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Abstract
Traditionally, submarine hydrodynamic design has focussed mainly on requirements regarding operational range, powering
performance and manoeuvring ability for deeply submerged conditions. To improve the effectiveness of the boat, attention
is also paid to operating near or at the surface and fortunately, computational tools and experimental methods are available
to analyse the performance of submarines at these conditions. To advance submarine hydrodynamics knowledge and tools,
DMO and MARIN have conducted a wide variety of bi-lateral or collaborative studies using potential and viscous flow
methods and experiments on several submarine hull forms. In this article, several examples are presented of the development
and use of hydrodynamic tools available during the design and assessment process of future submarines. These examples
range from experimental and numerical studies into at-surface and periscope-depth resistance and powering, periscope-depth
manoeuvring, high-fidelity flow around the boat during straight flight and manoeuvring motions, wakes of surface-piercing
masts, to depth keeping under waves. It is demonstrated how state-of-the-art studies help in advancing the knowledge on
submarine hydrodynamics and improving the overall design of modern submarines.

Keywords Submarines · Hydrodynamics · Off-design · ReFRESCO · Experiments · CFD · BB1 · BB2

Abbreviations
AMR automatic mesh refinement
AVT applied vehicle technology
BB1/2 Brendon’s boat 1/2
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IDDES improved delayed detached eddy simulation
ISTAR intelligence, surveillance, target acquisition and

reconnaissance
LES large eddy simulation
MARIN maritime research institute Netherlands
NATO North Atlantic treaty organisation
PIV particle image velocimetry
RANS Reynolds-averaged Navier–Stokes
RSM Reynolds stress model
SOF special operations forces
SRS scale-resolving simulations
X-LES extra-large eddy simulation

1 Introduction

Traditionally, submarine hydrodynamic design has focussed
mainly on requirements regarding operational range, pow-
ering performance and manoeuvring ability for deeply sub-
merged conditions (van Terwisga andHooft 1988). However,
due tomission requirements and operational profiles, the boat
should also perform well in service conditions. To improve
the effectiveness of the boat, attention therefore needs also to
be paid to for instance operating near or at the surface. For-
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tunately, computational tools and experimental methods are
available to analyse the performance of submarines at these
conditions (Overpelt 2014; Renilson 2018). These tools can
also be used to better understand the impact of design details
on the performance. With the progress of numerical capabil-
ities, both in computational performance as in reliability and
accuracy, computational fluid dynamics (CFD, meaning the
computation of viscous flows) is more and more becoming
the primary design tool of submarines.

To advance submarine hydrodynamic knowledge and
tools and to support upkeep or successor programmes, DMO
and MARIN have conducted a wide variety of bi-lateral or
collaborative studies using empirical tools, potential and vis-
cous flow methods and experiments on generic submarine
hulls such as the SUBOFF (Toxopeus 2008; Vaz et al. 2010;
Toxopeus et al. 2012), Joubert/BB1 (Joubert 2006; Kerkvliet
2013; Toxopeus et al. 2014; Overpelt 2014) and BB2 (Over-
pelt et al. 2015; Carrica et al. 2016; Toxopeus et al. 2019),
but also on the existingWalrus class submarines (Bettle et al.
2010). These studies have led to increased applicability and
accuracy of the submarine hydrodynamics toolkit.

In this article, several exampleswill be shown of the devel-
opment and use of hydrodynamic tools available during the
design and assessment process of future submarines. These
examples range from experimental and numerical studies
into at-surface and periscope-depth resistance and powering,
periscope-depth manoeuvring, high-fidelity flow around the
boat during straight flight and manoeuvring motions, wakes
of surface-piercing masts, to depth keeping under waves.
Prior to discussing the examples, the coordinate system used
to show results will shortly be presented.

The experimental studies comprise captive (for instance
CPMC) and free running model tests, while the numerical
studies involve empirical tools, potential flow and viscous
flow solvers.

The article will demonstrate how state-of-the-art studies
help in advancing the knowledge on submarine hydrodynam-
ics and improve the overall design of modern submarines.

