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As one of the threemajor noise sources of submarines, flow-induced noise plays a
key role for the stealth capability of submarines. Several research studies based on
experiment or simulation have evaluated the sound radiation from the scale
model; however, it is still a great challenge to efficiently evaluate the flow-
induced noise of a large-scale prototype. In order to solve this problem, the
flow-induced noise of different scale submarines is analyzed, and both the
similarity law and the scale effect are discussed in the dimensionless frequency
St = 10–1089. The fully appended DARPA SUBOFF, a famous benchmark
submarine model, is used in our research. The relationship between the sound
power, scale variables, and the speed and scale variables is obtained using the
Buckingham Pi theorem. Then, the sound pressure level and the sound power
level of the SUBOFF, with the scale ratio of 1:24 and 1:48 and the speed of 2, 4, and
8 m/s, are calculated based on the large-eddy simulation (LES)/Lighthill hybrid
method. Finally, the scale effect between a hypothetical prototype (actually, a
benchmark SUBOFF model with a scale ratio of 1:8) and its scale models are
discussed at the same speed. The numerical results show that the submarine’s
sound power level conforms to the similarity relationship of dipole source within
the cut-off frequency St= 100. The error of the sound power level is about 20 lg (φ)
caused by scale effect when the dimensionless frequency is greater than the cut-
off frequency, where φ is the scale ratio from the hypothetical prototype to the
model. The scale error of the sound pressure level at different position and
different frequency exist differently when extrapolating from model results to
prototype according to the similarity law based on dipole source.
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1 Introduction

There are three main radiated noise sources in submarines, ships, and airplanes,
including mechanical noise, propeller noise, and hydrodynamic/aerodynamic noise.
Among them, hydrodynamic and aerodynamic noises are divided into flow-induced
noise (rigid wall) and flow-excited noise (elastic wall) [1]. The generation mechanism of
various noise sources has been comprehensively discussed by scholars. However, due to the
large size for those vehicles, noise assessment of the prototype has always been a challenge.

For most studies, noise assessment of the full-scale model is usually based on
experiments, for example, measuring different submarines’ noise through sea trial [2],
monitoring hydrodynamic noise generated by different merchant ships on the fixed channel
[3], and determining the location of aerodynamic noise source when the aircraft takes off and
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lands on both sides of the airport runway [4]. Although the
experiment can obtain accurate values under actual conditions, it
is greatly affected by environmental conditions and consumes
considerable manpower and financial resources. Evidently, it is
difficult to carry out experiments for many design studies.

At present, the main solution is to extrapolate from scale model
results to prototype, which requires the similarity law in advance.
The International Towing Tank Conference (ITTC) paid attention
to similarity studies of the ship noise in previous conferences such as
the hydrodynamic noise [5] and propeller noise [6]. During the last
decades, there were abundant experimental research studies on
similarity of the propeller noise. Lee et al. [7] first verified the
similarity law of the propeller tonal noise. Based on the conclusion
proposed by the ITTC in 1987, Tani et al. [8] developed and tested a
similarity relationship of four conventional propellers of different
scales in the cavitation test tunnel. Park et al. [9] established a novel
similarity law to estimate propeller tip vortex cavitation noise and
obtained more consistent prediction than the results of ITTC. In
addition, some scholars also conducted experiments on similarity
studies of the flow-induced noise. Arakeri et al. [10] found a
similarity law where the flow-induced noise of the axisymmetric
body was proportional to the seventh power of inflow velocity. Based
on the same simplified landing gear model, Xing et al. [11] obtained
the sound pressure level spectrums of the flow-induced noise at
different speeds and then normalized the amplitude according to the
dipole characteristics and the frequency according to the Helmholtz
similarity. The low-speed results are in good agreement with those of
high speed, which verified that the acoustic source type of the
landing gear is dipole in the low-frequency range.

With the development of computational fluid dynamics and the
improvement of computer performance, the numerical prediction
method has become a mainstream method [12, 13]. The Lighthill
acoustic analogy and the FfowcsWilliams and Hawkings (FW-H) are
the main numerical methods for predicting radiated noise. Yang et al.
[14] calculated a non-cavitating propeller noise of three different scale
models by using the large-eddy simulation (LES)/Lighthill hybrid
method and found that the scale effect increased with the increase of
the scale ratio. Bosschers et al. [15] proposed a semi-empirical method
to predict the hull pressure fluctuation and radiated noise caused by
propeller tip vortex cavitation noise, and they compared the predicted
results with the measured results using the boundary element method.
In the anechoic chamber wind tunnel, Li et al. [16] verified that the
frequencies of the different scale cylinders satisfy the similarity of the
Strouhal number, and they studied the similarity in different media
based on the FW-H numerical method. There were abundant
numerical calculations to discuss the submarine performance
under small-scale models, including resistance characterization
[17], flow characterization [18], radiated noise [19], and self-noise
[20]. As for the full-scale model, Sezen et al. [21] analyzed the scale
effect of the submarine’s hydrodynamic performance based on the
Reynolds-averaged Navier–Stokes (RANS) method.

