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Abstract - Naval Group is the European leader in naval dsfeiNaval Group designs, builds and maintains
submarines. Their stealth has a major focus indésign. Indeed, depending on the operational nmissif a
submarine, it may be close to the surface or @sggpe depth. In these two configurations the sulreamay be
particularly vulnerable to radar threats. To obtagnluced levels of signatures and improve the thteafl the
submarine, its design follows a signature managémencess for different detection cases. In thee cak a
submarine at periscope depth with a hoisted mamt, @nsidering aircraft threat, its stealth coroesfs to a
minimization of radar cross section (RCS) levels. ®higin of these signatures comes from two majarses, the
submarine itself and the deformation of the fredase induced by the submarine. In this article,ane particularly
interested in the signatures induced by the wakemgged by a submarine mast crossing the freecgurfdne method
developed in the present paper in order to evaliatesignature levels of the wake generated by st piarcing the
free surface is presented through the academidcatiph case of a cylindrical mast of circular @@&gction crossing
the free surface (similar to a periscope mastjwé-$tep approach is adopted. The first step cosdérm modelling
of the free-surface deformation generated by thetmaith the use of numerical simulations (CFD), ethiare
validated thanks to the literature. The second stasists in simulating the RCS signatures of thferdeed free-
surface according to the geometry of an operatitiredter and different threat sensors. The RCS siionlaf the

deformed free surface is carried out with SBR (Singeand-Bouncing-Rays) asymptotic methods

1 Introduction section) level decreases rapidly with the incregsin
angular configurations, which can be resulting for
instance from the movements of the submarine ).
Therefore, it can be considered that the absoitges
0 °is rarely factual.

In this work, a two-step approach is adopted. Tihst f
step consists in computing the mast wake - pa#itul

Sthe free surface elevation — thanks to a CFD method
Then, the free-surface deformation is used to ezptloe
RCS levels of the wake from the scene paramethes: t

submarine's mast and its environment. It allows the

evaluation of the major contributions of the RCSaof
submarine at periscope depth.

Thus, this paper is constructed as follows. Firsthe

modeling of the submarine wake geometry with a CFD

literature. method is presented. Then the computation of the

There is one reason for which ship detection do no,[scattering field is described and finally some Hssand

usually focus on wakes. The wake detection is conclusions are drawn.
computationally intensive. Thus it seems intergstia
limit the scope of the study to the wake of the mitgslf,

as the signature of the ship design has already bee2 Computation of the mast wake with a

widely studied. CED method
Indeed, several arguments can go in favor of wake

detection. Firstly, wakes are often visible oveeair 2.1 Background

distances, several tens of kilometers. Secondlyaiew  The flow around a circular cylinder is characteritsd
provides a lot of information about a ship: fir$ts  the development of complex free-surface deformation
heading and an indication of presence, but alsepié®d  For submarine cylindrical masts, typical Reynolds
and potentially its dimensions and the shape ohit numbers are arountid® to 10° - falling into the critical
Finally, build a ship in order to obtain a "stegltfiorm is to supercritical region - and thus making diffictlte

nowadays easy, but it is more difficult to hidevitake. If correct prediction of the drag coefficient [1]. e, in
we consider a cylindrical mast, its RCS (radar €ros

The main function of maritime surveillance radassto
detect targets above the water surface, such agpaas
submarine at periscope depth or a surfaced subearin
Historically, maritime surveillance has always afhat
securing high-traffic  transit areas. In maritime
surveillance, commonly used sensors are mainlytabas
radars (typically mounted on semaphores) or radar
mounted on patrol ships and aircraft. The advant#ge
such systems is the relatively low operation cdet (
coast stations) and good spatial and temporal
availabilities. In this work we are interested e twake
generated by a submarine mast. We have intentjonall
ignored the issue of detecting the submarine itself
because this problem is already widely studiedhe t
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this region, the drag coefficient is decreasingdsudly of [7] and the numerical results of [8]. A secorake
while increasing the Re number. When dealing with with D=0.2m and V=6kts (Re=614000 and Fr=2.21) is
submarine masts, Froude numbers are around 1 to 4simulated to investigate the effect of a highermsabne
leading to some characteristics patterns, deperutirthe speed on the free-surface deformation.

