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ABSTRACT

In the present work we perform the numerical characterization of the hydrodynamic and the hydroacoustic
field of a notional submarine geometry (the BB2 submarine). Starting from a model-scale CFD simulation,
the full scale acoustic signature of the submarine is derived. We use large eddy simulation with a wall-layer

Ilf:i,g?;f&y simulation model and perform laboratory-scale numerical experiments at a value of Reynolds number equal to 1.2 x 10°.
Ffowes Williams and Hawkings equation The conditions are those of a wind-tunnel test. The study is carried out focusing on the submarine in its own
BB2 submarine basic configuration without propeller to highlight the acoustic properties of the hull by itself and to replicate
Hydroacoustics the silent advancing running (where all the non-essential source of noise are shut down and the speed is

minimum to minimize the propeller noise). In this configuration, the wake is the main source of noise. The
computational hydroacoustic analysis is based on the Ffowcs-Williams and Hawkings equation, here considered
in advective form, which is the most suitable form for wind-tunnel-like problems. The results show that the
acoustic spectrum is broadband in the far field and the SPL evaluated in the near field contains the signature
of coherent structures associated to the presence of the sail and appendages.

1. Introduction optimization is driven from the idea that noise is not an unavoidable
side-effect of the motion (Ianniello, 2016). Thus, the development of
The present research addresses the numerical simulation of the reliable and accurate predictive tools assumes a central role in the
turbulent flow around a Notional submarine geometry (namely the analysis of hydrodynamics and hydroacoustics of underwater vehicles.
BB2 Joubert, 2004, 2006) together with the characterization of its own In particular, the role of the Computational HydroAcoustic (CHA) is
hydroacoustic signature. to investigate the noise generated as a consequence of the solid-flow
Because of their own intricate fluid-dynamic features, from an interaction. This noise is the result of linear and non-linear effects, as
hydrodynamic perspective submarines can be considered among the for example the pressure acting on the body surface and the turbulence
most complex marine vessels. In fact, the interaction between the propagated in the near field, respectively.

flow field and the submarine determines a strongly three-dimensional
flow, with the development of typical vortical structures generated
by the sail and appendages. Around the hull, a turbulent boundary
layer develops which interacts with the sail wake, potentially yield-
ing to three-dimensional flow separations. In addition, the propeller’s
wake and cavitation make the problem even more complex. This in-
tricate dynamics generates a rich and broad-banded acoustic field,
whose characterization is of fundamental importance for military pur-
poses (Renilson, 2018); the noise pollution is also one of the major
threat to the animal species populating the seas, and its reduction is
required by recent regulations.

Also in consideration of the importance of minimizing the noise
emission, the design of submarines is continuously improved; this

CHA can be performed using either a direct method or an hybrid-
approach. Wang et al. (2006) provide a comprehensive review of com-
putational techniques for flow-noise prediction. The direct method
is based on the solution of the compressible Navier-Stokes equations
(NSEs) which delivers the acoustics together with the fluid dynamic
solution over the computational grid; when used in conjunction with
a direct solution of the NSEs (DNS) it is the most accurate technique
but unfeasible for most flows in the turbulent regime, since the com-
putational cost increases as Re> in wall-bounded turbulence (Re is
the Reynolds number of the flow), as shown for example in Piomelli
and Balaras (2002), Wang et al. (2006). Also, the direct method is
unfeasible for additional reasons: it would require a computational
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domain much larger that required for the solution of the fluid-dynamic
field; in case of incompressible flow field (namely Mach number smaller
that 0.3) the numerical solution of the compressible NSEs is unfeasible
due to numerical issues.

As an alternative to the direct method, a very efficient way to
face this problem is the hybrid-approach, also known as acoustic-
analogy (AA). It consists in decoupling the solution process of the
fluid-dynamics part from the hydroacoustics one. The idea behind AA is
to use a reliable fluid dynamic solution, constituting the noise source,
as an input for the acoustic solver. The noise is then radiated in the
far field by solving a non-homogeneous wave equation. There exist dif-
ferent versions of AAs. They differ by the field variable used (typically
it is a density perturbation) and also by the noise sources considered.
The technical report Uosukainen (2011) presents a complete overview
of the most popular AAs.

The present work is based on the Ffowcs-Williams and Hawkings
equation (FWH-equation) (Williams and Hawkings, 1969), which is an
extension of the early works of Lighthill (1952), Curle (1955) and it
accounts for the sound generated by the relative motion between a fluid
and rigid body. For this reason it is widely applied in estimating the
sound generated by helicopter rotors, airplanes or marine propellers
and aircraft engine fans.

When the AA is utilized to study problems characterized by the
presence of an upstream velocity (Najafy-Yazdi et al., 2010), the FW-
H equation has to be written in its advective form. In acoustics, the
case of a stationary observer receives the sound in a moving stream
is generally called a “wind-tunnel problem”. Worth to be mentioned
that the name is related to the motion conditions between flow and
body characterizing a wind tunnel test, rather then to the choice of
the fluid. Starting from the works of Farassat (1981) and Farassat
and Succi (1980) (formulations 1 and 1 A of the FW-H equation,
respectively), Najafy-Yazdi et al. (2010) derived the linear terms of the
FW-H equation in advective form. This is known as formulation 1C.
Recently Cianferra et al. (2019a) derived the advective form also for
the non-linear terms of FW-H equation. This is the formulation 1D and
represents the most complete advective form of the FW-H equation,
allowing to account for the noise generated by turbulence.

To obtain the hydroacoustic solution using the acoustic analogy is
necessary to get an accurate time-resolved hydrodynamic solution first,
which successively has to be post-processed by the acoustic solver.
Apart DNS, several techniques are available to calculate a reliable
approximation of the unsteady fluid-dynamic flow, as, among others,
the Unsteady Reynolds-Averaged Navier-Stokes equations (URANS),
Large-Eddy Simulation (LES) and Detached Eddy-Simulation (DES). In
most applications dealing with acoustics, the fluid-dynamic is generally
computed solving URANS, providing the non-stationary mean turbulent
field. In this case the effect of turbulent fluctuations on the acoustic
signature is not detectable, since the turbulent field is not resolved at
all and, as a consequence, most of the important information on the
frequency content of the resulting noise is lost (Piomelli et al., 1997;
lanniello, 2016). This approach is still suitable in presence of tonal
noise associated with deterministic and periodic flow structures (for
example the tip vortex of propellers or the von Karman vortex street
behind slender bluff bodies).

The growing availability of High-Performance Computing (HPC)
resources allows investigation of the complex flow field using DES
and even LES. They provide the unsteady, instantaneous and three
dimensional turbulent field, at a reasonable computational cost, even
in the high-Re number limit. In LES, the large and energy-carrying
scales of turbulence are directly solved by an unsteady 3D simulation,
while the smallest ones, more isotropic and dissipative, are modeled
through a suitable sub-grid scale parametrization. A main drawback
of LES of wall-bounded flows is the need to solve the thin viscous
sublayer developing near the wall. The computational cost required to
solve the boundary layer using LES increases with Re?> (see Piomelli
and Balaras, 2002 for a discussion), a bit less than that of a DNS, still

unaffordable for high Re-number flows. This problem can be mitigated
by modeling the near wall region through the use of special functions
(wall-layer models) allowing for a dramatic reduction of the computa-
tional cost up to acceptable levels. In this case the simulation is named
Wall-Modeled LES (WLES). Nowadays LES, WLES and also DES are in
use in the hydroacoustic research field (Wagner et al., 2007; Cianferra
et al., 2019a,b; Keller et al., 2018).

To the best of our knowledge, there is not literature about the eval-
uation of the acoustic field generated by a submarine, and, specifically,
for the BB2 model, neither numerical nor experimental; rather, recent
research has been devoted to the characterization of the hydrodynamic
field. WLES has been successfully applied to the analysis of the flow
around a model of a submarine by Anderson et al. (2012), Fureby et al.
(2016); they investigated the BB1 model (which is a geometry similar to
the BB2, described here below, the main difference being the absence of
the forward planes), at 0 and 10 degrees yaw and at Reynolds number
Re; = 4.5 x 10°. In their work, data from WLES and RANS were
validated against experimental data obtained in low speed wind tunnel
tests at Re; = 2.7 x 10°. The focus of the work was on the analysis
of the sail wake and of the fin-tip vortex displacement. The solutions
were obtained using the OpenFOAM platform. The Pressure Implicit
with Splitting of Operators (PISO) (Issa et al., 1986) procedure is used
to handle the pressure velocity coupling in WLES. The unstructured grid
is composed of 340 - 10° cells and wall-stress models are applied at the
solid surfaces. The authors used the sub-grid scale Mixed Model (MM)
and the Localized Dynamic Kinetic energy Model (LDKM). In successive
papers Norrison et al. (2016) and Petterson et al. (2018), WLES was
employed for the analysis of the self-propelled BB2 submarine advanc-
ing in straight ahead motion. Alin et al. (2010) and Bhushan et al.
(2013) provide interesting comparisons between LES, DES and RANS
predictions for the idealized submarine shape named DARPA Suboff
(DSub), an archetypal of a nuclear submarine (Groves et al., 1989).
DES and RANS approaches have been adopted by Chase et al. (2013),
Chase and Carrica (2013) for the analysis of the flow field and the
performances of the DSub in self-propulsion, in captive steady turn and
horizontal overshoot maneuvers.

