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Abstract

The positioning and geometry of submarine bow diving planes govern not only their
contribution to pitch control but also the mechanical demand ultimately transmitted to
the hull-plane connection. This study develops a sequential hydrodynamic—structural
framework that traces this complete load path, from hydrodynamic force generation and
pitching-moment authority to root bending and local connection stability. A conventional
diesel-electric submarine is adopted as the reference configuration, combining analytical
hydrodynamic formulations with finite-element assessment of the supporting structure.
The results reveal that hydrodynamically equivalent solutions can produce markedly dif-
ferent structural consequences. Under the adopted linear formulation, a 10% increase in
the longitudinal moment arm and a 10% increase in incidence provide the same relative
increase in pitching moment; however, only the latter requires a proportional increase in
transmitted force. Operating-condition sensitivity is dominated by local incident speed,
whereas pressure-induced density variations between 50 and 300 m produce only a mi-
nor effect. Planform geometry introduces a further hydrodynamic—structural trade-off:
increasing the equivalent aspect ratio from 4.00 to 6.25 reduces the incidence required for
a prescribed pitching moment by approximately 12% while increasing root bending by
25%, despite an unchanged resultant lift. At the connection level, geometric redistribution
and targeted stiffening outperform uniform thickness increases, with the most effective
stiffening configuration increasing the elastic buckling metric by 83.8% while reducing
structural weight relative to the thickest unstiffened bracket. These findings demonstrate
that bow-plane design is fundamentally a load-path management problem, requiring longi-
tudinal position, planform geometry, operating condition and connection architecture to be
assessed as components of a single hydrodynamic-structural system.

Keywords: submarine; bow diving planes; hull-plane connection; structural response

1. Introduction

The structural integration of control surfaces is an important aspect of submarine de-
sign, linking maneuvering requirements with the integrity of the supporting hull structure.
Bow diving planes generate hydrodynamic forces that contribute to depth and pitch control,
while their connections must transmit these forces to the hull through a localized structural
assembly [1,2]. Their positioning therefore involves more than the selection of a suitable
hydrodynamic lever arm: it also requires compatibility with the hull geometry, internal
arrangement, and load-carrying capacity of the attachment region [3-5]. Understanding
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the relationship between plane location and connection response is consequently relevant
to the development of structurally efficient submarine configurations.

The longitudinal position of the bow diving planes determines the moment arm of
their hydrodynamic force relative to the submarine center of gravity. Under otherwise
equivalent loading conditions, increasing this distance increases the magnitude of the
associated pitching moment [6]. However, this global effect must be distinguished from
the local structural demand at the hull-plane connection. A larger moment arm about the
submarine center of gravity does not, by itself, imply a larger bending moment at the plane
root. The latter depends on the force distribution over the plane, the distance between
the resultant load and the attachment, and the geometry and stiffness of the supporting
assembly [7,8]. Consequently, the structural implications of repositioning the planes cannot
be inferred solely from their contribution to pitch control.

Hydrodynamic investigations of submarine control surfaces provide a basis for eval-
uating force generation, control effectiveness, and interactions between appendages and
the surrounding hull flow [9,10]. Parameters such as surface geometry, deflection, inflow
conditions, and installation position are relevant to these assessments [11-14]. In particular,
a change in longitudinal location may modify both the moment arm and the local flow
experienced by the planes so that geometrically similar arrangements do not necessarily
develop identical hydrodynamic forces [15,16]. These considerations establish the loading
context for structural assessment, but the resulting response of the hull-plane connection
also requires an explicit representation of the mechanical path through which those loads
enter the submarine structure.

From a structural perspective, the attachment region constitutes a transition between
the projecting control surface and the supporting hull. Differences in geometry and stiffness
across this transition can produce nonuniform stress fields and localized deformation,
whose magnitude depends on the configuration of the connection and its surrounding
reinforcement [17]. Numerical methods, particularly finite element analysis, allow these
effects to be examined by representing the interaction between the plane, its support, and the
adjacent hull structure [18,19]. The interpretation of such analyses nevertheless depends on
the assumptions used to prescribe loads and restraints. Comparisons between alternative
arrangements therefore require consistent modeling criteria so that changes in structural
response can be attributed to the configuration under investigation rather than to differences
in numerical idealization [20,21].

The available installation region is also constrained by the overall submarine arrange-
ment. The external hull form and the spatial distribution of tanks and internal systems may
restrict the location and dimensions of the supporting assembly [22,23]. Tank capacities
and filling conditions additionally contribute to the submarine mass distribution and can
therefore affect the reference condition used to evaluate the moment arm of the diving
planes [24]. These geometric and loading considerations should be distinguished: the tank
arrangement defines part of the installation context, whereas its influence on the center of
gravity depends on the specified loading condition. A consistent reference configuration is
thus necessary when comparing the structural consequences of alternative plane positions.

Taken together, these considerations motivate a connection-level investigation of bow-
plane positioning. Hydrodynamic effectiveness and local structural response describe
different aspects of the same design decision, and neither can be used as a direct substitute
for the other [25]. The question addressed here is how a change in the relative position of
the bow diving planes affects the mechanical response of their connection to the hull when
the reference submarine configuration and the comparison conditions are explicitly defined.
Resolving this question requires separating the consequences of the adopted loading from
those associated with the geometry and structural integration of the attachment.
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The present study numerically investigates the influence of the relative position of
bow diving planes on the structural behavior of the hull-plane connection in a reference
submarine. The submarine geometry and tank arrangement establish the case-study config-
uration, while the plane and its supporting assembly define the structural region of interest.
Alternative longitudinal positions are examined through an analytical sensitivity analysis,
while a consistent finite-element modelling approach is employed to assess the influence of
connection geometry and stiffening on the structural response of the reference configuration.
The objective is to identify the structural implications of the positioning decision and to
clarify the conditions under which the connection response becomes sensitive to the adopted
arrangement. By focusing on the attachment rather than treating the diving plane solely as
a hydrodynamic control surface, the investigation provides a basis for incorporating local
structural performance into the assessment of bow-plane location.