2 Coordinate system

All results in this article are presented in a coordinate sys-
tem usually adopted for manoeuvring studies, see Fig. 1. The
origin of this right-handed coordinate system is located at
the intersection of the longitudinal axis of symmetry of the
hull, midship and centre-plane, with x directed forward, y to
starboard and z vertically downward. All integral forces X ,
Y , Z and moments K , M , N are directed as shown in Fig. 1
and made non-dimensional with the overall length L of the

Fig. 1 Coordinate system

submarine using

X ′, Y ′, Z ′ = X , Y , Z
1
2ρV

2L2
K ′, M ′, N ′ = K , M, N

1
2ρV

2L3
,

where ρ is density, and V is the velocity of the submarine.
The drift angle is defined by β = arctan −v

u , with u and v

directed according to the x- and y-axes of Fig. 1, respectively,
which means β is positive for flow coming from port side.
The angle of attack is defined by α = arctan w

u , which means
α is positive for flow coming from below.

3 Experimental and numerical studies into
at-surface resistance and powering

In the early design stage of a submarine, the need exists to
determine the required propulsive power and to estimate the
operational range of the submarine. These properties can be
derived with high fidelity using model testing or CFD calcu-
lations. These do, however, require detailed knowledge of the
submarine’s design which is typically not known at this early
stage. SubMar is an empirical tool developed byMARIN to
predict the resistance and powering requirements of a sub-
marine (van Terwisga and Hooft 1988). By only requiring
main dimensions as input, SubMar can be used to explore
various design choices in the early design stage.

SubMar is based on empirical relations and is capable of
predicting resistance and propulsive power for deeply sub-
merged, periscope depth and surfaced sailing conditions. The
latter condition is of importance, as expeditionary diesel-
electric type submarines sometimes sail in surfaced condition
during (part of) their transit to the area of operations. When
sailing in or close to the surface, the wave making resistance
is the major component of the total resistance of the subma-
rine.

In recent years, SubMar was improved to better pre-
dict the important wave making resistance when sailing
at periscope depth and at the surface. Use was made of
resistance and powering data at MARIN of eight different
submarine designs. The data were obtained using CFD cal-
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culations, potential flow calculations, model testing and from
full scale trials. Two particularly interesting studies are high-
lighted in the following paragraphs.

3.1 Effect of L/D

From a resistance viewpoint for deeply submerged sub-
marines there is an optimum length-to-diameter (L/D) ratio
which gives the best compromise between friction and form
drag (Renilson 2018). However, due to design and construc-
tion requirements, it is often easier for a given submarine
displacement to have a relatively longer submarine with a
reduced diameter compared to the optimum L/D. As such, it
is important to be able to study the impact of L/D on the sub-
marine resistance. The influence of L/D on the submerged
resistance has been studied extensively in the past, seeGertler
(1950), but the effect on the surfaced resistance also needs to
be considered. To improve and validate SubMar for various
L/D ratios, model tests have been performedwhere the L/D
ratio of the BB2 submarine was varied from the original 7.3
to 12. Figure2 shows these four variants being tested at the
same speed and same draught (but free to trim and sink) in
MARIN’s deep water towing tank.

Based on thesemodel testswhere the L/D ratiowas varied
by increasing the length of the parallel midbody, it is con-
cluded that the resistance increase due to an increased length
of the submarine consists mainly of frictional resistance:
increasing the length does not increase the wave making
resistance. Furthermore, increasing the length increases the
wake fraction w, while the thrust deduction fraction t is not
affected. This means that increasing the L/D ratio, with-
out changing the displacement, results in an improved hull

L/D = 7.3
Fr = 0.27

L/D = 9.0
Fr = 0.25

L/D = 10.5
Fr = 0.23

L/D = 12
Fr = 0.21

Fig. 2 Wave profiles at a speed corresponding to 14 kn on full scale of
variants of the BB2 submarine at four L/D-ratios

efficiency ηH = (1 − t)/(1 − w) and therefore improved
propulsive performance. Hence, a large L/D ratio is pre-
ferred for surfaced sailing conditions.