When dealing with submarines the wake assumes a crucial im-
portance. It can be considered the footprint left by a submarine and
propagates downstream for very long distances leaving an unavoidable
trace and constituting an important source of noise. For this reason
the characterization of the wakes is of fundamental importance in
engineering applications and numerical simulations of turbulent wakes
thus require a fine computational grid extending far away downstream
the body generator. Posa and Balaras (2016) performed LES of the flow
over the fully appended DSub at 0° yaw angle and Reynolds number
equal to Re; = 1.2 x 10° using a 2.8 billion grid cells. The authors used
a direct-forcing immersed boundary method (Posa and Balaras, 2014;
Fadlun et al., 2000) solving the governing equations over a staggered
grid in cylindrical coordinates. They adopted the Wall-Adapting Local
Eddy-Viscosity (WALE) sub-grid scale model of Nicoud and Ducros
(1999), which was proven to be as accurate as any dynamic model
at a lower computational cost. The mean velocity and Reynolds stress
fields were calculated and validated against experimental and DNS
data. Mean velocity and Reynolds stress profiles in the intermediate
wake, at 6 submarine’s diameters downstream, were compared with
experimental data from Jiménez et al. (2010b). The authors also dis-
cussed the bimodal behavior of the wake and the evolution downstream
towards self-similarity. Kumar and Mahesh (2018) investigated the
axisymmetric body of revolution, i.e. the submarine DSub without the
appendages and propeller, using a body fitted unstructured grid, at
Reynolds number Re; = 1.1 X 10° based on the length of the hull and
the free-stream velocity. They used the dynamic Smagorinsky sub-grid
scale stress model (Germano et al. (1991), Lilly (1992)). The authors
carried out a detailed analysis of the turbulent boundary layer and
of the wake till a distance of 15 Suboff’s diameters downstream the



stern. In both LES studies, the authors found a good agreement with the
experimental data of Jiménez et al. (2010a) and Jiménez et al. (2010b).

The acoustic analysis of BB2 model was performed by Fischer et al.
(2017) at the DST Group’s Low Speed Wind Tunnel using 64 micro-
phones randomly located. The model was placed at different pitch and
yaw angles and considering two flow speeds. Spectra obtained with and
without the model in the tunnel were compared and it was observed
that the noise from the model is the same as the background except at
one single frequency and only for the highest flow speed where a peak
was observed when the model is present.

To summarize, most studies were devoted to the analysis of the flow
around archetypal submarines, mostly for the study of performance
under manoeuvring and also focused on the characteristics of the
wake. A considerable amount of studies used eddy resolving numerical
techniques. Comparatively few studies focused on the analysis of the
acoustic signature of submarines.

In the present work we focus on the characterization of the hydroa-
coustics signature of the fully-appended BB2 submarine model, without
propeller. We choose the BB2 submarine since it has been and it is still
considered for several experimental and numerical research campaigns;
therefore, a large amount of data are available. Among others, Kumar
et al. (2012) performed particle image velocimetry measurements,
while Quick et al. (2012) and Quick and Woodyatt (2014) performed
measurements of hydrodynamic forces on the hull. Anderson et al.
(2012) reported accurate skin-friction coefficient measurements (using
different tripping strategies), while (Anderson et al., 2012; Fureby
et al., 2016; Lee et al., 2019) provides interesting flow visualizations.
Moreover, the BB2 is also the object of various CFD studies, for ex-
ample, carried out within the NATO AVT-301 collaboration group for
flow field prediction for manoeuvring underwater vehicles (Toxopeus,
2017).

The propeller is not considered in the present study for a main rea-
son. Since this is the first literature study where the acoustic signature
of the BB2 submarine is investigated, it is more convenient to focus on
the main body in order to obtain a full characterization. Another reason
is that literature works here referenced for the wake do not consider
the propeller too. To be noted that the interaction with the propeller
may vary the acoustic signature also in view of the characteristics
of the propeller itself. The hydrodynamic simulation is carried out at
Reynolds number equal to Re; = 1.2 x 10° using WLES, paying special
attention to the axisymmetric wake development. The flow conditions
are the same as in Jiménez et al. (2010b) and Posa and Balaras (2016).
Modeling the near-wall flow allows for a substantial reduction of the
cell amount in the grid; we use about 40 - 10°, making the simulation
more affordable. The acoustic field is evaluated using the AA in its
formulation 1D. To the best of our knowledge, the application of
such methodology to submarines represents a novelty in the literature.
For this reason, validation of the acoustic field cannot be assessed.
However, our methodology has been extensively validated in a number
of cases. Specifically, in Cianferra (2017) the authors considered the
acoustic field generated by bluff bodies; in Cianferra et al. (2019a)
the case of an elongated cylinder was considered, in Cianferra et al.
(2019b), Cianferra and Armenio (2021), Posa et al. (2022b) the acous-
tic field generated by isolated marine propellers was deeply analyzed.
Further, in Posa et al. (2022d), Posa et al. (2022c¢) and Posa et al.
(2022a) the same methodology has been employed for the analysis of
a system composed by a submarine propeller and a rudder.

The paper is organized as follows. The set up of the simulation
including numerical method, computational grid and boundary condi-
tions is discussed in Section 2. Results and validations against available
data are described and discussed in Section 3. The pressure coefficient
C, and skin friction C, over the hull are presented in Section 3.2. The
boundary layer, first order velocity statistics and velocity spectra are
in Section 3.4. The analysis of the intermediate self-similar wake is
discussed in Section 3.3 showing local Reynolds number behavior, self-
similar profiles, pressure and velocity spectra. Section 4 presents the
results for the hydroacoustic analysis of the BB2 submarine, including
the analysis of directivity patterns and the acoustic spectra of the wake.
Finally, concluding remarks are in Section 5.

2. The mathematical framework

This Section contains the mathematical framework for both the fluid
dynamic and the hydroacoustic part. Specifically, Section 2.1 describes
the fluid dynamic conservation laws and the subgrid scale model.
Section 2.2 discusses the AA herein employed, namely the integral form
of the advective FW-H equation. The statement of the problem and the
computational setup are described in Section 2.3.

2.1. Fluid dynamic model
Large-eddy simulation resolves the filtered unsteady and three-

dimensional Navier—Stokes equations, which in their incompressible
form read as:

oU,

—L =0, 1
o, @
ou, 0 —— 1dp 107 =

T, 9 guy=-L2 170 vy, 2
ot ()x-( Uy pox; p ox; v @

where the symbol = denotes a filtering operation. In the equations
above, U; denotes the velocity component along the i-direction, p and
v are respectively the fluid density and kinematic viscosity, p is the
hydrodynamic pressure and 7;; = p(ﬁiﬁj - U,U)) is the subgrid-scale
stress (SGS) tensor; it comes out from the filtering operation of the
non linear (advective) term of the NSEs. It represents the effects of the
unresolved scales of motion on the larger, resolved ones. In the present
paper, it has been modeled following the eddy-viscosity assumption:

= 1 = 2
T = 2pve, Sy + gaijr,fk = 20V5gs Sy + ki ©)]
where Vsgs 18 the Sub-Grid Scale (SGS) eddy viscosity; k, is the residual

kinetic energy, which is included into thermodynamic pressure. For
simplicity the new variable is denoted again with p; S, ; is the resolved
rate-of-strain tensor; ¢;; is the Kronecker symbol. In this study, the
SGS eddy viscosity is calculated using the Wall-Adapting Local Eddy-
viscosity (WALE) model, developed by Nicoud and Ducros (1999) has
be used:

( Sidj S;,j)a/z

Vygs = (Cud)’ @

(5 5;)"% + (¢ sy

where Sl.d. is the traceless symmetric part of the square of the filtered-
velocity gradient tensor; C,, is a model constant and 4 is a length scale
related to the local size of the computational grid. This model is suited
for flows around complex geometries. Also, from computational point
of view it is not expensive and takes into account the effect of the local
strain and of rotation. The quantity v,,, tends naturally to O at the
wall as ~ xi and for this reason it is particularly suited for LES (Posa
and Balaras, 2016). Also, the fact that the model does not need an ad-
hoc damping functions near the solid boundaries makes it suited for
WLES. Posa and Balaras (2020) used the WALE model coupled with
the standard equilibrium wall-layer model for the simulation of the
DARPA Suboff at very high Reynolds number, obtaining rather a good
agreement with the experimental data.