2. Mathematical Background

The effect of the longitudinal position of the bow diving planes on the pitch response
can be derived from the rigid-body moment balance about the submarine centre of gravity,
G. Considering the longitudinal-vertical plane and adopting a body-fixed reference frame
(x,z), the contribution of the hydrodynamic force generated by the bow planes to the
pitching moment is obtained from

M?;P =rg,cp X Fpp (1)

Here, r¢ p is the position vector from G to the centre of pressure of the bow planes
and Fyp is the resultant hydrodynamic force. In the symmetry plane,

T T
I'Gcp = [pr 0 ZBP] ’ Fpp = [XBP 0 ZBP] (2)

The corresponding pitch-moment component is therefore
Mpp = zgpXgp — XgpZpp- (3)

In the operating conditions considered here, the axial-force contribution zppXpp is as-
sumed to be small relative to the moment generated by the normal force. This approximation
is justified when |Xpp/Zpp|<I|xpp/zppl, leading to

Mpp=—xppZpp. (4)

The normal force generated by the planes is expressed as

1
Zgp = EPUEZSBPCZ,BP/ 5)

where p is the fluid density, U, is the effective inflow velocity at the plane location, Sgp
is the reference area and Cy yp is the normal-force coefficient. Under a small-disturbance
assumption, this coefficient can be linearised as

Czp=Czutt, + Cz50pp, (6)

where «, is the local effective angle of attack, dpp is the plane deflection angle, and C, and
Czs are the corresponding hydrodynamic derivatives. Substitution of Equations (5) and (6)
into Equation (4) gives

1
Mpp = _EpugsBPxBP(CZaae + Cz508p)- (7)
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Accordingly, the control derivative associated with bow-plane deflection is

oM 1
M, = T:pp = _EIOUESBPXBPCZ(S- (8)

A preliminary relationship between lift coefficient and angle of attack is established for
the generic diving plane. The model assumes a symmetric, uncambered section operating
at small angles of attack in attached flow. For a two-dimensional thin aerofoil, the sectional
lift coefficient is approximated by [26]:

Cys ~ 27a 9)

where « is expressed in radians and measured relative to the incident flow. As this two-
dimensional relationship does not account for the finite span of the diving plane, a finite-
span correction is therefore introduced through the lift-curve slope
4

o
e, AR

Ci(aw) =aw, a=

1+ (10)

Here, a, ~ 27t rad ™! is the two-dimensional lift-curve slope, AR is the aspect ratio and
e, is an effective correction factor in the slope approximation. Taking ¢, = 1 provides an
idealised initial estimate; it is not a calibrated value for the proposed trapezoidal plane. As
a first approximation to the root boundary condition, the hull is represented by a plane
of symmetry.

Equation (8) shows that, provided that the local inflow conditions and plane geometry
remain unchanged, pitch-control effectiveness varies linearly with the longitudinal distance
between the centre of pressure of the bow planes and the submarine centre of gravity. Thus,
increasing |xpp| increases the magnitude of the pitching moment generated for a given
deflection. Nevertheless, an invariant force coefficient cannot generally be assumed when
the longitudinal position is modified. Both the effective inflow velocity and the effective
angle of attack depend on the local flow field around the hull. These quantities may be
represented as

U, = xy(xpp)U, &, = o + €(xpp), (11)

where U is the reference advance velocity, x; is the local velocity ratio and ¢ represents the
position-dependent flow angularity induced by the hull. Consequently,

1
Mpp =~ _EPUZSBPXBPKIZ,I(XBP)[CZX (a + e(xgp)) + Czs6pp] (12)

Equation (12) indicates that the longitudinal-position effect cannot, in general, be
reduced exclusively to a geometric lever-arm variation. A change in xgp may simultaneously
alter the local dynamic pressure, the effective angle of attack and the hydrodynamic interac-
tion between the planes and the hull. Therefore, the longitudinal location of the bow diving
planes affects the pitch response through two coupled mechanisms: the variation in the
moment arm relative to the centre of gravity and the modification of the local hydrodynamic
conditions governing the force generated by the planes.

The present hydrodynamic formulation is intended as a simplified analytical model
for comparative sensitivity assessment rather than as a validated prediction of the flow
around an installed submarine diving plane. The adopted thin-airfoil approximation, finite-
span correction and idealised hull-symmetry assumption do not resolve viscous effects or
detailed hull-appendage interactions. Accordingly, the quantitative results are restricted to
the specified modelling assumptions, and submarine-specific application would require
validation against experimental measurements or higher-fidelity numerical simulations.
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3. Case Study
3.1. Reference Submarine Geometry and Main Dimensions

The numerical model developed in this study is based on the main geometric char-
acteristics of a conventional diesel-electric submarine. The vessel has an overall length of
approximately 67.9 m and a maximum beam of 6.8 m. The external hull is characterised
by a streamlined axisymmetric geometry, with a predominantly cylindrical central region
connected to progressively tapered bow and stern sections. The draught in surfaced condi-
tion is approximately 5.4 m, while the corresponding displacement is approximately 1490 t,
increasing to about 1750 t in submerged condition (Figure 1).
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(b)
Figure 1. General arrangement. (a) Side view, (b) top view.

A Cartesian coordinate system is adopted to define the geometry and the relative
position of the different structural components. The longitudinal axis, x, is aligned with the
submarine centreline and oriented from aft to forward, whereas the transverse and vertical
directions are represented by the y and z axes, respectively. For the purposes of the present
numerical investigation, the origin of the coordinate system is located at the approximate
centre of gravity (CG) of the submarine. As a first approximation, the longitudinal position
of the CG is assumed to coincide with the midship section, i.e., approximately at half the
overall length. Under this assumption, the longitudinal distance between the CG and the
location of the bow diving planes considered in the analysis is approximately 29 m. This
distance is subsequently used to define the relative longitudinal position of the diving
planes with respect to the global reference system of the submarine.

Since the objective of the study is to investigate the influence of the relative position of
the bow diving planes on the structural behaviour of the hull-plane connection, several
geometric details that do not significantly affect the local structural response are omitted.
Consequently, appendages and secondary external features not directly involved in the
load-transfer mechanism are excluded from the numerical representation. The external hull
geometry is therefore idealised while preserving the overall dimensions, the characteristic
hull curvature in the region under investigation, and the relative position of the diving
planes. This simplification reduces the computational cost while retaining the geometric
parameters governing the structural response of the hull-plane connection.

3.2. Bow Diving Plane Geometry and Structural Configuration

The bow diving planes considered in the present study are located on both sides of
the forward region of the submarine and are arranged symmetrically with respect to the
longitudinal centreline. Based on the reference system defined in the previous section,
their longitudinal position is approximately 29 m from the assumed centre of gravity of the
submarine. The rotation axis of each plane is oriented in the transverse direction, allowing
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the hydrodynamic forces generated by the control surface to produce the pitching moment
required for depth control. For the numerical analysis, the external geometry of each diving
plane is idealised by means of a trapezoidal planform. The span, measured from the hull
connection to the plane tip, is set to 2 m, while the root and tip chords are 1.2 m and 0.8 m,
respectively. Accordingly, the reference planform area, S, is 2.0 m?. The resulting taper ratio,
defined as the ratio between the tip and root chords, is A = 0.667, whereas the corresponding
aspect ratio is AR = 2. The mean aerodynamic chord is approximately 1.013 m and is located
at a spanwise distance of approximately 0.467 m from the root section.