It should be noted that the different L/D ratios of the
model during the experiments were realised by adding paral-
lel midship sections to the model. This means that effectively
the L/D ratio as well as the displacement ∇ of the model
changed when the draught was kept constant. Furthermore,
the tests at the same speed for the various length ratios imply
different Froude numbers between variants. This approach
provides the desired data for improving the SubMar predic-
tions for surfaced conditions, while still being cost-effective
considering model manufacturing costs. However, in normal
design variations it would be desirable to maintain a constant
displacement when increasing the L/D ratio, effectively
reducing the diameter of the boat, and leading to slightly dif-
ferent Froude numbers than encountered during the model
tests. Due to its generic nature and use of non-dimensional
empiric formulae, SubMar is able to handle these design
changes during predictions.

3.2 Effect of bow shape

Submarine bow shapes are typically optimised for deeply
submerged sailing conditions. When sailing at the surface,
this bow shape results in a significant wave making resis-
tance. By changing the bow shape it is possible to reduce the
bow wave and thus the wave making resistance.

To study the effect of the bow shape on both the sur-
faced and submerged resistance a series of resistance tests
using the BB1 submarine hull form with three different bow
shapes has been performed (Overpelt 2014) and the find-
ings were incorporated in SubMar. Additionally, validation
studies of ReFRESCO (Vaz et al. 2009) predictions for sur-
faced resistance were done. ReFRESCO is a CFD solver
developed by MARIN based on a finite volume discreti-
sation of the continuity and momentum equations written
in strong conservation form. The free surface is captured
with a Volume-of-Fluid interface capturing scheme (Klaij
et al. 2018). The code has been widely applied to submarines
and compared to experimental results or other solver results
previously, see, e.g. Toxopeus et al. (2012), NATO AVT-
301 (2022). Results of calculations with the SST turbulence
model andVolume-of-Fluid interface capturing,with the boat
free to sink and trim, show that the bow shape has a signifi-
cant effect on the wave making resistance when sailing at the
surface. A comparison of the bow wave, which is indicative
of the wave making resistance, at the same sailing speed for
the tested bow shapes is shown in Fig. 3. Overall, it is con-
cluded that below about 7 kn, the wave resistance is nearly
identical between the bow designs. Above 7 kn, up to the
maximum tested speed, the alternative bow shapes have a
resistance benefit. The extreme bow shape has a resistance
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Fig. 3 Wave profiles at a speed
corresponding to 12 kn on full
scale of variants of the BB1
submarine with three different
bow shapes of increasing
fineness

Standard bow

Moderate bow

Extreme bow

reduction of 44% as compared to the standard bowwhen sail-
ing at the surface at 12 kn (Fr = 0.235), whilst only showing
an increase of 3% in the resistance when sailing deeply sub-
merged. Also previous work by Power (1977) showed that
changing the bow shape has relatively little effect on the sub-
merged resistance of bodies of revolution. Of course, careful
studies need to be included to ensure the performance of sen-
sor and weapon systems placed in or near the bow which can
be affected by the changes in bow shape.

It was also found that the dynamic trim and sinkage for
surfaced conditions was influenced by the bow shape. The
original bow had a more pronounced tendency to sink and
trim by the bow during forward speed, such that there was
an increased risk of propeller ventilation compared to the
moderate and extreme bow shapes.

4 Periscope-depth operation in calmwater

The analysis of a submarine travelling near the free surface is
of interest since many manoeuvres require the submarine to
be near the surface to accomplish a given task. Examples of
these manoeuvres include snorting, but also ISTAR (Intelli-
gence, Surveillance, TargetAcquisition andReconnaissance)
and SOF (Special Operations Forces) operations in hostile
waters. Many of these operations are performed while the
submarine is inmotion,which iswhy the understandingof the

hydrodynamic forces and moments are important to ensure
all manoeuvres can be performed safely. As a result, various
studies have been conducted at MARIN on submarines trav-
elling near the free surface, both experimental and numerical,
see, for example, Carrica et al. (2016). Another interesting
study into exhaust gas plumes during snorting was done by
Klapwijk et al. (2017).