2.2. The formulation 1D of the Ffowcs Williams and Hawking equation

The Ffowcs Williams and Hawking equation (Williams and Hawk-
ings, 1969) provides the acoustic pressure generated by the relative
motion between a fluid flow and a rigid body. Due to its better compu-
tational performances, the integral formulation of the FW-H equation
generally is adopted. In the FW-H equation, the acoustic pressure is
expressed as a sum of three terms:

Px.1) = pr'(x,0) +p, (x.0) + po/ (x,1). (5)

The first term p;’ is called Thickness component. It represents the noise
generated by the fluid displaced by the body in motion. The Loading



component p,’ represents the noise coming from the fluid dynamic

pressure acting on the body surface. Both p;’ and p;’ are surface
integrals, calculated on the surface of the solid body, and representing
the linear part of FW-H equation. The term indicated with py’ is
known as Quadrupole term (Farassat, 2007). It is composed of the sum
of volume integrals and represents the contribution from non linear
sources, namely the pressure and velocity disturbances developing
around the generator body and in its wake; Ianniello et al. (2013)
and successive literature, showed that differently from the aeroacoustic
problem, where the quadrupole term is relevant just for transonic or
supersonic flows, in hydroacoustics it affects significantly the pressure
field. The evaluation of quadrupole term is very expensive in terms of
computational time and data storage because of the time-delays. In fact,
these integrals contain terms to be evaluated at specific times 7, whose
contribution determines the pressure signal at the present time 7.

When CHA is utilized for wind-tunnels problems, the FW-H equa-
tion has to be written in advective form. Najafy-Yazdi et al. (2010)
derived the advective loading and thickness terms (formulation 1C),
while only recently Cianferra et al. (2019a) provided the advective
form of the quadrupole term a general criterion for an accurate and
efficient evaluation of these contributions to the acoustic signal. To
distinguish the formulation developed by Najafy-Yazdi et al. (2010)
from that one provided by Cianferra et al. (2019a), the latter will be
named formulation 1D, meaning that in the FW-H equation appear
both linear and non-linear terms in advective form.

In the present case, we consider a fixed-in-space non-permeable
body (i.e. U, = V,, with V the body velocity), so the thickness
term is null and loading term assumes the simple form of the Curle
equation (Curle, 1955) in advective formulation:

~AN A SN Ak
. 7 pn;r;
sspxn= 22 [120] asy [|Z02] as. ©)
cyot Js| r . stL r? |,
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The kernels of the integrals are evaluated at the time z, which is
the time of noise emission from the source, that is located at y. The
acoustic signal reaches the receiver in x at the present time 7. Emission
time and receiving time are related by the equation:

[x() — y(©)I

_ T
In Eq. (6), the domain of integration is denoted as S; the surface .S
may be coincident with the solid body or may be larger and include it
when the porous formulation is employed (see Cianferra et al., 2019a
and literature therein reported). In this case .S coincides with the solid
wall of the immersed body. To be noticed that Curle’s analogy does not
provide for the computation of the quadrupole terms, and it turns out
to be a special case of the more general FWH equation. The integrals
of Eq. (7) are computed in the fluid volume V surrounding the surface
S. 7t indicates the unit normal to S; while 7; and 7} are the components
of the unit radiation vectors, given by:

(®
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Fig. 1. Lateral view of the BB2 submarine and frame of reference.

r and r* indicate the modules of the radiation vectors r and r*,
respectively; M, = U, /c, is the free-stream Mach number, where ¢,
is the speed of sound.

In Eq. (7)T; i is the Lighthill second order stress tensor (Lighthill,
1952) and is given by:

Ty =n U U+ (G cg’p) 6. a2

The first term composing T}; is py U; U; and is associated to the velocity
perturbations in the flow; the second term j — ¢,?j describes possible
non-isentropic acoustic generation processes, where 5 = p — p, is the
density perturbation. R;; is the diagonal matrix R}, = (1, B2, B2).

As it was already mentioned, the time delays plays a crucial role in
the propagation of sound waves. Indeed, since the sound wave travels at
finite speed, the observer x will receive the signal emitted at = only after
the wave covered the source-observer distance r. It is clear that the
computation of time-delays would require conspicuous data storage;
however, if the Maximum Frequency Parameter (Cianferra et al., 2019a)
satisfies the condition:

1
MFP
the effect of compressibility can be ignored and the sound pressure
wave can be considered traveling at infinite speed. In Eq. (13), 4,
is given by:

= Ade[ fmax <1, (13)

max ly = x,,;.| — min |y — X0 |
yES mic yES mic
Ao = p , 14
0

where f,,.. is the highest frequency at which the fluid dynamic phe-
nomena is observed. f,,, is chosen to be representative of the flow
phenomena. From a practical point of view, once f,,,. is estimated from
fluid dynamic data, to satisfy the condition M FP > 1 corresponds to
limit the value of 4,,,.

2.3. Computational setup

We perform LES of the turbulent flow around the BB2 subma-
rine, which is a modification of the BB1 submarine (Joubert, 2004,
2006). It is representative of a standard Diesel submarine, with a
large casing, two fore fins placed on the side of the sail and an X-
form rudder (Overpelt et al., 2015). The Reynolds number considered
is Re;, = LU v™' = 1.2 x 10°, with L = 3.826 m the submerged
length at model scale, U,, the far field velocity equal to 3 m s~ and
v the kinematic viscosity of the fluid. The submarine is advancing in
straight ahead conditions. Fig. 1 shows the BB2 in its fully appended
configuration without propeller and the frame of reference adopted.
The origin of right-handed coordinate system is located at the stern.
With x directed forward, y to port side and z vertically upward.

2.3.1. Computational fluid domain and grid

The computational domain is a rectangular box, whose its longitudi-
nal mid-plane section is depicted in Fig. 2. Along the y- and z-directions
the domain bounds are located at + 13D, with D the diameter of the
hull at x = 0.5L. The distance of the stern from the outlet is 20 D,
while the distance between bow and inlet is 13 D. The grid employed
for the WLES is composed of 40,000,000 cells. Blocks composed by
hexahedral cells are used in the near body and the wake regions, while
tetrahedral cells are used to fill the rest of the domain. The present
grid is a modification of that of Bettle (2020), for Wall-Resolved RANS.



Table 1
Evaluation of LES grid quality parameters.

Quality criteria Value
Max cell-openness 10715
Max aspect-ratio 52
Min volume 10-12
Max non-orthogonality 74.57
Average non-orthogonality 15
Max-skewness 2.22

Free stream Uy,

Outflow z,fb Free stream U,

13.24 D

20 D 6.63 D 13.24 D

Fig. 2. Longitudinal mid-plane section of the computational domain.

Fig. 3. Computational grid: (a) plane W (x/L =0.5); (b) sail and sail planes; (c)
transverse plane Y (y = 0).

Modifications were directed to adapt it to WLES and to maintain high
resolution also in the wake. Focusing on the main-body (0.25 < x/L
< 0.75), where a fully developed turbulent boundary layer is expected,
the heights of the first layer of cells in wall normal direction is of 50
wall units; the resolution in streamwise and circumferential directions
is Ax* = 100 and 40% = 100 respectively. Table 1 contains the values
of the grid quality parameters obtained using the OpenFOAM utility
checkMesh. Fig. 3 shows three views of the grid: a section at x/L = 0.5,
the sail and sail planes and a section at plane y = 0.

2.3.2. Solver and numerical schemes

The solution algorithm for pressure-velocity coupling is a cus-
tomized PISO scheme, with 2 corrections loop and one extra loop for
non-orthogonality. The solver used for the pressure is the iterative
Preconditioned Conjugate Gradient (PCG) coupled with a Faster version

of the Diagonal-based Incomplete Cholesky preconditioner (FDIC). The
solver used for the advective term is the Preconditioned Bi-Conjugate
Gradient (PBiCG), with Diagonal-based Incomplete LU preconditioner
(DILU).