The structural connection between the diving plane and the submarine hull is estab-
lished through a transverse bracket located in the root region of the plane (Figure 2). This
bracket constitutes the main load-transfer path between the diving plane and its supporting
structure and is therefore subjected to the forces and moments resulting from the hydro-
dynamic loading acting on the control surface. The bracket is manufactured from steel,
with the following mechanical properties: E = 206 GPa, v = 0.3, 0,y = 235 MPa and
o = 7850 kg/m?. Its geometry is defined by height i, width m and thickness t, with two
15 mm heel dimensions, adopted to ensure sufficient clearance for the specified fillet weld
throat, together with a 35 mm scallop, in accordance with Bureau Veritas design require-
ments [27]. The internal connection between the hull and the diving plane is represented
according to the structural arrangement shown in Figure 2.

Figure 2. (a) Port bow diving plane, (b) connection between the diving plane and the submarine
hull, (c¢) load-transfer bracket.

A reference velocity of 5m/s, corresponding to approximately 9.72 knots, is considered
for the definition of the hydrodynamic loading. The resulting load acting on the diving plane
is subsequently transferred through the supporting structure and submarine hull (corner
bracket). Table 1 summarizes the different bracket configurations considered, together with
their corresponding dimensions.

Table 1. Geometric dimensions of the bracket configurations.

h x m (mm) t (mm) Notation

200 x 200
250 x 250
300 x 300 10,11, 12,13, and 14 hxmxt
350 x 350
400 x 400
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The bracket is reinforced with flat-bar stiffeners positioned along its edges and plate
faces, following one of the configurations illustrated in Figure 3.

(a) (b)

Figure 3. Stiffener configurations (all dimensions in mm): (a) model a; (b) model b.

In configuration a, a symmetrical face plate is welded along the free edge of the bracket.
Its ends are sniped and tapered at 30°, with a 15 mm offset measured above the heels [28].
Conlfiguration b employs a flat bar welded to the bracket face, positioned 15 mm from the
free edge and above the heels. Its ends are likewise sniped and tapered at 30°, in accordance
with DNV recommendations [29]. Both configurations are described by the stiffener height
(h, and hy) and thickness (f, and ¢,). Table 2 summarizes the different reinforcing flat-bar
configurations considered, based on the dimensions defining each stiffening method.

Table 2. Scantlings of the stiffening configurations.

Method a Method b
Nomenclature
h, (mm) t, (mm) I, (mm) t, (mm)

40 20
45 10,11,12,13 225 10,11,12,13

’ ’ 7 ’ ’ ’ 7 ’ h t
50 14 25 14 iy Xy
55 275

Where v identifies the stiffening method considered (a or b).

4. Numerical Approach

The finite element representation illustrated in Figure 4 was developed in ANSYS®
Workbench 2021 to evaluate buckling resistance. For this preliminary investigation, the
constitutive response is restricted to the elastic regime, with geometric changes treated
within a small-displacement framework. Through-thickness stress variations are examined
using a discretisation comprising tetrahedral and three-dimensional solid elements [30].
Mesh refinement follows the methodology described by [31], while element dimensions
vary progressively across adjacent regions to avoid abrupt changes in discretization density.

Figure 4. Mesh discretization.
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The bracket is modelled with simply supported boundary conditions along its sup-
ported edges, while the compressive loading is applied along the bracket edges in the
plane of the plate to investigate its elastic buckling response. At this stage of the investi-
gation, welds are not explicitly modelled; their restraining effect is idealised through the
adopted simply supported boundary conditions, a conventional simplification in prelim-
inary plate-buckling analyses. The numerical investigation is restricted to linear-elastic
buckling under the prescribed loading conditions. Initial geometric imperfections, material
plasticity, welding-induced residual stresses and fatigue effects are not considered. Conse-
quently, the results are intended to compare the relative elastic buckling resistance of the
investigated bracket geometries and stiffening arrangements, rather than to establish the
ultimate strength or operational safety of the complete hull-plane connection.

The convergence of the unstiffened bracket solution with respect to the finite element
discretisation was examined by progressively refining the mesh. For each mesh configura-
tion, the change in von Mises stress relative to the previous discretisation was calculated
and compared with the accuracy requirements reported by Patil and Jeyakarthikeyan [32].
The refinement process was terminated once the stress variation satisfied the most stringent
criterion considered. Table 3 presents the results obtained for the different mesh densities.
Based on this assessment, the mesh was progressively refined up to 2180 elements and
4765 nodes, for which the variation in von Mises stress with respect to the preceding dis-
cretisation was reduced to 0.75%. This refined discretisation was therefore adopted for the
numerical assessment.

Table 3. Mesh sensitivity analysis.

oy (MPa) Variation (%) Nodes Elements
1 46.7 - 383 167
2 63.27 26.18 1261 561
3 74.94 15.57 3294 1497
4 75.5 0.75 4765 2180

The mesh-refinement assessment presented in this study is based on the von Mises
stress response of the unstiffened reference bracket and does not constitute a convergence
verification of the elastic buckling load multiplier, MA. Although a consistent finite-element
modelling approach is adopted for the investigated configurations, this consistency alone
does not establish the mesh independence of their respective buckling load multipliers.
Consequently, the numerical values of MA and the percentage differences reported between
configurations should be interpreted as results obtained at the adopted discretisation level,
rather than as mesh-converged estimates of critical buckling resistance. The comparisons
are therefore intended to identify preliminary trends associated with changes in bracket
geometry and stiffening arrangement. A dedicated mesh-refinement assessment based
on MA, performed for the reference and stiffened configurations, would be necessary to
establish the numerical convergence and robustness of the reported buckling improvements.

The hydrodynamic and finite-element analyses address complementary aspects of the
hull-diving-plane load path, but they are not connected through an explicit quantitative
load-transfer procedure in the present model. The analytical formulation provides the re-
sultant hydrodynamic loading and the corresponding bending moment at the diving-plane
root, whereas the finite-element assessment examines the elastic buckling response of the
hull-side bracket under prescribed in-plane compressive loading. The root bending moment
is not directly converted into an equivalent compressive load or spatial load distribution
applied to the bracket. Such a conversion would require a detailed representation of the
intervening structural load path, including the connection geometry, load-bearing mem-
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bers and associated force and moment equilibrium. Accordingly, the finite-element results
should be interpreted as a comparative assessment of bracket geometries and stiffening
arrangements under a common idealised structural loading condition, rather than as a direct
prediction of the bracket response to the calculated hydrodynamic root bending moment.
Establishing this quantitative correspondence would require an extended structural model
and a specifically defined load-transfer procedure.

5. Results and Discussion
5.1. Effects of Bow-Plane Position and Angle of Attack on the Pitching Moment

The reference longitudinal distance between the bow diving planes and the fixed,
mid-length centre of gravity is estimated as d = 29 m from the general arrangement of the
submarine, assuming that the centre of pressure coincides longitudinally with the identified
plane position. The hydrodynamic force acting on each plane is evaluated assuming a
seawater density of p = 1025 kg/m?, an operating speed of U = 5 m/s, a plane area of
S =2 m? and the linear lift relation C; = 4.19x, with & expressed in radians. To directly
compare the relative influence of longitudinal position and angle of attack on pitching-
moment generation, both parameters are varied by +10% about the reference condition
dy =29 m and a,,; = 4°, using intermediate 5% increments (Figure 5).