One of the aspects of interest at periscope depth is the
wave making resistance. Although fully submerged, a sub-
marine sailing at speed at periscope depth will still generate
waves and thus experience wave making resistance. This can
efficiently be studied using potential flow calculations. An
extensive series of calculations has been performed using
MARIN’s panel code RaPID (Raven 1996) for the BB2 hull
form. Sailing depth and sailing speed were varied and the
obtained wave profiles (an example is given in Fig. 4) and
wave making resistances for each combination of speed and
depth were incorporated in SubMar, such that it is possible
to study the performance of a submarine in deeply sub-
merged, periscope depth or surfaced conditions. The waves
generated by the submarine can show a favourable interfer-
ence, which is dependent on the sailing speed. The RaPID
results clearly show which speeds are favourable from a
resistance point of view, thus giving the operator important
information on how to operate the submarine best.

When the tip of the sail is close to the surface, or dur-
ing manoeuvring conditions, viscous effects such as flow
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Fig. 4 Overview of submergence depths studied, with Dtotal =
0.231 L = 1.69B the depth of the boat from keel to top of sail (top
figure), RaPID wave system for a BB2 submarine variant sailing at
periscope depth (middle) and wave elevation at centreline from RaPID
and ReFRESCO computations, Fr = 0.196, depth C (bottom)

separation or wave breaking become important which can-
not reliably be captured by potential flow. Therefore, a need
exists for viscous flow computations as well. Viscous flow
simulations were performed with ReFRESCO for the fully
appended BB2 submarine sailing near the free surface for
sailing straight, steady drift and yaw rotation, see Torunski
(2018). The straight sailing conditions were performed for
four depth conditions, indicated by A, B, C and D, see Fig. 4
and some of the results are summarised here. Themain objec-
tive was to gain knowledge on the effect of the free surface
on the forces and moments acting on the submarine. The
results of the ReFRESCO viscous flow computations com-
pared well to RaPID potential flow computations, as shown
in Fig. 4, and the wave length λ matches the wave theory for
deep water λ/L = 2πFr2. The decrease in wave amplitude
behind the submarine in the ReFRESCO simulations is due
to lack of spatial grid resolution in that wake region.

The non-dimensional resistance and vertical forces (X ′,
Z ′) and pitch moment (M ′) are displayed in Fig. 5. There is a

Fig. 5 Total forces and moments acting on the submarine at straight
sailing conditions

Fig. 6 Contribution to the pitch moment for each submergence depth
(red indicates an area which contributes to bow-up and blue vice-versa)

significant change in the vertical forces acting on the subma-
rine from the conditions C to A. This is due to the interaction
of the free surface with the top of the sail and the sailplanes,
as can be seen in Fig. 6. The iso-contours indicate whether
an area contributes to a bow-up (red) or bow-down (blue)
pitching moment. The out-of-plane force on top of the sail
and the lifting forces from the sailplanes are different since
a part of the sail is piercing the water surface in condition A
and B. As a result the pitch moment changes sign.

More information regarding manoeuvring at periscope
depth can be found in Torunski (2018).

5 High-fidelity flow field predictions

CFD can be used to predict the forces and moments acting
on a submarine, but also to study in detail the flow around
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design details. For example, so-called horse shoe vortices
occur when a boundary layer developing on one surface is
intersected by another surface, for instance near the roots of
rudders, sailplanes or the sail. The horse shoe vortex devel-
oping at the junction of the casing and sail has been studied
by, e.g. (Devenport et al. 1992). This horse shoe vortex is
caused by interaction of the stagnation region at the lead-
ing edge of the sail with the boundary layer on the casing,
leading to a flow circulation in the corner of the junction.
The vortex wraps around the sail and progresses into the
propeller plane, possibly causing fluctuations in the loads
on the propeller, influencing the propeller performance and
noise. CFD provides an opportunity to study the develop-
ment of the horse shoe vortex and the influence of design
changes on the propeller wake. For the BB1 hull form, such
a study was conducted by Toxopeus et al. (2014), showing
that applying a fillet or cuff in the sail-deck junction area and
proper shaping of the sail tip could lead to a reduction of the
resistance of several percent and a significant improvement
of the propeller wake field. It was observed that the fillet
effectively weakened the vorticity in the horse shoe vortex.
The followed approach can also be used to design fillets for
the control planes. Similar studies have been conducted to
improve fairings around hull openings or protruding design
details such as intercept sonars.