Table 2 collects the relevant information about spatial discretization
schemes used in LES. In order to improve the stability, especially at
the interface between tetrahedral and hexahedral grid elements, the
LUST scheme has been adopted. It is a blend between linear (75%)
and second order upwind (25%). Time derivative was discretized with
an explicit Euler scheme, and the time step size is 1.57 x 107#¢, (with
t, = %) which guarantees CFL =0.5 < 1.

2.3.3. Boundary and initial conditions

At the inlet the velocity field is considered uniform and equal to
U,, and a zero gradient (in the direction normal to the inlet boundary)
condition is imposed for pressure. At the outlet, the streamwise velocity
gradient is set to zero while the gauge pressure is zero. A zero-gradient
condition was applied to the physic variables at top, bottom, and the
two lateral patches of the computational domain. No-slip boundary
condition was enforced on the solid walls together with a wall-model,
based on the Spalding’s continuous formulation of the law of the
wall (Spalding, 1961).

As initial condition we use a steady-state RANS solution obtained
using the same grid at Re; = 1.2 x 10°. In this case the turbulence
model adopted was a standard k — ¢ with the Spalding’s continuous
wall-function.

2.3.4. Numerical stimulator of turbulence

The velocity at the inlet patch is uniform and equal to U,,. Starting
from the bow of the submarine, where a stagnation point is present,
a laminar boundary layer develops up to a transition to turbulence.
Likewise laboratory experiments, in order to stimulate the transition
to turbulence, a numerical stimulator is placed in the bow region. It
consists of a random volume forces, with zero mean value, applied over
a small portion of the submarine surface. Fig. 4 shows the trace of the
tripping loads on the submarine’s surface (0.9 < x/L < 0.925). In this
case the transition occurs at x/L ~ 0.84. The body forces are generated
at every step of the PISO loop, based on the resolved LES velocity, on
the mean velocity and on the amount of turbulent kinetic energy (both
computed in the precursor RANS, which becomes part of the overall
model).

2.4. RANS simulations of the BB2

The present section presents the numerical settings of the RANS
simulations. We show them because RANS results have been utilized
both as initial condition of LES and for comparison with LES. RANS
has been performed with and without wall models. The grid utilized in
these two cases is the same with the exception of the first wall-adjacent
layer of cell, whose the cell height has been modified to obtain a y* =1
in the case of wall-resolved simulation, or y* = 50 in the case of wall-
function. The grid has been selected after a mesh refinement study. The
Large-Eddy Simulation has been conducted at the same Re number of
the RANS, using the WM-RANS solution as initial condition.

The RANS results (computed with OpenFOAM) were validated with
those obtained by the other participants in the AVT-301 collaborative
work-group.

The use of wall-functions at these relatively low Reynolds number
is not straightforward. We experienced many issues about setting up
suitable numerical parameters for this case and choosing the best per-
forming turbulence model. The k —w SST equipped with wall-functions
responded badly in estimating forces and the wall-shear stress close to
the bow. For this reason we adopted the classic k — e turbulence model
and hereby we propose a comparison between the results from the wall-
resolving simulation obtained using k — @ SST and the wall-modeled
simulation obtained using the k — ¢ (see Fig. 7).



Table 2
LES discretization schemes.

Item Discretization Type

VU Gauss cellMDLimited Gauss Linear 1 limited central differencing

Vp Gauss linear central differencing

V- (¢, 0) Gauss LUST 75% linear and 25% 2nd order upwind
Ve Gauss linear central differencing

V- w(VO)T Gauss linear unbounded central differencing

v? Gauss linear corrected unbounded central differencing

Cp
-0.2 -0.15 -0.1 -005 0 0.05 0.1 0.15 0.2
|

Numerical tripping

Fig. 4. Body forces of the numerical stimulator of turbulence acting on the submarine.

Table 3
Discretization schemes wall-resolving and wall-modeled RANS simulation.
Item WR-RANS WM-RANS
VU cellMDLimited Gauss linear 0.5 cellLimited Gauss linear 0.5
vV {p, k, o} Gauss linear Gauss linear
V- (¢,U) bounded Gauss linearUpwind Gauss linear bounded Gauss linearUpwind cellLimited Gauss linear 0.5
V- (¢, k) bounded Gauss linearUpwind Gauss linear bounded Gauss linearUpwind cellLimited Gauss linear 0.5
V- (¢, o) bounded Gauss upwind bounded Gauss upwind
V-wvu)" Gauss linear Gauss linear
V2 Gauss linear limited corrected 0.5 Gauss linear limited corrected 0.5
Table 4 two turbulence model equations dropped by more than five orders of
RANS initial conditions. magnitude.
Item Units Value Description
U [m/s] (=300) mean velocity field 3. WLES results
P [m2/s2] 0 mean kinematic pressure
k [m?/5] 0.00135 turbulent kinetic energy 3.1. Overview of the flow field
® [s7!] 150 specific dissipation rate
. [m2/s7] 0.015 rate of dissipation of turbulent kinetic energy We consider here the submarine in straight ahead advancement,

2.4.1. Solver and numerical schemes (RANS)

The solution algorithm for pressure-velocity coupling used is SIM-
PLEC scheme (Semi-Implicit Method for Pressure Linked Equations
Consistent) (Patankar, 1980). The solver used for the pressure is the
standard OpenFOAM multigrid GAMG with Gauss-Seidel smoother.
The solver used for the momentum and the other transport equations
is a stabilized preconditioned bi-conjugate gradient, PBiCGStab (for
asymmetric matrices), with the diagonal incomplete-LU preconditioner.

Table 3 collects all the relevant information about spatial discretiza-
tion schemes used in RANS computations. Obviously this is not the
only possible choice. Based on our tests, the combination of schemes
reported gives superior behavior for the flow conditions analyzed in the
present research. Specifically an intensive campaign of numerical tests
was carried out, simulating the turbulent flows at different Reynolds
numbers and using a variety of strategies for the treatment of the
near-wall region.

Table 4 shows the initial conditions of the RANS, the boundary
conditions are listed in the following Table 5, grouped by patches. With
sub-walls we intend the solid boundaries of the submarine: hull, sail,
sail plane, rudders.

As a final remark, the convergence history, for both WR-RANS and
WM-RANS, shown that pressure residuals drop about three orders of
magnitude. The residuals of the three momentum equations and of the

as shown in Fig. 5. Initially we focus on the bottom side of the hull
(z < 0). Starting the flow description from the nose of the submarine,
a first stagnation point occurs at the bow; here the velocity approaches
to zero and the pressure coefficient increases to a maximum. The
boundary layer is initially laminar and the flow develops under an
adverse pressure gradient. At about 0.1L (L is the submarine length)
from the bow, the boundary layer undergoes a transition to turbulence
and the pressure gradient along the streamwise direction goes rapidly
to zero. Despite the circumferential pressure gradient is not uniform,
the friction coefficient resembles that of a canonical boundary layer
over a Zero-Pressure-Gradient Turbulent Flat Plate (ZPGTFP). Moving
downstream, close to the stern, the flow separates and a turbulent ax-
isymmetric two-dimensional wake develops. As suggested by Townsend
(1956), sufficiently far from the generator, the wake reaches a state of
moving-equilibrium and becomes self-similar. Under these conditions,
the mean velocity profile can be described using a velocity scale u, and
a length scale /, only. The same does not hold for the Reynolds stresses
that in the wake never attain self-similarity, as discussed in Jiménez
et al. (2010a), Posa and Balaras (2016) and Kumar and Mahesh (2018).

The presence of the appendages makes the flow substantially more
complex. They modify the turbulent field, in fact, the shear layer
from the trailing edge of the fins affects the wake. This was shown
experimentally by Jiménez et al. (2010b) and numerically by Posa and
Balaras (2016). Further, the sail on the upper side of the hull generates
an adverse pressure gradient that determines the formation of a horse-
shoe vortex. This vortex structure surrounds the sail and it is advected



Table 5
Boundary conditions RANS simulations.