280 280
- a=36 Bl d=26.10m
Bl 4=2755m

260 Bl d=2900m

)
Y
3

d=3045m
B d=3190m

)
£
S

240

220

200

Pitching moment, M [kN m]
)
8

Pitching moment, M [kN m]
W
8

180 {

»
g

160

Y
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I | |
26.10 2755 29.00 30.45 SIT‘)O 3.6 3.8 4.0 42 4.4
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Figure 5. Influence of bow-plane position and angle of attack on the pitching moment. (a) Effect of
longitudinal position (varying d at fixed ), (b) effect of angle of attack (varying « at fixed d).

The results show that longitudinal plane position and angle of attack exhibit the same
relative sensitivity in terms of pitching-moment generation within the investigated range.
Under the adopted linear model, a 10% increase in either d or «, with all other variables held
constant, produces a corresponding 10% increase in pitching moment. Their simultaneous
increase by 10% leads to a 21% moment gain, from 217.38 to 263.03 kN-m per plane, as a
consequence of the multiplicative dependence of M on d and «.

Although equivalent in terms of pitching-moment sensitivity, the two parameters are
not equivalent from a structural-load perspective. Starting from the reference condition
(dy =29 m and w,; = 4°), increasing the longitudinal distance by 10% to 31.9 m raises the
pitching moment from 217.38 to 239.11 kN-m while the hydrodynamic force transmitted
through the plane-hull connection remains unchanged at 7.50 kN. The same pitching
moment can be obtained without modifying the plane position by increasing the angle of
attack by 10%, from 4.0° to 4.4°; however, this alternative increases the transmitted force
to 8.25 kN. Consequently, for the same pitching moment of 239.11 kN-m, the forward-
positioned plane requires approximately 9.1% less transmitted force than the increased-
incidence configuration.

This result reveals an important distinction between pitching-moment authority and
structural loading. Increasing the moment arm enhances pitching-moment generation
without increasing the hydrodynamic force that must be transferred through the plane-hull
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connection, whereas increasing incidence achieves the same moment gain through a propor-
tional increase in hydrodynamic loading. Longitudinal position therefore determines the
inherent moment-generation efficiency of the configuration, while angle of attack provides
the operational control required to modulate the resulting pitching moment. From a design
perspective, this distinction suggests that, where geometric and integration constraints allow,
increasing the longitudinal moment arm can reduce the connection load required to achieve
a prescribed pitching moment. Position and incidence should therefore not be regarded as
interchangeable design variables, despite their equivalent relative sensitivity in terms of
pitching moment, but rather as complementary geometric and operational mechanisms.

It should be emphasised that the longitudinal-position sensitivity investigated in this
section isolates the geometric effect of the moment arm under unchanged local hydrody-
namic conditions. The finite-element assessment is performed for the reference config-
uration at d = 29 m and examines the influence of connection geometry and stiffening
under the prescribed reference loading. Consequently, the present results do not represent
a fully resolved structural comparison of diving planes installed at different longitudinal
positions. Such an extension would require position-dependent local inflow conditions
and load distributions to be determined and subsequently transferred to the corresponding
structural models.

From a practical design perspective, the longitudinal distance d should not be regarded
as a fixed property of the diving-plane location alone, since the submarine centre of gravity
varies with the loading and trim condition. For a candidate bow-plane position, the cor-
responding moment arm should therefore be evaluated over the expected CG operating
envelope associated with variations in fuel and consumables, weapon or payload state, and
trim-tank management. The present framework can then be applied to representative load-
ing conditions to determine the corresponding control-force requirement and transmitted
structural demand. Selection of the longitudinal position would consequently be based on
its performance over the relevant operating envelope rather than on a single nominal CG
location, while also accounting for arrangement and hydrodynamic constraints beyond the
scope of the present model.

5.2. Effects of Operating Depth and Speed on Local Incidence Speed

The coupled influence of operating depth and local incident speed is investigated
through the angle of attack required to preserve a prescribed pitching moment. This
formulation provides a direct measure of how changes in the surrounding hydrostatic
and hydrodynamic conditions translate into control-surface incidence requirements. The
longitudinal distance between the diving-plane centre of pressure and the fixed submarine
centre of gravity is maintained at d = 29 m, with an exposed planform area of S = 2 m?
per plane. A reference operating condition is defined at a depth of 50 m, a local incident
speed of 5 m/s and an angle of attack of a, s = 4°. All forces and moments are reported for a
single plane; for a symmetric pair subjected to identical loading, the resulting contribution
is twice the reported value.

To isolate the effect of pressure-induced density variation from changes in seawater
composition and temperature, an idealised water column is considered with constant abso-
lute salinity of 35 g/kg and conservative temperature of 10 °C. Sea pressure is obtained from
depth at a reference latitude of 45° using the standard GSW conversion, and the correspond-
ing in-situ density is evaluated according to TEOS-10 [33]. The resulting thermodynamic
profile is deliberately idealised and is therefore intended to isolate the physical contribution
of pressure-dependent density rather than reproduce the hydrographic conditions of a par-
ticular operating area [34]. Within these assumptions, the analysis enables the individual
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and combined effects of operating depth and incident speed on the incidence required to
preserve a constant pitching moment to be quantified.

A systematic 6 x 5 parametric matrix is therefore constructed by combining six operat-
ing depths, from 50 to 300 m in 50 m increments, with five local incident speeds of 4.5, 4.75,
5,5.25 and 5.5 m/s. The resulting 30 operating conditions are used to determine the angle of
attack required to preserve the reference pitching moment (217.38 kN-m), thereby enabling
the individual and combined influence of depth and incident speed to be quantified. The
complete parametric matrix, including the pressure-dependent seawater density calculated
at each depth, is reported in Table 4 and Figure 6.

Table 4. Parametric matrix of the angle of attack required to preserve the reference pitching moment
of 217.38 kN-m per plane as a function of operating depth and local incident speed.

Depth (m) Density (kg/m?) 4.5m/s 4.75m/s 5m/s 5.25m/s 5.5m/s
50 1027.052 4.9383 44321 4 3.6281 3.3058
100 1027.279 4.9372 44312 3.9991 3.6273 3.3051
150 1027.505 49361 4.4302 3.9982 3.6265 3.3043
200 1027.732 4.9350 4.4292 3.9974 3.6257 3.3036
250 1027.958 4.9339 4.4282 3.9965 3.6249 3.3029
300 1028.184 4.9328 4.4273 3.9956 3.6241 3.3021

Angle of attack [deg]
5.0

)
S
=3

(34
ST

150

Operating depth [m]

4.50 4.75 5.00
Local incident speed [m/s]

Figure 6. Contour map of the angle of attack required to preserve the reference pitching moment of
217.38 kN-m per plane as a function of operating depth and local incident speed.