CFD can also be used to better understand features seen
in the relation between angle of attack and the forces acting
on the fully appended boat. For the BB2, for example, it can
be found that at −12◦ of angle of attack α, a change of slope
in the vertical force and pitch moment curves is present, see
Fig. 7. Further inspection of the flow field highlights that at
this specific angle, the tip vortices coming from the sailplanes
interact with the upper rudders and subsequently change the
trend in the loads on these rudders, see Fig. 8. This phe-
nomenon is especially visible in the pitch moment, due to
the large distance of the aft rudders to the centre of refer-
ence. This interaction between the sailplane tip vortices and
the upper rudders can occur when pitching bow down dur-
ing diving towards a larger depth and can lead to unexpected
behaviour of the submarine during such manoeuvres.

Within the NATO AVT-301 Research Task Group, exten-
sive comparisons between CFD predictions for the BB2 for
captive manoeuvres are made (Toxopeus et al. 2019; NATO
AVT-301 2022) to assess the state-of-the-art of CFD predic-
tions for underwater vehicles. Each member of the group
has made predictions for the BB2 at straight flight, 10◦ drift
angle, or steady rotational motion with varying drift angles.
The forces and moments acting on the boat and the flow
around it have been carefully studied. Since validation data
are only available frommodel experiments, all computations
were done for model scale conditions, with Reynolds num-
bers ranging from Re = 3.9 × 106 to 9.6 × 106. From
this extensive work, important conclusions can be drawn.

Fig. 7 Relation between angle of attack and vertical force (top) and
pitch moment (bottom) on BB2

Fig. 8 BB2 at −12◦ angle of attack, visualisation of vortices

Regarding the forces and moments on the boat, discretisa-
tion errors can be identified when the grid is too coarse. In
grids of 14M cells as used in the current study, a discreti-
sation error of 5% was still present. For the flow field itself,
and especially near the stern region, it was found that the
most efficient results (from computational requirements per-
spective) with small discretisation errors were obtained with
automatic mesh refinement (AMR) or dedicated refinement
zones, leading to grids in the order of 100M cells or above.
The application of AMR should, therefore, become standard
practice in CFD. New cells added on the submarine surface
can lead to jumps in the distribution of face normals and
subsequently in irregular shear stress distributions. There-
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Fig. 9 Non-dimensional axial vorticity field behind the sail, Re = 3.9×
106, β = 10◦, DSTG experiment (top) vs. ReFRESCO RSM+AMR
(bottom)

fore, projection of these new cell faces onto the underlying
geometry is required.

Based on comparisons with wind tunnel tests provided
by DSTG (Lee et al. 2018) (test section of 6.55m length,
2.74m width and 2.13m height), it is concluded that also the
choice of turbulencemodel is important. For example, chang-
ing the turbulence model can result in a change of predicted
resistance of up to 10%. Additionally, the turbulence model
choice influences the prediction of details in the flow field.
TheMARINpredictions that showed the best agreementwith
the experiments for the 10◦ drift angle were obtained using
the RSM SSG/LRR turbulence model (Eisfeld and Broder-
sen 2005), see Fig. 9. More validation of RSM predictions is
recommended to assess the performance of this turbulence
model for submarine hydrodynamics.

QinetiQ performed rotating arm experiments for the BB2.
CFD simulations for these conditions showed comparison
errors in the computations. Differences in the CFD results
were observed due to the choice of turbulence model and
grid density, but also due to numerical setup details and the
CFD solver. The predicted forces and moments acting on
the hull of the submarine showed good agreement between

the submissions, but the loads on especially the aft control
surfaces are highly dependent on whether rudder stall is pre-
dicted or not by a given submission. This clearly indicates
that, due to the high incidence angles occurring at the aft
rudders, the prediction of rotational motion with CFD is still
not fully under control and needs more attention.