Froude numbers [7]. Thus the numerical modelling of

such flows is quite challenging and it has beeraftong 2.3.1 v=2.3 knots

time a subject of theoretical and analytical resiedn the A first simulation is carried out with Re=234000 -
naval hydrodynamic field. Fr=0.84. This first simulation aims at validatinget
Both experimental works ([7] , [9], [10]) and nurivad method.

studies have been conducted to solve this complexFor this case, the mesh is presentedig 1. It consists of
problem. 12M of cells. A mesh convergence has been perfoitmed
First of all, for the case of single phase flows[13] the ensure that the main surface quantities are cdyrect
authors compared URANS and DES turbulence captured with this discretization.

modelling at Re = 9.3 10* and Re = 5.5 10% without
correctly reproducing the drag drop. In [14] thehaus
performed single phase LES simulations in the stitakr

to supercritical regimes and obtained the expedied)
coefficient drop.

Other authors consider a cylinder piercing a fredase
([8], [15], [16]). In [8] LES simulations were coundted
for different Re and Fr numbers with constant r&eiFr,
showing the quite correct prediction of the drag
coefficient and of the free-surface deformatior@] [dsed

a RANS modelling of the turbulence and found that
RANS studies are enough accurate to capture the fre
surface elevation.

This paper focuses on the free surface deformation
induced by the cylinder. A RANS modelling approach
appears to be sufficient and is thus adopted. The
interesting quantities are mainly the free-surface
deformation in front of the cylinder (bow wave haip
and behind the cylinder (trough depth), as wellttzes
cylinder wake.
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2.3 Numerical set-up S S S,
A numerical approach using the open source finite
volume computational fluid dynamics (CFD) package
OpenFOAM v17.12 [2] is used to simulate the
incompressible flow past a vertical circular cyknd

piercing the free-surface. The URANS simulationg uUs The free-surface deformation on the whole domait an
the interFoam solver with a uwkSST turbulence  close to the mast isresented irFig 2 andFig 3. A good
modelling. Turbulence parameters are chosen acwrdi agreement is found with [8]. A synthetic companiso
to [11]. A target of y+=0.5 is used so that no waill is  wjth experimental result [7] and numerical simuati8]

employed. is given in Table 1. The bow wave in front of theimder
The air-water interface is tracked USing a Volumge O is well reproduced as well as the Kelvin wake anghe
Fluid (VOF) method with interface recompression: trough depth behind the cylinder is slightly ovéiraated
da in our simulation.

5 TVWUa)+V.[Upa(l-a)]=0, (1) For this case, results are in good agreement vhi¢h t

. ) ) available data.
whereU, is the relative velocity.

The numerical domain is constructed as followsthe
horizontal plane, it contains 25D downstream, 60D
upstream and 50D in the transverse direction. & th
vertical direction, it contains 10 cylinder dianmstbelow

the free-surface and 5 diameters above. The mesh is
generated with the inbuilt OpenFOAM meshing sofevar
blockMesh.

Two operating conditions have been simulated: teec
with D=0.2m and V=2.3kts (leading to Re=234000 and
Fr=0.8). This case is compared to the experimeddsd
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Reference Simulation
. 2.44
Bow wave height .
(D) (Bernoulli) 2.06
1.4
Trough depth (/D) | (anal. [17]) 0.55
Kelvin wake angle <19° 16°

Table 2. Results for Re=614000 and Fr=2.21.

Fig 2. Free surface elevation (from above). Re=234000 and

Fr=0.84. .
2.3.2 Conclusion
The numerical simulation of a circular mast piegcthe
Reference Simulation free-surface has been presented for two mast spékds
- two free-surface deformation obtained with the présd
. 0.35 (Bernoulli) - -
Bow wave height 0.35[[7] 0.34 CFD method will be used in the next paragraphsHer
(D) 0.33 [8] computation of the mast signature.
0.20 (anal. [17])
Trough depth (/D) 0.2[7] 0.28 .
024 [8] 1711.000e+00
Kelvin wake "
angle 19.5 18-19 Io
Table 1.Results for Re=234000 and Fr=0.84.