Item  Units Inlet Outlet Sub-walls WR Sub-walls WF

U [m/s] (=300) zero gradient  noSlip noSlip

p [m?/s?]  zero gradient 0 zero gradient zero gradient

k [m2/s?]  0.00135 zero gradient 0 kqRWallFunction

® [s7] 150 zero gradient  omegaWallFunction -

€ [m?/s*] 0.5 zero gradient - epsilonWallFunction

v, [m?/s] calculated calculated 0 nutUSpaldingWallFunction
Trip

Sail-tip vortex
j Fin-tip vortex

Junction vortex

Axisymmetric wake

Horseshoe vortex

Turbulent boundary layer

Rudder-tip vortex

Fig. 5. Visualization of the turbulent structures around the BB2 submarine at Reynolds
number Re; = 1.2 x 10°. Q-criterion iso-surfaces (QUL:127) colored by pressure
coefficient.

downstream by the free stream current, interacting with the boundary
layer over the hull. From the top side of the sail, additional vortices
develop from the trailing edge and from the widest section of the
sail (Fureby et al., 2016). The wake, on the side of the sail, cannot
be considered axisymmetric due to the sail-wake effect on the velocity
deficit at the center line of the wake. Further, three dimensional
vortical structures arise from the sail, from the horizontal hydroplanes
and from the rudders, whereas a couple of counter rotating vortices
develop from the bottom of the hull.

Among these complex processes, turbulent wakes and boundary
layers can be considered the fundamental fluid dynamic canonical
flows developing around streamlined bodies as submarine vehicle.
As suggested by Kumar and Mahesh (2018), far away downstream
from the stern the wake attains self-similarity and Reynolds number
independence.

3.2. Pressure and skin friction coefficients

Fig. 6 shows the mean resolved pressure coefficient over the subma-
rine. Statistics have been computed with data sampled over the solid
surfaces for 9¢,, with 7, = tU/L. The pressure coefficient is defined
as C, = (p- pw)/(%onzo). Fig. 7 panel (a) shows the time-averaged
pressure coefficient over the intersection curve between the submarine
and the semi-plane z < 0. Comparison is carried out with RANS results,
both for the wall-resolved mode and for the wall-modeled one, and
with experimental data by Huang et al. (1992) for DARPA submarine.
Experiments were conducted at Re=12x10%. On the central region,
0.3 < x/L < 0.7, all the numerical and experimental data are in a rather
good agreement. DARPA’s data move away at the bow and at the stern,
probably due to the geometry differences between DARPA and BB2.

Fig. 7 panel (b) shows the skin-friction coefficient C, on the same
location as for the C,. C, is defined as C, = 7,/ (%pU;). The compari-
son is made again between WLES, scaled experimental data by Huang

Fig. 6. Time-averaged pressure coefficient.

et al. (1992) and Anderson et al. (2012) and the two RANS simula-
tions (WR and WM) carried out together with the present LES. WLES
underestimates C,, whereas wall-resolved RANS shows rather good
agreement with experiments. RANS with wall-model overestimates C,
in the central region of the hull. Possible causes of disagreement are
the different value of the Reynolds number among the cases compared
in Fig. 7 and the stimulation of turbulence. Specifically, for the cases
compared in the figure Reynolds similarity is not expected and the
friction coefficient may be sensitive to the values of Re; Also, Fig. 7
shows that the main difference arises in the region of the bow and this
difference is translated back over the region of the ZPGTFP. Probably
a better mechanism to trigger turbulence is required. This is an issue
worth of future investigation. However, it has to be highlighted that,
since we are focused on the hydro-acoustics response of the submarine,
our interest is not on the flow field close to the wall by itself, rather
on the flow field outside the boundary layer and in the wake. With this
focus, the results of our WLES is fully satisfactory; In fact, as it will be
shown later on (Section 3.4), the WLES estimation of the flow field in
the wake is in rather good agreement with available experimental data,
theory and WLES predictions by other authors.

3.3. Turbulent boundary layer

Figs. 8 (a) and (b) show a cross-sectional picture of instantaneous
velocity and vorticity contours over a plane located just behind the
sail, at 50% of the submarine length (W-plane), while Figs. 8 (c)
and (d) show the mean axial velocity u and the resolved non dimen-
sional averaged turbulent kinetic energy k, made non dimensional with
U2. Looking at the instantaneous velocity and vorticity contours we
observe the footprint of the sail and sailplane wake. The Turbulent
Boundary Layer (TBL) surrounds the hull, depicting the characteristic
eddies. It is well know that TBL is characterized by a complex dy-
namics (Pope, 2000). In the present case, since we parametrize the
part of the boundary layer, up to y* ~ 50, we cannot see structures
up the early part of the log-layer, because the grid does not resolve
them (Piomelli and Balaras, 2002). The wall-model is able to model
the effect of these structures in a statistical sense; with reference to
Fig. 9(a), where the outermost part of the boundary layer is depicted,
we can clearly see ejections of low-speed fluid from the wall (indicated
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Fig. 7. Time-averaged pressure and skin friction coefficients over the bottom side of the hull. Present LES computation ( === ); Experimental data over DARPA-SUBOFF at

Re; =12x10° ( LD} (Huang et al., 1992); Experimental data over DSTO generic submarine (BB1) at Re; = 5.4 x 10° (

) (Anderson et al., 2012); Wall-resolved RANS k —w SST

( ) at Re; = 1.2x 10° Wall-modeled RANS k —¢ ( = ) at Re, = 1.2x 10°; Experimental data were rescaled, based on the Reynolds numbers ratio (Posa and Balaras, 2016).

with a blue arrow pointing upward) and sweeps of high-speed fluid
towards the wall (indicated with a black arrow pointing downward).
In Fig. 9(b) streamwise vorticity contours suggest the presence of
large eddies or bulges; They are § scale motions capped in the outer
turbulent/potential interface (Robinson, 1991). Considering that we
have transition at about 0.2L from the bow (see Fig. 4), at x/L = 0.4
an estimation of the non-dimensional boundary layer thickness based
on present LES simulation is §/L=0.013 (non-dimensional boundary
layer thickness from theoretical power-law is §/L=0.012). Vorticity
is distributed along areas inclined by about 20-25 degrees, in the
direction of the free stream. These areas are separated by valleys of
non-turbulent flow. Looking for tiny white areas in the picture, we can
recognize valleys.

All these chaotic eddies give rise to a behavior which can be repre-
sented in a statistical way. In this central zone of the hull, the boundary
layer can be considered similar to that developing over a ZPGTFP, so
that it is possible to make comparison with well-established theoretical
results (Pope, 2000; Davidson, 2004). Fig. 10(a) shows the mean axial
velocity profile, made dimensionless using the friction velocity u,, as a
function of the non-dimensional distance from the wall (expressed in
wall units). The data are sampled along a line at (x/L=0.5, 0, z<0).
The sampling frequency is 100 Hz and the sampling period is equal to
9 t.. The velocity is plotted using two different values of the friction
velocity: in the green dashed line it is scaled using the wall-shear stress
coming from the present simulation, while in the dash-dotted blue line,
it is calculated using the nominal wall-shear stress of the wall-resolved
RANS. In this way it is possible to give a measure of the log-layer
mismatch (Mukha, 2018; Mukha and Liefvendahl, 2015; Larsson et al.,
2016; Yang et al., 2017). Following the definition given by Yang et al.
(2017), the log-layer mismatch is a chronic problem affecting WLES,
where the modeled wall-shear stress deviates from the true one by
approximately 15%. Even more evident (and may be expected) is the
mismatch for the second order statistics in comparison with available
data for a ZPGTFP estimated with LES (Eitel-Amor et al., 2014), as
shown in Fig. 10(b).

3.4. Turbulent axisymmetric wake

The validation of the LES wake is made against the theoretic ax-
isymmetric wake model, and against numerical and experimental data
available. Because of the submarine appendages, the analysis is limited
to the semi-space z < 0.

Fig. 11 shows the instantaneous turbulent wake in terms of non-
dimensional velocity contours on two planes: the horizontal plane H
(z = 0) (figure (a)) and the transverse plane Y (y = 0), (figure (b)).
In Fig. 11 panel (a), it is observed that the wake is that typically
generated by a streamlined body, whereas, on plane Y (Fig. 11 panel
(b)) the trace of the sail along the entire wake is evident. To develop

the analysis of the wake it is common to use a local frame of reference
in cylindrical coordinates as the one shown in Fig. 12 (George, 1989).
The origin of the frame of reference is located at the stern of the
submarine and the streamwise direction is oriented as positive x. The
study of the axisymmetric turbulent wake requires the definition of a
set of new variables (Tennekes and Lumley, 1972; Pope, 2000). The
velocity along the symmetry axis (Center Line) will be denoted with
Uc; . The difference between the free-stream velocity U, and U, is
the velocity deficit, U,. The radial distance from the center-line to the
radius where U, is zero is indicated by 6. The radial distance from the
center line where the velocity deficit is U,,/2 is the half-wake width,
ly. The turbulent axisymmetric wake can be characterized by these two
scales U, and /. From a practical point of view it is more convenient
to calculate §, rather than /,, which is defined as:

R
5,2 = lim l/ Uy, =U)rdr. (15)
Uy Jo

R—co

Once 6, is calculated, the derivation of [ is straightforward:

lp=6,V/21n2. (16)

Taking the mean axial momentum equation and integrating its leading
terms over a cross section (Tennekes and Lumley, 1972), yields:

Uy6,2 =U, 0%, a7)
where 6 is the momentum thickness, defined as:

R
6> = lim — U U, —U)rdr. (18)

R—o U002 0

Moving downstream from the body, the wake decays and spreads,
the mean velocity profiles changes, maintaining its own shape (self-
similarity), as shown in Fig. 13.