Preliminary predictions using scale-resolving simulations
(for example IDDES or LES) either led to incorrect predic-
tions of the frictional resistance due to relaminarisation of
the flow in the computations, or did not lead to improvements
compared to conventional RANS predictions. Overall, it was
found that to improve CFD predictions, more attention to the
estimation of the uncertainties in the experiments is required.

Recently, DMO has performed measurements in the
DNW-NWB aeroacoustic wind tunnel (test section of 3.25m
length, 2.8m width and 6m height), using high-speed and
high-resolution two-dimensional three-component Particle
Image Velocimetry (2D-3C PIV) and hotwire anemometry
to capture the detailed flow, and pressure probes and micro-
phone arrays to obtain pressure fluctuations and flow and
propeller noise. These results will be used in future work for
validation of scale-resolving CFD predictions.

6 Wakes of surface-piercingmasts

Not only the wave pattern generated by the boat and sail can
contribute to increased visibility or resistance during opera-
tions at periscope depth, but also masts protruding the water
surface, such as a periscope for example. Therefore, an exper-
imental and numerical study into the wave patterns behind a
surface piercing mast has been conducted. Inspired by Hay
(1947), tests were performed at MARIN at multiple speeds
with a schematic surface piercing truncated cylinder with a
realistic full scale diameter, clamped at the top to the towing
carriage and the tip extending sufficiently far below the water
surface to avoid end effects, see Fig. 10. During the experi-
ments, the wave elevations behind and next to the mast and
the loads acting on the mast were measured, while also the
wave pattern was recorded using several video cameras. For
selected test conditions, alsoReFRESCO computationswere
carried out.

The experimental results at one of the wave probes along
the basin are displayed in Fig. 10, together with ReFRESCO
results for five geometrically similar grids, showing the sen-
sitivity of local spatial resolution. The elevation of the bow
wave at the mast is shown in Fig. 11 for RANS k − ω SST,
X-LES (Kok et al. 2004) and X-LES with adaptive mesh
refinement (AMR) around the mast. The results show that
the time averaged wave elevation is qualitatively compa-
rable for all three cases: the overall flow features do not
show considerable differences between the RANS prediction
and the X-LES Scale-Resolving Simulations (SRS). On the
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Fig. 10 Wave elevation (position relative to the cylinder, positive downstream) at lateral distance 5.64D from the centre of the cylinder, Fr = 1.7

RANS SST

X-LES

X-LES+AMR

Fig. 11 Differences due to turbulence modelling and the use of adaptive mesh refinement (left: time averaged, right: instantaneous), Fr = 1.7

other hand, the instantaneous flow is very different between
RANS and SRS, where the SRS shows much more dynamic
behaviour of the breaking bowwave. Comparing this against
the experiments as displayed in Fig. 12 gave a good visual
match in terms of separation below the water surface and the
breaking of the bow wave itself.

7 Depth keeping under waves

The ability to maintain depth when sailing at periscope depth
is of paramount importance to submarines. Especially when
operating in (irregular) waves, the vertical motion of the
boat needs to be controlled. If the submarine rises too far,
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Fig. 12 Visual comparison of instantaneous CFD (left) and experimental (right) results, Fr = 1.7

the sail will emerge above the water surface which could
lead to detection of the submarine. On the other hand, if
the submarine sinks too far, periscopes and air intakes will
submerge, possibly leading to loss of situational awareness
and the forced shutting down of diesel engines. Hence, depth
keeping at periscope depth is an important operational capa-
bility.