The parametric analysis reveals a pronounced separation between the effects of oper-
ating depth and local incident speed on the incidence required to preserve the reference
pitching moment. As shown by the near-vertical iso-incidence contours, the response is
governed predominantly by incident speed, whereas pressure-induced density variations
with depth introduce only a comparatively weak correction within the investigated op-
erating envelope. At the reference speed of 5 m/s, increasing the operating depth from
50 to 300 m reduces the required angle of attack only from 4° to 3.9956°. In contrast, at
50 m depth, decreasing the local incident speed from 5 to 4.5 m/s increases the required
incidence to 4.9383°, while increasing it to 5.5 m/s reduces the required incidence to 3.3058°.
The markedly different responses demonstrate that, under the present assumptions, varia-
tions in local incident speed dominate the control-incidence requirement, while the effect
associated with pressure-induced density variation remains secondary. This behaviour
follows directly from the governing hydrodynamic relationship rather than representing
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an empirical coincidence of the selected cases. For fixed pitching moment, plane area,
longitudinal moment arm and lift-curve slope, the required incidence scales as

! 1
oy 1 (13)

Consequently, the logarithmic sensitivities of the required incidence to density and
incident speed are dIna,,,/dInp = —1 and dIna,,/dInlU, = -2, respectively. A given
relative perturbation in incident speed therefore produces, locally, twice the relative response
associated with an equivalent perturbation in density. The contrast becomes substantially
greater over the present operating envelope because the two variables do not undergo
comparable relative changes: between 50 and 300 m, the calculated in-situ density increases
by only approximately 0.1103%, resulting in a 0.1101% reduction in required incidence
at fixed speed, whereas the investigated speed range extends +10% about the reference
condition. The nonlinear character of the speed dependence is also evident from the
asymmetric incidence response to symmetric speed perturbations. A 10% reduction in
incident speed, from 5 to 4.5 m/s, requires an incidence increase of 23.46%, whereas a 10%
increase to 5.5 m/s permits a 17.36% reduction. This asymmetry is the direct consequence
of the inverse-square dependence w,,, < U, 2: equal positive and negative percentage
changes in speed cannot produce equal and opposite incidence corrections. This result
is particularly relevant from an operational perspective, since loss of local incident speed
imposes a disproportionately larger incidence demand than the reduction obtained from
an equivalent relative speed increase.

The pressure-induced increase in seawater density provides only a limited compensat-
ing effect when incident speed decreases. At 4.50 m/s, increasing depth from 50 to 300 m
reduces the required incidence from 4.9383° to 4.9328°. The additional density associated
with depth therefore recovers only a small fraction of the incidence demand generated by
the reduction in dynamic pressure. Within the idealised water column considered here,
neglecting pressure-induced density variation would introduce an incidence difference
of approximately 0.11% between the shallowest and deepest conditions. This establishes
density variation with depth as a second-order correction for the present sensitivity analysis,
rather than a controlling parameter of the required incidence.

An additional consequence emerges when these results are interpreted from a struc-
tural perspective. Because both the prescribed pitching moment and the longitudinal
moment arm are fixed, the resultant hydrodynamic force required from each plane also
remains fixed at approximately 7.5 kN throughout the parametric matrix. Changes in
speed and density are therefore accommodated, within the adopted model, by changes in
incidence rather than by changes in the resultant force required to generate the prescribed
moment. This produces a clear distinction between control demand and resultant structural
load: substantially different operating conditions may require markedly different plane
incidences while preserving the same resultant force transmitted through the plane-hull
connection. This invariance applies only to the resultant lift represented by the present
formulation and should not be extrapolated to invariance of the local structural response.
Changes in pressure distribution, drag, torsional loading, viscous effects and detailed hull-
plane interaction are not resolved and may modify the local stress state even when the
resultant pitching moment is unchanged.

The present results should therefore be interpreted as a quantified sensitivity assess-
ment within the defined operating envelope rather than as a universal hierarchy between
depth and speed effects. The predominance of incident speed arises from both its quadratic
role in the hydrodynamic loading and the comparatively small pressure-induced den-
sity variation generated by the idealised 50-300 m water column. Nevertheless, within
these explicitly defined assumptions, the analysis establishes a robust result: maintaining
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pitching-moment authority across changes in operating condition is primarily an incidence-
management problem driven by local incident speed, with pressure-induced density varia-
tion acting only as a minor correction. Extension of the analysis to measured temperature—
salinity profiles, validated installed-plane lift characteristics and resolved hull-plane in-
teraction would enable this sensitivity framework to be translated to submarine-specific
operating conditions.

5.3. Effects of Diving-Plane Aspect Ratio

The influence of diving-plane aspect ratio is investigated through a controlled geometric
comparison in which the exposed planform area and prescribed pitching moment are
maintained constant. Three trapezoidal planforms are considered, with exposed spans of 1.6,
2 and 2.5 m. For each configuration, the root and tip chords are adjusted while preserving
an exposed area of S = 2 m? per plane and a constant taper ratio of two-thirds. This
formulation redistributes an identical lifting area between span and chord, thereby isolating
the hydrodynamic effect associated with planform slenderness from changes attributable
simply to lifting-surface area. The resulting geometries are summarised in Table 5.

Table 5. Geometric definition of the diving-plane configurations used to isolate the effect of aspect
ratio (span denotes the exposed distance from the hull-side root to the plane tip).

Nomenclature Span,b (m) Root Chord, cr (m) Tip Chord, ct (m) Area, S (m?)

Short-span 1.6 15 1 2
Reference 2 1.2 0.8 2
Long-span 2.5 0.96 0.64 2

The hydrodynamic operating condition is held fixed throughout the comparison. The
local incident speed is 5 m/s, the longitudinal distance between the plane centre of pres-
sure and the fixed submarine centre of gravity is 29 m, and the in-situ seawater density is
1027.052 kg/m?, corresponding to the previously defined idealised water column at 50 m
depth. A prescribed pitching moment of 217.38 kN-m per plane is imposed, which, for the
fixed moment arm, defines a common resultant lift requirement of approximately 7.5 kN.
The longitudinal centre-of-pressure location is deliberately retained across all geometries
so that differences in hydrodynamic response arise from the redistribution of planform
geometry rather than from changes in moment arm. A symmetric section, small incidence,
and attached flow are assumed. Consistent with the preliminary planar-symmetry repre-
sentation of the hull adopted in the present model, each exposed diving plane is reflected
about its root. The resulting equivalent lifting surface therefore has twice the exposed
span and twice the exposed area. Aspect ratio and the corresponding finite-span lift-curve
slope are subsequently evaluated for each configuration using this equivalent lifting-surface
representation [35].

The hydrodynamic effect of the geometric redistribution is introduced through the
equivalent aspect ratio of the lifting surface. Under the adopted planar-symmetry represen-
tation, reflection of each exposed plane about the hull-side root gives an equivalent span 2b
and an equivalent area 2S. The corresponding aspect ratio is therefore

2b?
eq = ?