As one can notice, under the general computing resource, most
of the numerical methods adopted by scholars only studied the
small-scale model. Numerical calculation of the full-scale
submarines mainly focused on hydrodynamic performance such
as drag and self-propulsion characteristics instead of the radiated
noise performance. The radiated noise characteristics of the full-
scale model can be effectively obtained by studying the acoustic

similarity law. To the best of the authors’ knowledge, there are few
open research studies on the similarity law of submarine’s radiated
noise. Moreover, the reduction technology of mechanical noise and
propeller noise (non-cavitating) has relatively matured [22, 23]. On
this basis, this study is to analyze the similarity of submarine’s flow-
induced noise based on the numerical method.

In order to achieve the aforementioned outlined objectives, the
fully appended SUBOFF (a benchmark submarine) is selected as the
research object, which is fully and deeply submerged by water
(i.e., ignoring the influence of wave resistance and free surface on
sound propagation). Due to the limitation of computer resources,
the similarity of the sound pressure level (SPL) and the sound power
level (SWL) in the low-frequency range St = 10–1089 is discussed
based on the LES/Lighthill hybrid method. This study is organized as
follows: Section 2 introduces numerical methods and numerical
models. In Section 3, the similarity conditions and the relationship
of the far-field unsteady sound pressure are presented. The obtained
similarity laws of the SPL and SWL are verified in Section 4. Section
5 discusses the scale effect of different scale models and the
conclusion is included in Section 6.

2 Numerical models

There are two main calculation methods for flow-induced noise:
direct method and hybrid method. The direct method is based on
the compressible Navier–Stokes equations to calculate the sound
pressure field in the whole fluid domain. The hybrid method
decouples the flow field and acoustic field for calculation, which
ignores the influence of flow on sound propagation. The former is
quite difficult for calculating the large-scale and complex models.
This paper adopted the LES/Lighthill hybrid method, which had
been proved to be effective in predicting flow-induced noise [24, 25].

Figure 1 presents the common flow chart of the coupling
algorithm in predicting the submarine’s flow-induced noise. First,
the SST k-ω turbulence model was used to calculate the steady flow
field. Based on the initial steady results, the LES turbulence model was
used to predict the transient flow field and then obtain the converged
velocity results. The wall-adapting local eddy-viscosity model
(WALE) was selected as the sub-grid model. Then, the unsteady
results were interpolated to the acoustic grids after DFT
transformation. Finally, the acoustic field was calculated based on
the variational Lighthill equation under the volume integral [26]. In
the flow field calculation of this study, the second-order scheme was

FIGURE 1
Flow chart of the flow-induced noise prediction.
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used for spatial discretization, velocity pressure coupling algorithm,
for the SIMPLEC algorithm, and the convection scheme was the
central difference scheme.

2.1 Computational domains and boundary
conditions

A well-known benchmark submarine model named SUBOFF
(no propeller) which was introduced by the Defense Advanced
Research Projects Agency (DARPA) was selected in this study
[27]. The geometric model is shown in Figure 2, the prototype
length L = 104.544 m, maximum diameter D = 12.192 m, sail height
H = 4.944 m, and the surface area S = 3656 m2.

The computational domain of the flow field was established
around the SUBOFF to calculate different scale model, as shown in
Figure 3A. Numerical analysis was performed using the Cartesian
coordinate system with the origin at the top of the SUBOFF head.
The diameter of the cylinder in the fluid domain was 11D. The
upstream of the domain was extended to 0.92 L from the apex of the
SUBOFF head, and the downstream of the domain was extended to
3.58 L from the apex of the SUBOFF tail. The inlet boundary
condition was identified as velocity inlet, and the outlet boundary
condition was defined as pressure outlet. In order to satisfy the
kinematic boundary condition, the cylindrical wall was defined as
symmetry, and the submarine shell was defined as no-slip wall.

Acoustic calculation needs to establish an independent
numerical model, as shown in Figure 3B. The acoustic field was
divided into source region, no-source region, and infinite element
boundary. The source region was the interpolation region of the

stress tensor based on the Lighthill analogy equation. Its boundary
usually needs to be far away from the sound source in consideration
of the truncation error. In this study, selecting a rectangular domain
with the size of 0.92 × 0.92 × 2.75 L as the source region, the wall
boundary was 0.23 L away from the SUBOFF head. The infinite
element boundary surrounding the sound source domain can make
sound propagate to infinity by 1/r. The no-source region was the
area connecting the source region and the infinite element boundary
with the no-source term in the governing equations.