7.1 Effect of autopilot on depth keeping
performance

The depth keeping performance of a submarine is strongly
affected by the autopilot used to control the submarine.As the
second-order wave forces introduce a constant disturbance,
either a steady offset to the rudder angles or some type of
integrating term in the autopilot is required to counteract
this disturbance. The effect of this is seen in Fig. 13. The
upper figure of Fig. 13 presents a time trace of the vertical
position of a submarine, while the lower figure shows the
time trace of the sail plane angle. The figure illustrates the
response of the submarine and its sail plane angle during
1320s in a bichromatic wave. The target depth is 12.75m
(indicated by the dashed line). Without an integrator in the
autopilot, the submarine will sail on average at 13.5m, while
with integrator, the submarine sails on average at 12.75m.
The corresponding sailplane angle is on average 13.2◦ versus
12.5◦. The difference in sail plane angle is small, but the
average position difference of 0.75m means the difference

Fig. 13 Effect of adding an integrating term to a PID-heave autopilot.
With the integrator (in orange), the heave stabilises around the starting
value (indicated by the dashed line). Without the integrator (in blue) a
steady offset remains

between periscope submergence or not. As a steady offset
requires prior knowledge of the disturbance, which will be
dependent on speed, sailing depth and wave direction, the
use of an integrating term is preferred.

Changing the autopilot coefficients significantly effects
the depth keeping performance. Unsuitable coefficients may
lead to unstable behaviour. Optimising the coefficients sta-
bilises the submarine’s motions whilst minimising rudder
usage. A fast time simulation model, such as SAMSON-
XMF, is invaluable during the autopilot optimisation process.
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It allows for efficient tuning, where the performance of vari-
ous coefficients can be quickly compared to find the optimal
performance.

7.2 Influence of waves on depth keeping
performance

When sailing under waves, a submarine is subjected to wave
forces which roughly can be decomposed into forces at the
wave frequency and low frequent forces at the frequency of
the wave groups. This is illustrated in Fig. 14. The upper
figure of Fig. 14 shows a bichromatic wave train. The cor-
responding wave forces on the submarine are presented in
the lower figure. Suppose that the submarine is keeping the
same depth during this time series, then the wave frequent
forces are directly related to the wave height. These wave fre-
quent wave forces are an order of magnitude larger than the
second-order wave drift forces shown in orange.The wave
frequent forces oscillate between + 500 and − 500 kN, and
the low frequent forces between 0 and 6 kN. Although the
latter are considerably smaller than the first, the low frequent
(or second order) forces have a non-zeromean value and tend
to pull the submarine to the surface. It is important to take
this second order force into account to accurately model the
depth keeping performance of a submarine. The first order
motions are of importance as they cause the heave motion,
and obviously the wave elevation itself is of importance to
know whether the periscope submerges or the sail emerges.

MARIN uses the time domain simulation program SAM-
SON-XMF [formerly SubSim or SAMSON (van Terwisga
and Hooft 1988)] to simulate the manoeuvring and seakeep-
ing of submerged submarines. A method has been devised to
correctly model the important second order wave drift forces
in the time domain simulations. This method is validated
against various series of seakeeping model tests at periscope
depth with multiple submarine geometries. An example of
such amodel test with theBB2 submarine is shown in Fig. 15.

To assess the depth keeping performance of a submarine,
two aspects are of importance. Aspect one is that the depth
keeping performance is dependent on the wave direction,
sailing speed, selected autopilot and submerged depth of the
submarine. This requires simulations or model tests for a
large matrix of conditions. The second aspect is that long
time traces are needed, because the nature of the vertical
motion is not just based on wave frequent phenomena, but
also on low frequent phenomena. To obtain insight in the
actual depth keeping performance and reach statistical con-
vergence, a long and sufficiently rich time trace is required.

A long time trace, as for instance shown at the top of
Fig. 16, typically does not directly give insight in the perfor-
mance. Although it is clear that the submarine has a certain
range of vertical movement, it is nearly impossible to say

Fig. 14 The bichromatic wave shown in the top graph consists of two
unidirectional waves of 0.70 and 0.75 rad/s. The bichromatic waves
cause wave frequent forces (shown in blue in the lower graph) and low
frequent forces (shown in orange). The low frequent forces have a non-
zero mean value and oscillate at the frequency of the wave envelope

Fig. 15 Free running submerged model test with a submarine at
periscope depth in irregular bow quartering waves in MARIN’s Sea-
keeping and Manoeuvring Basin

from just the long time trace how often sail emergence or
periscope submergence events occur.