05

£.1.000e+00

Zadim
-1.000e+00

~1.000e+00

Fig 3. Free surface elevation close to the mast. Abowe: o

result. Below: Results from Koo et al. Re=234000 ar)fB4. Fig 4. Free surface elevation (from above). Re=614000 and
Fr=2.21.

2.3.2 v=6 knots .

Another simulation is performed with Re=614000 and E'DMO
Fr=2.21 to investigate the effect of a higher nemed. :
The mesh contains 18 M of cells.

The free-surface deformation over the whole donaaic %
close to the mast igresented irFig 2 andFig 3. The bow
wave in front of the cylinder is well reproduced {@ble

2). The trough depth behind the cylinder is
underestimated in our simulation, but it has bexgorted
that it can depart from the analytical formula givie
[17] for high values of Re and Fr [7]. Moreover, thre
present application of wake detection with rayse th
correct reproduction of the through depth is not an
important parameter.

0

-1.000e+00

Fig.5. Free surface elevation close to the mast. Re=6140600
Fr=2.21.
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3 Scattering field modeling
3.1 Methodology / Introduction
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is overall excellent agreement between the measmsm
and the RCS calculated with the SBR method usigyg ra
for targets whose dimensions are large relativeaho

To model the RCS of targets, useful techniques havewavelength.

already been developed and are known to provide
realistic results. They can be based on exact rdstho
(integral equations, method of moments...) or asgtip
methods. For now, exact methods are unfortunatety n
optimized to calculate the scattered field fromasgé
tridimensional complex object or scene. That is winst
simulation software are based on asymptotic methods

In this paper, in order to model the scattereddfiey a
complex scene, a combination of geometrical optics,
physical optics and of the method of equivalentenis
has been used’he method of ray tracing and reflection
radiation (SBR) has also been uséd.dense grid of
geometric optical rays representing the incidenveve
projected onto the surface and followed as the rays
bounce between surface irregularities. Then, ireotd
obtain the scattered field, the theory of physmmatics is
used to integrate the surface fields. This mettesplires

the radius of curvature of the surface to be muaecher
than the wavelength, but the effects of multiplattering

and shading are automatically included. Agreement
between the results of the SBR and the method of

3.2 Structure profile and simulation setup -
Model descriptionThe complex structure selected for
RCS computation is the scaled model of a typical
cylindrical mast and its wake, depicted in Fig8eThe
configuration of the submarine at periscope depth i
modeled by a cylindrical mast. The mast presents a
diameter of 200 mm and its length above the freéase
level is ~0.9 m. The mast wake and the correspagndin
bow wave height are given from the numerical
simulations presented in section 2, with a mastdmé 4
knots, 2.3 knots and 6 knots. The free-surface
considered to be initially at rest.

is

3.3 Geometry of the problem

Today, the main threat for submarine is patrolraits,
which have the ability to detect a submarine atagre
distances. Thus, the far-field theory is applicaiyethe
principle of respect of the Franhofer criteria. $laally,
these survey radars are called "monostatic”, whielns

moments for periodic and random rough surfaces hasthat the radar receiver is placed at the sameitocttian

demonstrated the feasibility and accuracy of theRSB
method. The considered modelling also includes the
shadowing and multi-path effects for more accurdtys
modelling can be considered as an electromagnadtic t
for RCS evaluation and for the generation of raiigmals

in maritime environments. The new aspect in this
contribution is the introduction of complex objeets the
wake of a submarine in the maritime environmentisTh
method provides a suitable approximation for a weak
computational burden in comparison with exact mesho
[6]. Moreover, for RCS accuracy, the modelling pyspd
here includes the shadowing effects and multiplerbe

(up to 20).