This equivalent reflected-surface representation is an idealisation and should not be

AR (14)

interpreted as an exact hydrodynamic representation of a diving plane installed on a real
submarine hull. In particular, it does not resolve the hull boundary layer, wake-induced
non-uniformity or finite hull-appendage interaction, all of which may modify the effective
aspect ratio and local loading of the installed plane.
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The finite-span lift-curve slope is then estimated from

27T

T 1+2/AR,,

C,=au (15)
where b denotes the exposed span, S is the exposed area of one plane and « is expressed
in radians. An idealised span-efficiency factor of unity is adopted in this preliminary
formulation. Because S is identical for all three configurations, increasing b increases AR
without introducing an accompanying change in lifting area. The resulting variation in
a can therefore be attributed directly to the finite-span effect associated with planform
slenderness. For the prescribed pitching moment and fixed longitudinal moment arm, the
required resultant lift F is common to all configurations. Combining the linear lift relation
with the dynamic-pressure formulation gives the incidence required to generate this force:

2F

_ 16
oU,*Sa (16)

Kreqg =
This expression establishes the first consequence of increasing aspect ratio. At fixed
F, p, U, and S, the required incidence varies inversely with the finite-span lift-curve slope.
Increasing span at constant area therefore increases the lifting effectiveness of the plane
and reduces the incidence required to generate the prescribed pitching moment. Impor-
tantly, this comparison isolates a geometric efficiency effect: neither additional lifting area
nor an increased longitudinal moment arm contributes to the predicted reduction in in-
cidence. The same geometric modification, however, also alters the structural leverage
of the hydrodynamic load about the hull-side connection. To quantify this competing
effect within a common analytical framework, an elliptical spanwise lift distribution is
prescribed (Figure 7):

Hull-side
root

Diving plane
(a) (b)
Figure 7. Spanwise lift distribution: (a) isometric view, (b) side view.
And hence the corresponding root bending moment is M, = Fe = ‘;—IZ’.

These relationships expose the central geometric trade-off examined in this section.
Increasing span at constant planform area increases the equivalent aspect ratio and finite-
span lift-curve slope, thereby reducing the incidence required to generate a prescribed
pitching moment. At the same time, the resultant hydrodynamic force acts through a larger
effective spanwise lever arm, causing the bending moment transmitted at the hull-side
root to increase linearly with exposed span. Aspect ratio therefore cannot be interpreted
solely as a measure of hydrodynamic effectiveness: under a fixed-area constraint, the same
geometric modification that improves incidence efficiency simultaneously increases the
structural leverage imposed on the plane-hull connection.

The combined hydrodynamic and structural consequences of the geometric variation
are summarised in Table 6. The comparison is performed under identical planform area,
prescribed pitching moment, and resultant lift force, thereby isolating the influence of
diving-plane geometry on the required incidence and root bending moment (M, ).
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Table 6. Hydrodynamic and structural response of the diving-plane configurations at constant
planform area and prescribed pitching moment, showing the influence of equivalent aspect ratio on
required incidence and root bending moment.

Equivalent Aspect Required Angle

Root Bending

Configuration Ratio (Deg) Lift Force (kN) Moment (kN-m)
Short-span 2.56 4.75 7.511 5.1
Reference 4 4 7.511 6.38
Long-span 6.25 3.52 7.511 7.97

The root bending moments reported in Table 6 are conditional on the assumed elliptical
spanwise lift distribution. No sensitivity analysis with alternative load distributions is
performed in the present study. A different spanwise distribution would modify the location
of the resultant lift and therefore the absolute root bending moment. Consequently, the
reported values and percentage variations should be interpreted within this common
loading assumption rather than as universal predictions for an installed diving plane.
Determination of the actual spanwise loading would require higher-fidelity hydrodynamic
analysis including hull-appendage interaction.

The results reveal a clear hydrodynamic—structural trade-off associated with increasing
diving-plane aspect ratio under a fixed-area constraint. Relative to the reference config-
uration (b = 2 m, AR,; = 4), increasing the exposed span to 2.5 m raises the equivalent
aspect ratio to 6.25 and reduces the incidence required to generate the prescribed pitching
moment from 4.00° to 3.52°, corresponding to a reduction of approximately 12%. However,
this hydrodynamic benefit is accompanied by a 25% increase in root bending moment,
from 6.38 to 7.97 kN-m. The opposite response is obtained for the short-span configuration:
reducing the exposed span to 1.60 m decreases AR,, to 2.56 and the root bending moment
to 5.10 kN-m (—20%), but increases the required incidence to 4.75° (+18.75%). Percentage
variations are evaluated from the unrounded values; the tabulated reference incidence is
reported as 4°. The opposing trends originate from two distinct consequences of the same
geometric modification. Hydrodynamically, increasing span at constant planform area
raises the equivalent aspect ratio and, within the adopted finite-span formulation, increases
the lift-curve slope by reducing the finite-span incidence penalty. The prescribed lift can
therefore be generated at a lower angle of attack. Structurally, however, the same increase
in span shifts the resultant hydrodynamic load farther from the hull-side root. Because the
assumed elliptical distribution places the resultant at e = 4b/(3), the effective load arm
scales directly with exposed span and, for the common resultant force, the root bending
moment consequently satisfies M, « b. The reduction in required incidence and the in-
crease in root bending moment are therefore not contradictory responses, but simultaneous
manifestations of the same change in planform geometry.

A particularly significant result emerges from the fact that the resultant lift remains
essentially unchanged at 7.511 kN for all three configurations. If hydrodynamic force alone
were used as a proxy for structural demand, the configurations would appear equivalent.
The root-moment assessment demonstrates that they are not: the long-span plane transmits
the same resultant lift while producing a 25% larger bending moment at the hull-side
connection than the reference configuration. Conversely, the short-span plane reduces
this bending moment by 20% despite requiring substantially greater incidence. Constant
resultant force therefore does not imply constant structural demand when the spatial
distribution and lever arm of that force are altered.

This distinction has direct implications for diving-plane design. Increasing aspect ratio
improves the incidence efficiency with which a prescribed pitching moment is generated,
but this improvement is not structurally neutral: under the present fixed-area formulation,
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it is obtained at the cost of increased bending leverage at the plane-hull connection. Con-
versely, reducing span alleviates root bending demand while requiring greater incidence
to recover the same control authority. Aspect ratio therefore acts as a coupling parameter
between hydrodynamic effectiveness and structural load transmission rather than as an
exclusively hydrodynamic design variable. The results consequently preclude identify-
ing either extreme configuration as intrinsically superior: selection of span must balance
the incidence required to achieve the prescribed control moment against the associated
root bending demand. More broadly, the comparison demonstrates why the structural
consequences of diving-plane geometry cannot be inferred from resultant hydrodynamic
force alone. Two configurations delivering identical pitching authority and transmitting
the same resultant lift may impose substantially different demands on the hull-plane con-
nection solely because of how that load is distributed in space. Within the assumptions
of the present model, the hydrodynamic gain associated with increasing aspect ratio is
therefore accompanied by an inherent structural leverage penalty, establishing the need
to consider hydrodynamic effectiveness and local load transmission concurrently when
assessing diving-plane geometry.