The region of the wake close to the body is called “near wake”.
Here the average axial velocity profiles U(x,r) scaled by the velocity
deficit U, and 6, collapse over a single curve, as shown in Figs. 14. To
allow an easier visualization of the data they have been plotted into
two different figures: Fig. 14(a) shows the mean non-dimensional axial
velocity profiles for locations in the region 10 < x/0 < 59; Fig. 14(b)
shows the results for 65 < x/6 < 107 (up to x/D = 18).

We will follow the equilibrium similarity analysis formulated by
George (1989) and extended by Johansson and George (2001), Jo-
hansson et al. (2003). Differently from the classical theory, here the
local Reynolds number plays a fundamental role. Two different equilib-
rium similarity solutions exist, and they depend on the local Reynolds
numbers. So it is possible to make a distinction between ‘“high local
Reynolds number” and “low local Reynolds number” solutions. The
mathematics yielding these two formulations is accurately formulated
and developed in Johansson and George (2001), Johansson et al.
(2003); When reaching the state of equilibrium self-similarity, the



u Vorticity
02{ 00 02 04 06 08 10 '

0.1

Z/L

-0.054

0.1 - .
015 01 -005 0 0bs 01 0.5

0.2 0.0 02 04 06 08 1.0 02 0.000 0.002 0.004 0.0k06 0.008 0.010 0.0‘12
| e ——
0.15 0.15
0.1 0.1
Z/L 0.05
0 0
-0.05 0.05
>0'-10.15 -0.1  -0.05 0 005 01 015 _O'—]O.]S -0.1 -0.05 ﬁ 005 0.1 0.5
Y/L L

(c) (d)

Fig. 8. Instantaneous and time-averaged flow quantities at the plane W: (a) axial velocity field u = U/U,; (b) Vorticity magnitude |w| = U, /L; (c) Mean axial velocity field

(u) = (U)/U,; (d) mean turbulent kinetic energy k = “‘*”2'”" , made non dimensional with UZ.
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Fig. 9. Instantaneous physical quantities at the plane H: (a) axial velocity field u = U/U,; (b) non dimensional x-vorticity w, = U /L.
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Fig. 11. The turbulent wake: contours of instantaneous axial velocity u = U/U,,. (a) Horizontal plane H (z = 0). (b) Transverse plane Y (y = 0).

Fig. 12. The turbulent wake: wake’s coordinate system and schematic (George, 1989).
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wake continues to evolve and decays, but the terms in the governing
equations (momentum and Reynolds stress components) maintain the
same relative importance. During this equilibrium decaying process,
the local Reynolds number monotonically decreases. For high local
Reynolds number, viscous diffusion is negligible compared to inertial
effects, and an infinite-Reynolds-number solution does exist. Momen-
tum is conserved and the ratio between the maximum (radial direction)
of the mean axial velocity fluctuation over the mean velocity deficit,
max(u)/U,, is constant. Moreover, in this region the velocity spectrum
exhibits a developed inertial subrange region. In accordance with this
theory, when the local Reynolds number drops below a certain level,
the wake goes into unsteadiness, in the sense that the relative impor-
tance in the terms in the flow equations changes, evolving into a new
equilibrium state; In this zone, max(u)/U, assumes a constant value
again, which is different form the value in the high-Re regime. This
new equilibrium regime is called low-Reynolds. According to theoretical
arguments of Gourlay et al. (2001) (supported by DNS data analy-
sis), in this region 6, ~ x'/2 and U, ~ x~!. Johansson et al. (2003)
and Gourlay et al. (2001), analyzed the wake generated by a disk
and a sphere and found that the transition from high-Re to a low-
Re regime occurs at downstream distances of x/6 ~ 500-1000 (and
Re,; about 500). Following Johansson et al. (2003), Kumar and Mahesh
(2018) found that for streamlined bodies, i.e. the axisymmetric not-
appended DARPA submarine, the transition from high-Re to low-Re
solution occurs at x/D ~ 2 and local Reynolds number Re;, ~ 7000. The
velocity spectra evolution did not exhibit any change in the inertial
region, apparently contradicting the analysis of George (1989). On
the other hand, Posa and Balaras (2016) in the analysis of the same
submarine with appendages, did not observe the transition to low-Re
solution (they studied the wake up to a distance of 12 D from the stern).

Johansson et al. (2003) found that, in the high-Reynolds number
regime, similarity scales U, and [/, follow power-law relationships of



o

=2}

favd
e

B .
ok . | RO ol s
0 0.5 1 1.5 2 25

T /04
(a)

: 6
/0 =92
x/0 =98
/6 = 105

0.8 %

06} 9
041 %

0.2} ’OO

Q.
&,
0k | | Q(’on

1T/5;5
(b)

Fig. 14. The turbulent wake: mean axial velocity against radial distance scaled by velocity deficit and the wake’s width. Data are averaged between the semi-planes at ¢ =0 and

@=nr.

0.6

15 20

10
x.D
(a)

15 20

10
iz D
(b)

Fig. 15. The turbulent wake: data fitting for velocity and length scales. Present LES ( === ); Posa and Balaras (2016) (dashed line); Jiménez et al. (2010b) (dotted line).

Table 6

The turbulent wake: power laws relationships coefficients for u, and /.
Item Re; A B xo/D
Present LES 1.2x10° 0.89 0.13 2.83
Jiménez et al. (2010b) 1.1x10° 1.18 0.113 2.08
Posa and Balaras (2016) 1.2 x 10° 1.57 0.13 4.58

the form:
-2/3
X+ X9
Uy=A d 19
r(5) o
1/3
X+ X
ly=B . 20
-5(752) u

This is clearly the same result as in the physical law of classic the-
ory (Townsend, 1956). Applying the similarity scales of Eq. (20) to the
present LES of the BB2 submarine, we can obtain the value of A, B
and x, using a non-linear fit. In particular, the best fit is obtained by
minimization of the squared residuals ¢ and keeping x,/D to be equal
in the two relationships:

~2/3
U, =0.887 <x/D + 2.827) and 21)

1/3

Iy =0.129 <x/D + 2.827) . (22)
For comparison purposes, Table 6 lists the present power laws, together
with the power laws proposed by Jiménez et al. (2010b) and Posa and
Balaras (2016) based on experimental and numerical data respectively.
Fig. 15 shows the behavior of u, = U,/U, and I, during the
spatial evolution of the wake. The correlations for the DARPA-Suboff
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Table 7

The turbulent wake: power laws relationships coefficients for 5, /6.
Item Re; A Xo/D
Present LES 1.2x10° 1.16 1.89
Kumar and Mahesh (2018) High-Re 1.1 x 10° 1.17 2.08
Kumar and Mahesh (2018) Low-Re 1.1 x 10° 0.78 2.08

proposed by numerical work of Posa and Balaras (2016) (dashed lines)
and experimental data from Jiménez et al. (2010b) (dotted) are shown
for comparison.

Fig. 16 shows the local Reynolds number evolution. At 18 diameters
downstream from the stern its value is still rather high. As shown in
Fig. 17, the present solution is well fitted using a power of 1/3, and it
is close to the high-Re solution of Kumar and Mahesh (2018). Table 7
shows comparison between the curve fit coefficients for 6, /6.

In addition, looking at the velocity spectra of Fig. 18 we do not
see changes in the extension of the inertial subrange region which, as
suggested by Johansson et al. (2003), would predict the transition of
the wake from high- to low-Re regime. Further, looking at the ratio
between turbulence velocity fluctuations and velocity deficit, Fig. 19,
we can assert that turbulence governing laws are still evolving to a state
of equilibrium, as intended by George (1989). For all these reasons we
may argue that the present wake is still in a high-Re number solution
state.

