaero,
CYaero and CYhydro with increasing heel angle.
Note also that CZaero and CYhydro are of the same
order of magnitude. CZaero will influence roll
moment because the pressure field on the deck
and superstructures of the ship is not
symmetrical; this influence is not accounted for
in the stability rules reviewed.

Finaly, a procedure for CFD simulation has
been developed to evaluate the hydrodynamic
and aerodynamic loads for vessel in the
deadship condition (zero forward speed and
drifting in a beam wind); see Figure 10 & 11.”

Figure 13 shows the vertical location of the
point of application of the aerodynamic and
hydrodynamic forces. As expected, the point of
application of aerodynamic force is located
near the centroid of the projected windage area
and its height decreases with increasing heel
angle. The position of the point of application
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of hydrodynamic forces is above the free
surface at zero heel but moves below with
increasing heel angle to approach the mid-draft
position. The heeling moment lever arm, z(aero)
- z(hydro), does not change greatly with heel
angle.

7
6
5

z(hydro)
z(aero)

4
3
2

Table 5 presents drift velocity (Vhydro) and
the lateral force coefficients CYhydro and CYaero
for each heel angle. There are little variations
in CYhydro and CYaero and thus Vhydro over the
range of heel angles.

1
0
Ͳ60 Ͳ50 Ͳ40 Ͳ30 Ͳ20 Ͳ10 0 10 20 30 40 50 60
Ͳ1
Ͳ2

Figure 13: vertical location of hydro and
aero forces

1.0
0.8
0.6
0.4

Table 5. Drifting speeds for 100 knots of
wind
Heel CY hydro CY aero V hydro
(°)
(-)
(-)
(knots)
-60
0.65
0.78
5.7
-45
0.69
0.78
5.6
-30
0.85
0.77
5.0
-15
0.73
0.75
5.3
0
0.72
0.83
5.6
15
0.72
0.83
5.6
30
0.69
0.85
5.8
45
0.68
0.78
5.6
60
0.65
0.72
5.5

0.2
0.0
CZaero
Ͳ60 Ͳ50 Ͳ40 Ͳ30 Ͳ20 Ͳ10 0 10 20 30 40 50 60
Ͳ0.2
CYaero
Ͳ0.4
CKaero
Ͳ0.6
Ͳ0.8
2.0
1.5
1.0

CYhydro
CKhydro

0.5
0.0
Ͳ60 Ͳ50 Ͳ40 Ͳ30 Ͳ20 Ͳ10 0
Ͳ0.5

10 20 30 40 50 60

Ͳ1.0
Ͳ1.5
Ͳ2.0
Ͳ2.5

Figure 12: force and moment coefficients
for different heel angles

Figure 14: BLI comparisons
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6. COMPARISON

validate the results obtained. This would
provide the tool necessary for more
comprehensive analysis leading to improved
stability rule formulae.

Figure 14 presents comparison of the
aerodynamic approach and the CFD approach
to the stability rules reviewed. Since wind
speed and formulation in the rules vary, the
curves have been made non-dimensional using
values for zero heel. The shape of the
aerodynamic and CFD approach curves match
well and show a maximums at 20° and 15°
respectively. The decrease in BLI is much less
pronounced than that obtained by the cos² and
cos3 function formulae found in the stability
rules.
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