5.4. Structural Response of the Hull-Diving Plane Connection

The preceding sections establish the hydrodynamic load path from diving-plane oper-
ation to the bending demand developed at the hull-side root. The final stage of the analysis
addresses the receiving structure itself. The plane-hull connection is represented by an
internal bracket located immediately inboard of the diving-plane root, through which the
root bending moment M, is transferred into the surrounding hull structure. This final
assessment therefore closes the load path considered in the present work: hydrodynamic
force generation, pitching-moment authority, root bending moment and, finally, local struc-
tural response of the bracket connection. The buckling resistance of the internal bracket
at the hull-side root is investigated through controlled variations in its principal geomet-
ric parameters, namely the arm length, height, and plate thickness. The elastic buckling
response is evaluated using the load multiplier factor provided by ANSYS Workbench,
denoted here as MA. This dimensionless parameter represents the factor by which the
prescribed reference load must be multiplied to obtain the predicted critical elastic buckling
load. Higher MA values therefore indicate greater predicted elastic buckling resistance
under the same reference loading and boundary conditions. MA should not be interpreted
as the displacement amplitude of the buckling mode or as a measure of ultimate structural
strength. Consequently, larger MA values indicate a greater margin against elastic instability,
whereas lower values denote an earlier onset of buckling under an equivalent reference
load (Figure 8).

Mode amplitude Mode amplitude
(normalized) (normalized)

1.0033 1.0007
0.88952

0.89186
0.78038 0.77833
0.66890 0.66714
0.55741 0.55595
0.44593
0.33445
0.22297
0.11148

0

044476
o 033357
o 022238
0.11119
0

(b)

Figure 8. Influence of bracket geometry on the predicted elastic buckling mode for different combina-
tions of arm length, height and thickness. (a) 250 x 250 x 13, (b) 400 x 400 x 10.
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A remarkably consistent buckling pattern is observed throughout the investigated
geometric domain. Variations in bracket arm, height, and thickness primarily modify the
critical buckling moment, MA, without fundamentally altering the governing instability
mode. For most unstiffened configurations, the maximum stress remains concentrated at
the scallop—deck-beam intersection, shifting towards the scallop-web-frame intersection
only for the largest 400 x 400 mm brackets with thicknesses of 12-14 mm. In contrast,
the maximum displacement consistently occurs at the mid-length of the free edge. Thus,
bracket geometry predominantly governs the resistance to instability rather than the nature
of the buckling mechanism itself, with only the stiffest configurations exhibiting a local
redistribution of the critical stress region. Figure 9 shows the evolution of MA and bracket
weight for a fixed arm length and height of 200 mm, considering different plate thicknesses.

400 4 r3.0

350
F2:5
300 A
2.0
250

200 A

&
Weight (kg)

150 A

Mode Amplitude (M)

100 A

50 4

- 0.0

Thickness, ¢ (mm)

Figure 9. Influence of bracket plate thickness on MA and structural weight for the 200 x 200 mm
unstiffened configuration, highlighting the progressive enhancement in elastic buckling resistance
and the associated weight penalty.

Increasing the bracket thickness provides the most direct means of enhancing its elastic
buckling resistance, as reflected by the corresponding increase in MA. This improvement,
however, is necessarily accompanied by additional structural weight. Although the relative
increase in mass remains smaller than the associated gain in buckling resistance within
the investigated range, thickness enlargement represents an essentially material-driven
solution. Consequently, two alternative geometric strategies are investigated to determine
whether the stability response can be improved more efficiently through a redistribution
of the bracket geometry. The first strategy replaces the original straight free edge with a
continuously curved profile, thereby modifying the stiffness distribution without altering
the fundamental bracket topology. Curvature radii of 200, 300 and 400 mm are evaluated
for each baseline bracket geometry. The second strategy retains a predominantly straight
free edge but introduces soft toes at the intersections with the web frame and deck beam,
each extending 12.5% of the corresponding bracket arm and height. The two transitions are
connected to the straight free edge through curvature radii of 40, 50, and 60 mm. These
configurations provide a controlled basis for assessing whether local reshaping of the free-
edge region can delay the onset of elastic instability more effectively than a uniform increase
in plate thickness. Figure 10 illustrates representative buckling modes obtained for the two
geometric modifications.

A systematic evaluation of all geometric combinations confirms the superior perfor-
mance of the soft-toe configuration. Compared with the continuously curved free-edge
alternative, the soft-toe solution achieves a 38.1% greater improvement in buckling resistance
while simultaneously reducing structural weight by 2.9%. This combined response is particu-
larly significant, as the enhanced stability is obtained through a more effective redistribution
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of the bracket geometry rather than through additional material, identifying the soft-toe

transition as the more structurally efficient of the two geometric strategies investigated.

Normalized buckling
mode amplitude

1.006 Max
0.89425
0.78247
0.67068
0.5589

0.44712
0.33534
0.22356
0.11178
0 Min

Normalized buckling
mode amplitude

1.0096 Max
0.8974

0.78522
0.67305
0.56087
0.4487

0.33652
0.22435
0.11217
0 Min

(b)

Figure 10. Representative elastic buckling mode shapes for the proposed free-edge geometries:
(a) 300 x 300 x 12 mm bracket with soft-toe transitions and a 40 mm curvature radius; (b) 200 x 200
x 12 mm bracket incorporating a continuously curved free edge with a 200 mm radius.

A complementary strategy for enhancing the elastic buckling resistance is the introduc-
tion of dedicated stiffening elements, which modify the load-transfer mechanism without
requiring a uniform increase in bracket thickness. Figure 11 compares the resulting buckling
modes for the investigated stiffening concepts at their minimum scantlings with that of the
unstiffened bracket at the maximum thickness considered. This deliberately demanding
comparison provides a direct assessment of whether targeted reinforcement can outperform
a material-intensive increase in plate thickness.
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Figure 11. Influence of reinforcing flat-bar dimensions on MA and structural weight, illustrating the
coupled evolution of buckling response and weight penalty with increasing stiffener size.

Table 7 provides a direct quantitative comparison between the method a (200 x 200
x 10.a40 x 10) and method b (200 x 200 x 10.b20 x 10) stiffened configurations at their
minimum scantlings and the unstiffened bracket at the maximum thickness considered
(14 mm), using MA and structural weight as the principal performance metrics.

Table 7. Structural performance comparison of the investigated stiffening strategies and the unstiffened
reference configuration.