Fig. 20 shows the turbulent kinetic energy profiles at 3, 6, 9 and 12
diameters from the stern. Solution at 9D is in rather good agreement
with numerical data from Posa and Balaras (2016) at the same distance
from the stern. The two peaks characterizing k in the horizontal plane
derive from the turbulent boundary layer advected downstream (Posa
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Fig. 17. The turbulent wake: evolution of the wake width made non-dimensional
by momentum thickness. Present simulation (). Power law for the present simu-
lation 6,/6 = 1.16(x/D +1.89)'/% ( ); High-Re solution §,/6 = 1.17 (x/D +2.08)'/

(== ) (Kumar and Mahesh, 2018). Low-Re solution 6,/6 = 0.78 (x/D +2.08)'/?
( ) (Kumar and Mahesh, 2018).
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Fig. 18. The turbulent wake: evolution of streamwise velocity spectra. 6D ( === );
9D ( == ); 12D ( ); 15D ( === ); (Data are moved upward as: at 6D, E,, X 10°;
at 9D, E,, x 10'; at 12D, E,, x 10%; at 15D, E,, X 10°.

and Balaras, 2016). Away from the stern the velocity deficit rapidly
decreases, and turbulent fluctuations maintain their intensity also in
the far wake (Gourlay et al., 2001; Johansson et al., 2003). The two
peaks of turbulent kinetic energy are also clearly visible looking at the
color plot of k/UZ in the near-wake region, Fig. 21.
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Fig. 19. The turbulent wake: evolution of maximum velocity fluctuations scaled by
the velocity deficit.
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Fig. 20. The turbulent wake: evolution of the non-dimensional turbulent kinetic
energy. 6D ( = ); 9D ( = ); 12D ( ); 15D ( === ); numerical data from Posa
and Balaras (2016) 9D(x).

4. CHA of the fully appended BB2 submarine

This section presents the results of the hydroacoustic analysis con-
ducted on the BB2 submarine.

The large-eddy simulation conditions are those of a standing ob-
server receiving the sound in a moving water stream. Thus, the formula-
tion of the FW-H equation adopted here is the formulation 1D, specific
for wind tunnel problems, and given by the sum of Eq. (6) (Najafy-Yazdi
et al., 2010) and Eq. (7) (Cianferra et al., 2019a). The hydroacoustic
solver has been extensively validated in Cianferra (2017) and Cianferra
et al. (2019a,b). Both the loading and the non-linear volume terms
contribute to the noise, while the thickness term is null everywhere,
as already discussed in Section 2.2.

The computation is carried out under the common hypothesis that
the noise generated by viscous forces on the hull is negligible com-
pared to pressure and turbulence contribution. As a consequence, the
compression tensor P; can be approximated as:

Pij :(P_Po)éi/ — 0jj %(P_P())ﬁi/,

where o;; is the viscous stress tensor. It has to be highlighted that, this
approximation is consistent with the use of wall-functions.

During the LES, the pressure signal has been sampled at specific
locations near the submarine to determine the maximum relevant fre-
quency at which collect data. For instance, Fig. 22 shows the spectrum
of the pressure signal sampled at a probe located in the plane behind
the sail, with coordinates x, = (0.5, 0, 0.12) L. The sampling period is
about 1.5 7,. The maximum relevant fluid-dynamic frequency is equal
to f/ =100 Hz. Where f’ indicates the frequency at model scale. The

max

(23)
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Fig. 22. Pressure signal and relative spectrum sampled at x, =(0.5, 0, 0.12) L.

spectra of the pressure signals sampled at other characteristic positions,
as for example close to the hull, in the plane behind the sail or in the
wake, decays even faster.

Since f} .= 100 Hz the calculation of time delays can be avoided,
because the condition on the MFP(Eq. (13)) is satisfied.

Following Cianferra and Armenio (2021), a relationship of perfect
similarity between the acoustics of the submarine at model scale and its
full scale representation can be established. Thus, the full scale acoustic
field derives directly from the model scale fluid-dynamic computation
reducing the speed of sound. The scaling is obtained through the
geometrical scaling-factor of the problem 4, that in the present case
is equal to:

Ly 70200 m

A= T 38%6m

= 18.348,
L

(24)

where L is the length of the submarine. The subscripts m and f indicate
the “model-scale” and “full-scale” quantities, respectively. It follows
that perfect similarity regarding the acoustic field is obtained using a
model-scale speed of sound given by

C
oy = ~L =32684 ms™!. (25)

A
Obviously, scale effects associated to the different values of Re at the
two scales cannot be removed.

The first analysis concerns the directivity of the acoustic signature
at four distinct transversal planes: IT;, II,, IT; and II,. Each plane
contains 24 hydrophones distributed along a circumference with radius
r/D =9 centered at C = (x, 0, 0), where x denotes the position of the
plane with respect to streamwise direction, as shown in Fig. 23(a).
Fig. 23(b) shows a side view of the four planes and their axial position,
i.e. x/D = {4.5; —10; —21; —43} respectively. Planes I1;, II, and II;
intersect the computational domain. The fourth plane is located in the
very far field.
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Fig. 23. (a) Front view of the receivers on a generic transversal plane. (b) Lateral view
of the planes I1,, IT,, IT; and II,.

270°

Fig. 24. Directivity patterns at planes I7, ( === ), II, ( == ), I1; ( ='= ) and II,
( N ).

Fig. 24 shows the directivity patterns at transversal planes. Data
are plotted in a polar-coordinate frame of reference (9, p,,,), where
the radial coordinate indicates the root-mean-squared pressure at the
observer location. At I7; the sound pressure draws an egg-like shape.
To be noticed that the region of larger values of p,,, is found in
correspondence of the sail. From I7, and beyond the profile of the
directivity attains axial symmetry and the shape is almost circular. This
indicates that the contribution of the sail has decayed and the axial-
symmetric wake of the submarine dominates the acoustic response.
At II; the profile of the directivity is similar to IT,, almost circular
although slightly stretched upwards; here the intensity of the signal has
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Fig. 25. Position of the hydrophones on: (a) plane XZ; (b) plane XY.

decayed more than 50%. The signal related to the plane I7,, located in
the farfield, shows radial symmetry and p,,,, is one order of magnitude
smaller than those measured at I7,.

The second analysis concerns the directivity at the XZ and YZ
planes. Fig. 25 shows a schematic of the source-observer system. In
particular, panel (a) shows the hydrophones laying on the vertical
plane, whereas panel (b) those laying on the horizontal plane. Each
plane contains 180 receivers. Fig. 26, panel (a), shows the directivity
pattern in the vertical plane. The energetic turbulent wake gives rise
to a quadrupole-like acoustic signal. The lobe in direction of the wake
(180°) is remarkably stretched and, as can be noticed, it is not perfectly
symmetric with respect to the submarine longitudinal axis. This can
be explained by the presence of the sail, which slightly enhances the
acoustic signal in the range of angles (135° < 9 < 180°) with respect to
the signal in the range (180° < 9 < 225°).

The lobe at 0° is characterized by p,,,, more than four time smaller
compared to that one in the wake direction. Recalling that, in this case,
the solid body is transparent to acoustic waves, it can be concluded
that the reduction of p,,,, in this direction is a consequence of the flow
advection and the non-homogeneous concentration of noise sources,
which is foremost in the wake.

The two vertical lobes are even less intense because the pressure
signal related to hydrophones orthogonal to the flow is dominated by
sources depending mainly on transversal velocity components. More-
over, they are slightly inclined towards the direction of motion. Panel
(b) shows the directivity on the horizontal plane. Similar arguments
can be applied, with difference that in this case the directivity patterns
are symmetric with respect to the longitudinal axis of the submarine.

As noticed, the flow field is streamwise dominated and the two lobes
in y-direction are not perpendicular to the mean flow direction but
slightly distorted downstream. The particular shape of the directivity,
shown in Fig. 26, is strictly related to the nature of the acoustic source
rather than the shape of the body. This can be demonstrated consider-
ing equation (7). In the present case we have that M, = U,/c, < 1 and

f=4/1- Mg ~ 1 (see Eq. (11)), and Eq. (7) can be recast in the more
1 92

familiar form:
TI‘I’
—Z [|—r_lar+
cozaﬂ/y[rH—M,l .

+ /|:3Trr_Tii dv
Vv rsll_Mrl T

3Trr le[

/—_ I %
14 rzll_Mrl T

(26)
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4zpo(x,1) = —
0
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Looking at the kernel of the last two integrals, which dominate at
intermediate distances, and using the Einstein’s summation rule, yields

3T, —T; = 3(Uyry + Uyry + Usry)* — (U] + U; + UY), 27)

where U; and r; are the instantaneous velocity and the component
of the source—observer unit vector along the i-direction (i = 1, 2, 3),
respectively.