Fig. 6. The wake of cylindrical mast

The computation of the considered asymptotic method
needs a geometrical description of the target @istiene.
Therefore, a triangular surface mesh of the scene i
considered. To generate the target (the wake aed th
cylindrical mast), a software 3D CAO has been used.
The asymptotic solver of the commercial softwarelCS
Microwave Studio (MWS) have been employed for the
RCS simulation. In [4] the authors have shown thate

the radar transmitter. The radar transmits in Xdpahe
calculations are carried out with 10 GHz in polatian
HH and VV. For these case studies, we consideR8
levels of the target without taking into accounte th
atmospheric propagation phenomena, so we obtain the
intrinsic RCS of the RCS in free-space. The geonatr
aspect of the scene depends on the angle of elav@)i
and azimuth ¢) as shown in Figure 2. The calculations
are then performed for a grazing angle (89 °) amdhe
angular range in azimuth from 0 ° to 360 ° aroune t
target with 90 ° is full starboard and 270 ° fubirp

Fig. 7. Scene diagram

3.4 Method

The analysis method follows the diagram presented i
Figure 8.
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Threat paramerers: Submar ast: Mast wake : [
Frequency / izzion CA03Dmodel mestand materls €40 30 and spee Mast b
| I a
|

RCS Computation
RCS levels
ACS levels < criteria ‘ RCS levels > crteria

g Fig. 11.Sources of indiscretion — a the wake — b the dyiaal

| Search indiscretions sources | mast — ¢ the bow wake

hot spotand rays

Treatment of the indiscretions sources
—Eow vake
—Wake alone

R3S cylinder

Fig. 8. : Analysis methodology’s organigram }

Firstly, the calculation of the RCS is performed the
entire 3D model of the target consisting of tharaiical

MMM%W

i gwﬂwu i
] |

mast, the bow wave and the wake as shown on Figjure WWI'I' v WW!'IW" W '
In an envelope, the materials that constitute doutiors
are in PEC. |

Fig. 12.RCS level pol VV for each Source of indiscretion (a-
purple, b — green, c- red)

At this stage of the analysis, the RCS of the cyltal
Fig. 9. The target mast and the bow wave on the Figure 12 shows ligat t

mast and the bow wave have no major impact on the
overall signature of the RCS. The RCS of the wake h
impacted singularities on the angular intervals thoé
azimuths 44-62.5 ° and 300-314 ° with levels higinan

— Criteria the criteria level, which is also found in the aer

" — RCS levels signature of Figure 10. A fine research of the dbotors

‘ allows to show the zones of the wake where the RCS

important. Figure 13 (a and b) illustrate this majo

contribution at 58.5 ° in azimuth.

Fig. 10.Global RCS pol VV — RCS level ( dBsm)/azimuth(®)

The global RCS is shown in Figure 10 for a grazingle
(89 °) and a mast speed of 4 knots . The maximweide
exceed the criteria level at ~50° and ~300° inmaith
and ~180° in azimuth. In order to evaluate major
contributions, the RCS of each source of indisoreis

calculated separately. Fig. 13.Major contributors of the wake for 58.5° in azimis)
3.4.1 Azimuth [44-62.5]° and [300-314]° hotspot — (b) Rays at a given moment.

Thus, we get the RCS of the cylindrical mast, toe/b
wave and the wake (Figure 12).

3.4.2 Azimuth [150-202]°

The Figure 10 shows the global RCS of the cyliradric
mast, the bow wave and the wake. On the intervéhef
angles in azimuth between 150 and 200 degreefR @&
levels are very important, with levels higher thie
criteria level. Figure 14 shows the major contrdvatin
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this area. This is the multi-reflection of electragnetic for the Baltic Seagf = 41+41i) and the Dead Sea € 8
waves between the cylinder and the surface ofehdlsat ~ + 33i) for example. Then, the RCS level is 10 dBsle
is deformed by the wake on the back. The phenomenorthan the hypothesis of a totally reflective wake.

of mutireflexions increases the level of RCS There is also an average difference of 2 dB depgnoln
considerably. However, the hypothesis that has bee the geographical area.

made for this simulation, is the major hypotheskere

the sea is considered totally reflective. It ielikthat the = v

phenomenon of multireflections will be less impatt# b

the true dielectric parameters of the sea are dersil.