To help assess the depth keeping performance, the long
time traces at periscope depth are automatically processed
to identify sail emergences and top-of-mast submergences.
This is schematically shown for a part of the long time trace
on the bottom left of Fig. 16. When the vertical position of
the submarine is higher than the local wave elevation, the
sail emerges (green) and when the submarine is too low with
respect to the local wave elevation, the periscope is assumed
to be submerged (red). The total number of sail emergence
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Fig. 16 An overview of the automatic data reduction used to determine
the submarine’s depth keeping performance. A long time trace of the
submarine’s vertical position (top) is analysed to identify cases of sail
emergence (the parts of the time trace coloured green) and periscope
submergence (the parts of the time trace coloured red). This analysis
takes the local wave elevation into account. By combining the results

from various wave directions and sailing speeds in a single polar plot,
the depth keeping performance can easily be compared to other sub-
marine configurations. The polar plot on the bottom right shows the
number of sail emergences (in green) and periscope submergences (in
red) per half hour sailing time

and periscope submergence events are counted and the total
and mean duration of the events over a given sailing period
are determined. These derived quantities are reported as func-
tion of sailing speed, sea state and wave direction. Example
results for the number of incidents over a given time period
are shown on the bottom right of Fig. 16. Here, the radial
position indicates the submarine’s sailing speed (in knots),
while the various wave directions are indicated by their angu-
lar position.

The data reduction thus achieved allows for a quanti-
fied and easy comparison of the depth keeping performance
between various submarine and/or autopilot designs. Alter-
natively, operational limits of the submarine can be defined
by comparing the depth keeping performance against opera-
tional criteria.

8 Conclusions

With the advance of experimental and numerical tools, the
hydrodynamic design of submarines can be improved for the

complete operational profile of the boat. Off-design condi-
tions can be taken into accountwhen studying design options,
such as improving the performance at the surfacewithout sig-
nificantly affecting the submerged characteristics of the boat.
Especially the fast developments in CFD accuracy and per-
formance but also advances inmodel testing techniques allow
for detailed studies of the flow around submarines which
leads to further understanding of the underlying hydrody-
namics, and several examples are given in this article.

The length and bowstudies indicate that hull shapemodifi-
cations can improve surfaced performance while only having
a limited impact on the submerged performance. A larger
L/D ratio and a more slender bow will improve the overall
powering performance across all operating conditions con-
siderably. Near surface studies show the influence of the
proximity of the free surface on the forces and moments act-
ing on the submarine. In general, a suction force towards the
free surface will be found when sailing at periscope depth,
which is increased when also waves are present. The abil-
ity of an autopilot to maintain depth is largely influenced by
these forces. To be able to avoid too much excursion from

123



510 Journal of Ocean Engineering and Marine Energy (2022) 8:499–511

the desired diving depth, second order wave forces need to
be taken into account, as well as an integrating term in the
autopilot controller.

When numerically studying submarine hydrodynamics,
the appropriate tools need to be selected and they should
be applied within their range of applicability. For example,
when studying the performance of a submarine at periscope
depth, potential flow codes will not be able to handle wave
breaking which can occur when the sail is close to the water
surface, or flow separation during manoeuvring conditions.
For such applications, viscous flow solvers are more appro-
priate tools. Recent studies have shown the benefit of CFD
for submarine hydrodynamics. In those studies, application
of Automatic Mesh Refinement and Reynolds Stress Models
to handle turbulence was found to be attractive to get good
agreement with experiments.

With the current hydrodynamic tools, experience and
knowledge, upkeep or successor programmes can be better
supported than before.

Current CFD studies mainly focus on model scale condi-
tions, due to the availability of validation material. However,
some flow phenomena found on model scale are not as pro-
nounced or different in full scale. For example, in full scale
conditions, the flowwill generally be turbulent and transition
effects will have limited impact on the performance. On full
scale, the boundary layer will also be thinner, and stall char-
acteristics of control planes may be different. With a proper
setup and with attention to controlling the numerical uncer-
tainties in the results, CFD should be useful to study those
effects as a function of Reynolds number. In future studies,
more attention will therefore be paid to predictions for full-
scale conditions.
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