Non-Stiffened Method a Method b
Weight (kg) 241 2.40 2.06
MA 363.84 437.75 668.58
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It should be noted that the comparison is intentionally performed between different
material-distribution strategies rather than between brackets of identical plate thickness.
The unstiffened reference configuration has dimensions of 200 x 200 x 14 mm, whereas the
stiffened configurations use a thinner 200 x 200 x 10 mm baseline bracket supplemented by
the corresponding reinforcing flat bar. Method b (200 x 200 x 10.b20 x 10) therefore achieves
a lower total weight (2.06 kg versus 2.41 kg) while increasing MA from 363.84 to 668.58,
corresponding to an 83.8% increase. This comparison illustrates the greater efficiency of
targeted material placement relative to a uniform increase in bracket thickness under the
modelling assumptions adopted.

Irrespective of the stiffening strategy, targeted reinforcement provides a more struc-
turally efficient solution than increasing the thickness of the unstiffened bracket, achieving
greater buckling resistance at a lower structural weight. Relative to the 14 mm unstiff-
ened configuration, the method a and method b stiffening strategies increase MA by 20.3%
and 83.8%, respectively. This confirms that the stability response is governed not only by
the amount of material employed, but also by its effective distribution within the bracket.
Figure 11 further illustrates the dimensional sensitivity of the stiffening concept by showing
the influence of increasing reinforcing flat-bar dimensions on MA and structural weight. The
corresponding comparison between the two stiffening strategies is provided quantitatively
in Table 7.

Increasing either the height or thickness of the reinforcing flat bar produces a systematic
increase in MA, confirming the direct contribution of stiffener dimensions to the buckling
response. The parametric assessment indicates an approximately linear evolution of MA
and structural weight over the investigated dimensional range, illustrating the predictable
trade-off between enhanced buckling resistance and the associated material penalty.

6. Conclusions

This study has established a sequential hydrodynamic—structural framework for assess-
ing bow diving planes in which control effectiveness is traced through the complete load
path, from hydrodynamic force generation and pitching-moment authority to root bending
and, ultimately, the elastic stability of the hull-plane connection. The results demonstrate
that quantities that appear equivalent from a global hydrodynamic perspective may lead to
markedly different structural consequences at the attachment. This distinction constitutes
the central outcome of the investigation and highlights the need to treat diving-plane posi-
tion, geometry, operating condition, and structural integration as interconnected design
variables rather than as independent considerations.

Under the adopted linear formulation, longitudinal position and angle of attack ex-
hibit identical relative sensitivities with respect to pitching-moment generation. However,
their structural implications are fundamentally different. A 10% increase in longitudinal
moment arm increases the pitching moment by 10% without modifying the transmitted
hydrodynamic force, whereas obtaining the same moment increase through incidence
requires a proportional increase in force. For the investigated reference configuration, the
forward-positioned plane therefore generates the same 239.11 kN-m pitching moment with
approximately 9.1% less transmitted force than the increased-incidence alternative. This
establishes longitudinal positioning as a geometric mechanism for increasing moment au-
thority per unit transmitted force, while incidence remains the operational mechanism
through which that authority is modulated.

Operating conditions introduce a second, clearly differentiated sensitivity. Within the
idealised 50-300 m water column, pressure-induced density variation has only a minor
influence on the incidence required to preserve pitching authority, whereas local incident
speed is dominant. At 5 m/s, increasing depth from 50 to 300 m changes the required inci-
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dence only from 4° to 3.9956°. Conversely, at 50 m depth, a 10% reduction in speed increases
the required incidence by 23.46%, while a 10% speed increase reduces it by 17.36%. Thus,
within the investigated operating envelope, preservation of pitching-moment authority is
primarily an incidence-management problem governed by local dynamic pressure rather
than by pressure-induced changes in seawater density.

The geometric study further shows that hydrodynamic efficiency cannot be used as
a surrogate for structural efficiency. Increasing the equivalent aspect ratio from 4.00 to
6.25 reduces the incidence required for the prescribed pitching moment by approximately
12%, but simultaneously increases the root bending moment by 25%. Conversely, the short-
span configuration reduces root bending by 20% at the expense of an 18.75% increase in
required incidence. Most significantly, all three configurations transmit essentially the
same resultant lift of 7.511 kN, yet develop substantially different root bending moments.
Consequently, constant resultant force does not imply constant structural demand: the
spatial distribution of that force and its effective lever arm are equally decisive. Aspect ratio
therefore emerges as a genuine hydrodynamic-structural coupling parameter rather than
an exclusively hydrodynamic descriptor.

At the connection level, the parametric finite-element assessment demonstrates that
structural performance is governed not only by the amount of material employed but,
critically, by where that material and stiffness are introduced. Increasing bracket thickness
improves elastic buckling resistance but does so through a direct weight penalty. Geometric
redistribution provides a more efficient alternative: across the complete set of investigated
combinations, the soft-toe configuration achieves a 38.1% greater improvement in buckling
resistance than the continuously curved free-edge solution while reducing structural weight
by 2.9%. Targeted stiffening strengthens this conclusion. Even at their minimum scantlings,
both investigated stiffening strategies outperform the 14 mm unstiffened bracket while
reducing weight; the corresponding increases in MA reach 20.3% and 83.8% for methods a
and b, respectively. Increasing flat-bar dimensions subsequently produces an approximately
linear increase in both MA and structural weight, providing a predictable means of tuning
the stability margin against material penalty.

Taken together, these findings reveal a consistent design principle: the effectiveness of
a bow diving plane cannot be established from pitching authority, hydrodynamic force, or
structural strength in isolation. Increasing the longitudinal lever arm can improve moment
generation without increasing transmitted force; increasing aspect ratio can reduce inci-
dence while simultaneously amplifying root bending; and increasing structural mass is not
necessarily the most effective route to improving connection stability. The governing design
problem is therefore one of load-path management, in which hydrodynamic authority must
be generated and transmitted through the diving plane while controlling the mechanical
demand ultimately received by the hull-side connection.

The present results are intentionally derived within a controlled numerical framework
designed to isolate the investigated mechanisms and should therefore be interpreted within
the assumptions adopted in this study. In particular, the conclusions regarding operating
depth and speed are restricted to the idealised water column, environmental conditions and
analytical hydrodynamic formulation considered, while the observed effects of aspect ratio
are dependent on the adopted fixed-area planform, finite-span correction and idealised
spanwise load distribution. Similarly, the conclusions concerning bracket geometry and stiff-
ening are restricted to the linear-elastic structural model, prescribed boundary and loading
conditions, and investigated geometric configurations. Accordingly, the quantitative results
should not be extrapolated directly to arbitrary submarine configurations or operating
conditions. Future work should extend the analysis towards resolved hull-plane hydrody-
namic interaction, experimentally or CFD-validated installed-plane characteristics, realistic
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temperature-salinity profiles, nonlinear structural behaviour and hydroelastic coupling.
Nevertheless, within these assumptions, the relationships identified provide a consistent
basis for examining the interaction between bow-plane location, planform geometry and
connection architecture.
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