Since we consider microphones at constant distance r form the
source, we may assume that the shape of the directivity depends only
on 3T,.—T};. In particular, the canonical quadrupole shape can be easily
achieved by drawing the term 37,, — T;; and considering (U,, U,, Us)
= (a, a, a), with a an arbitrary value. Thus, the quadrupole with four
identical lobes is obtained when the velocity components U,, U, and
U; have the same magnitude.

On the other hand, when the flow field has a dominant streamwise
velocity, as in the present case, the quadrupole results deformed and
elongated along the direction of the dominant velocity.

As an example, we may consider the two-dimensional case of the
two point sources .S; and S,, shown schematically in Fig. 27(a). The
two sources are located at P, = (0, D/2) and P, = (0, —D/2); P, and
P, are symmetric with respect to the streamwise direction. The two
sources move with distinct velocities U; = (=34, a) and U, = (-3a, —a).
This configuration would be a representation of the flow field to the
sides of the submarine, on the horizontal plane (z = 0). The receivers
are located on a circumference with center C = (0, 0) and radius R = 1.

Considering again only the last kernel of the non-linear part, which
is predominant, it follows that the acoustic pressure p is proportional
to

P x3(=3ad, +ad,)* - 10 (28a)

Py x3(=3ad, —ady)* - 10 (28b)

where d, and d, represent the projection of the source-receiver dis-
tance in x and y direction, respectively. The directivity pattern is the
one depicted in Fig. 27(b) with blue solid curve. In this case the lobe
at 0° and the lobe at 180° have the same maximum intensity but
the rear lobe (180°) has higher aspect ratio. The two small vertical
lobes are distorted and this is the effect of the y-velocity rather that
the advection. In fact, suppressing the y-velocity components of the
previous analysis, the directivity pattern is that one shown in Fig. 27(b)
with the orange dashed curve, and in this case the two vertical lobes
are perfectly aligned with the 90° and 270° directions.
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Fig. 27. Schematic of sources distribution (a); Directivity pattern of two sources located symmetrically with respect to the x direction and moving with velocities: U = (—=3a, +a),

solid blue ( === ); U = (-3q, 0), orange dashed ( ).

Notice that in this analysis we do no consider the first volume term
since it has little influence on medium distances. Panels (¢) and (d) of
Fig. 26 show the directivity of linear loading terms on the planes X Z
and Y Z (see Fig. 25), respectively. To be noticed that at the distance
considered in this discussion, their magnitude is one order of magnitude
smaller than that of the total acoustic signal, which appears dominated
by the non-linear terms.

As expected, their directivity pattern resembles the one of a canoni-
cal dipole. The rear lobe is not symmetric because the pressure con-
tribution coming from the bottom side of the hull is foremost. As
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expected, the frontal lobe is the major one, because the static pressure
is in general higher on the frontal side of the submarine due to the
stagnation points at the bow, at the sail and the sail planes, as shown
in Fig. 6.

Fig. 28 shows the Sound Pressure Level (SPL) at some receivers
selected among those of Fig. 25(a), against frequency f = f’/ ﬁ,
relative to the prototype scale; here f indicates the frequency at model
scale. Panel (a) considers four locations, corresponding to 0°, 90°, 180°
and 270°. Panel (b) shows only the spectra relative to the receivers at
90° and 270°, because those at 0° and 180° are the same as reported in
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Fig. 28. Sound pressure level of the full-scale submarine on: (a) XZ plane at: 0° ( === ); 90° ( ); 180° ( ='= ); 270° ( ===*); (b) XY plane at 90° ( ); 270° (===t ).
Table 8 the y/D = 0 axis. As we can see, the noise associated with high
Coordinates of the recefvers in the near submarine field. frequencies grows going farther from the submarine. The reason of this

Receivers x/L /D z/D behavior is that, close to the submarine, the characteristic length of the
1-5 {1,0.75, 05, 0.25, 0} 0 3 largest turbulent structures is of the same order of magnitude of the
6-10 {1, 0.75, 0.5, 0.25, 0} 2 3

(a). The radial distance from the origin of the coordinate system of the
receivers is R/D = 25.
The SPL is reported in decibels (d B) and calculated as

SPL =20 log;o(FFTGV D)/ prey)

where FFT stands for Fast Fourier Transform (normalized by the num-
ber of sampling points) and p,,, = 1 pPa is the reference pressure
adopted for water sound pressure level measurements.

The spectra at 90° and 270° are broadband at all locations. Con-
versely, the spectrum relative to the source at 180° presents a charac-
teristics peak at about 0.90 Hz. The spectrum relative to the source at
0° presents also a characteristics peak at a frequency a bit less than
0.80 Hz. We can argue that these two peaks are related to turbulent
structures released from the submarine, and the difference in frequency
between them is due to two factors: the asymmetry of the source with
respect to the two receivers and the mean flow direction.

To relate the spectra to specific fluid dynamic structures, ten hy-
drophones has been placed closer to the submarine, as shown in Fig. 29.
Table 8 shows the coordinate of the receivers arranged in the near
submarine fields.

The lift-coefficient C; is employed as a measure of the pressure
signal on the hull and its spectrum, expressed in decibels for better
visualization, is compared with the sound pressure level at specific
positions. Coherence measures the normalized correlation between the
two signals and is expressed as (Welch, 1967):

|G, (NI
2= GG, D ©0)
XX yy
where G,,(f), G,(f) and G,,(f) are, respectively, the cross spectral
density of the signals x and y, the power spectral density of the signal
x and the power spectral density of the signal y.

Fig. 30 shows a comparison of the spectra and the coherence
between four representative receivers labeled as 3, 5, 8 and 10. In
the low-frequency range, sound pressure level and C; are not related.
Panel (b) suggests that there are two characteristic frequencies where
pressure fluctuations on the hull surface are strictly correlated to sound
pressure level, namely 0.7 Hz and 1.7 Hz. Since the receiver 5 is located
just above the stern, it is probably catching the noise associated with
massive separations at the stern.

Fig. 31 shows the comparisons of the spectra at different down-
stream locations: 10 D, 15D and 20 D. Hydrophones are located at
the bottom side of the hull, with z/D = -1, and distributed along

(29)
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diameter of the main body. These vortices are characterized by large
characteristic times and so they have low characteristics frequencies.
The breaking up process of these vortices starts just downstream the
propeller plane and, as a consequence, the concentration of small
structures increases downstream. Conversely, small eddies have short
characteristic time and thus high characteristic frequency. All these
three spectra are characterized by a peak corresponding to a full-scale
frequency of 0.6 Hz.

5. Conclusions

This paper presents original results concerning the hydroacoustic
analysis of the BB2 submarine. Consistently with most literature, we
did not consider the presence of the propeller. The methodology herein
proposed has been shown to be adequate for both the flow field
computation and the acoustic evaluation. Wall-modeled LES allows to
compute turbulence at rather accessible cost keeping accuracy satisfac-
tory, especially in the wake. The acoustic analogy, based on the Ffowcs
Williams and Hawkings equation and here formulated in advective
form for both linear and non linear terms (formulation 1D), allows to
calculate the acoustic field by post-processing the fluid-dynamic data.
Perfect similarity conditions between the acoustics of the submarine at
model scale and at full scale allow to derive the full scale noise of the
submarine starting from model-scale simulation data.

First we analyzed the hydrodynamic field and we found that in the
near field, the wake of the superior half-plane is affected by the sail and
the appendages whereas in the farther field it develops according to the
equilibrium similarity theory for an axial-symmetric body. Regarding
the acoustic field, we have processed the results to obtain information
at the full scale.

The directivity on the horizontal plane (z = 0) and on the transverse
plane (y = 0) is dominated by non-linear sources of noise and the
pattern resembles that of a canonical quadrupole, distorted in the
direction of the wake. It has been demonstrated that a qualitatively
similar directivity pattern can be obtained by properly feeding the
kernel of the integrals constituting the non-linear counterpart of the
FW-H equation. An elementary system of two sources, characterized by
a velocity analogous to that one observable close to the hull, contains
all the features necessary to represent a schematic of the directivity.

The analysis of the sound pressure level shows rather broad-band
spectra although at some particular frequencies they present character-
istic peaks. Coherence analysis allowed to link these spectra with spe-
cific flow phenomena, namely the massive separations at the stern. The
noise associated with high frequencies grows far from the submarine as
a consequence of the breaking up process of the eddies.
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