3.6409e+05

Fig. 15.RCS level of the wake according to sea criterieedqr.
Baltic sea, red : Ocean Atlantic, blue : The dea se

4.2 RCS of the wake as a function of time
Previous studies have assumed that the wake wis sta
over time. The wake of the submarine with speed
changes with time. The geometric characteristiesghs
as a function of time considering a cycle of 6 g0
The RCS was calculated to PEC wake every 0.5 sscond
g for a speed of 2.3 knots. The RCS behavior as etium
of time is almost identical around an average valiik a
Fig. 14.Major contributors of the wake for 158.5° in aziru standard deviation of 3 dB on one cycle
(b) hotspot — (a) Rays at a given moment.

4 Results

Previously, we have shown that the wake could have
major impact on the overall RCS of a submarinehat t
periscope depth.

In this part, we evaluate how the RCS of the wake
evolves, according to some parameters.

Fig. 16.RCS level of the wake according to time criteria.

4.1 Influence of dielectric parameters

The scattering properties of the wake depend oh et
electromagnetic characteristics and its state (gtacal

aspect). The geometrical properties of the fretasarcan
be modeled by the height as a function of the mositx;

y) and time t. The electromagnetic characteristitthe

sea are defined by the dielectric constant whigtedds
on both the temperature and the salinity [3].

The dielectric characteristics of the wake are nakeo

account in th? CST software "?‘S a layer of matewls a Fig. 17.Means RCS level of the wake according to time
one meter thickness and defined drycoated to a PEC. criteria.

Calculations were made for the dielectric paranseter

corresponding to the Atlantic Oceaar £ 56.9 + 33.4i),

Mean RCS
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4.3 RCS of the wake according to the speed of
Submarine

Figures 18 and 19 show the appearance of the wdk8 a
Knots and 6 Knots. The 6 Knots free surface defdriae
more important with the emergence of the bow wave
having a very complex shape, almost vertical.

Considering the sea material as being perfectlgctve
(PEC), the average RCS of the two wakes were
calculated. The results in Figure 20 show thatGtiaots
RCS is larger than the 2.3 Knots RCS with a megnoda

9 dB.

Fig. 18.The wake at 2.3 Knots

Fig. 19.The wake at 6 Knots

— Wake at 6 knots

Mean RCS — Wake at 2,3 knots

Fig. 20.Means RCS level of the wake according to speed (In
red: 6 Knots, in blue : 2.3 Knots)

5 Conclusion

This paper presented RCS simulations of free serfac
deformity when a cylindrical mast follows a straigh
trajectory at different speeds, as a function ofetiand
according to potential operational geographicahsre

The different simulations have shown that distarake/

is not the source of major indiscretion to globalR
which is all the more true as the dielectric cheeastics

of the sea surface do not allow a perfect and total
reflection. Two points must be noted, the losses ttu

Presentation / Panel

the dielectric parameters of the sea surface amd th
scattered phenomena of the wake. The wake then
presents a lower RCS of 10 dB compared to a wake in
PEC.

The RCS of the deformed free surface evolves as a
function of time and speed. And according to the
operational configurations of the submarine, ieither

the bow wave or the distant wake that presentsuaceo

of indiscretion. This is less than 0 dBsm in me&his
source of indiscretion can be negligible, evenakirtg
account the PEC material for the sea surface.

The risk of major indiscretion is related to
multireflections between the submarine mast andsése
surface, more specifically the free surface defoionaat

the rear.

All these simulations made it possible to highlighe
interacting parameters in the RCS results of a suinm

at sea with periscope depth. The rest of the whent
asks to be able to corroborate its results withstés
order to validate the methodology of analysis &f thdar
signatures of a submarine in maritime environment.
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