2.2 Grid generation and verification

The fine element of the fluid domain is the precondition for
accurate calculation results, and the element type is structured grid.
Similarity analysis needs to generate different scale mesh models,
but this paper only introduces the condition that the scale ratio of 1:
24 and the speed U = 4 m/s. Under this condition, the fluid domain
was divided into 247 blocks, as shown in Figure 4A. The grids detail
can be seen in Figures 4B, C, most grids are concentrated on the
SUBOFF surface and the wake of submarine. The boundary-layer
grids were encrypted to capture the turbulence details on the surface,
the number of prism layer was 15, the growth rate was 1.1, and the
height of the first layer was 5 × 10−5 m to ensure Y+ ≈ 1 under the
LES turbulence model. The grids of other scale models which have
different number of nodes were produced based on the same blocks.

The resistance coefficient based on the steady SST k-ω
turbulence model and SWL based on the LES/Lighthill hybrid
method are used as the verification of element convergence. The
number of grid models is, respectively, 2.17 million, 5.15 million,

FIGURE 2
Geometric model of DARPA SUBOFF.

FIGURE 3
Computational domains and boundary conditions of (A) flow field and (B) acoustic field.
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7.7 million, and 11.27 million. Figure 5A shows the relative results of
the viscous resistance coefficient (Cν), pressure resistance coefficient
(CP), and total resistance coefficient (CT) in different grid models.
The formula of relative value is (T − Tm)/Tm × 100%, where T is the
resistance coefficient of different mesh models and Tm is the
resistance coefficient under the maximum number. Figure 5B
shows SWL spectrums and the overall sound power level
(OSWL) of different grid models. The calculated results show
that the resistance coefficient and OSWL are basically equal
when the number of elements reaches 7.7 million, and this grid
structure is used for subsequent grid model.

2.3 Verification of the numerical method

Due to the lack of public experimental data of SUBOFF’s flow-
induced noise, calculation results in this paper are compared with

those from other references which also used the numerical
methods. The conditions are scale ratio, 1:24; speed,
3.0506 m/s; and acoustic measuring point, (2.178, −2 m, 0).
The comparison results of the OSPL obtained by the LES/

FIGURE 4
Grid model. (A) Computational domain blocks, (B) grid structure around the SUBOFF, and (C) boundary layer grids details.

FIGURE 5
Grid convergence verification results. (A) Relative value of the resistance coefficient and (B) SPL spectrums.

TABLE 1 Comparison between OSPL calculation results and relevant
references.

Reference Model Method OSPL/dB

Lu YT [28] SUBOFF Simulation 94.5

Yao HL [1] SUBOFF Simulation 102.0

Wang XH [29] SUBOFF Simulation 103.4

Jiang WC [30] Water-drop submarine Experiment 101.3

This study SUBOFF Simulation 100.2
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Lighthill acoustic analogy method in this paper are shown in
Table 1. Among them, Ref. [30] is a “water drop” submarine with
a small difference from the size of SUBOFF, and acoustic results
obtained at the similar measuring points. The calculation results
show that OSPL calculated is within the same order of
magnitude compared with other references, and the error
with OSPL calculated in this paper is within 5.7 dB. This
method can be used as the calculation method for the
subsequent discussion of submarine similarity.

3 Theoretical analysis on the
similarity law

3.1 Dimensional analysis of the sound power

The dimensional analysis method can transform the
dimensional relationship into a dimensionless one. Using this
method, the similarity conditions between model and prototype
can be determined, and then the similarity law can be built to
calculate similar models at arbitrary scales. The power spectral
density of the flow-induced noise with frequency f and position �r
can be expressed as follows:

〈p2
e �r, f( )〉 � ψ M,L, T, ρ, υ, g, U, c, k, �r( ), (1)

where pe is the effective value of sound pressure, M represents the
mass, L represents the length, T represents the time, ρ depicts the
fluid density, v presents the dynamic viscosity coefficient, g presents
the acceleration of gravity,U is the flow speed, c is the sound speed, k
is the wavenumber, andΨ represents the functional relationship of a
series of variables.

M, L, and T are selected as the basic dimension to obtain the
dimensional expression of the remaining physical quantities, as
shown in the following equation

p2
e �r, f( )[ ] � M2L−2T−3[ ], ρ[ ] � ML−3[ ], υ[ ] � L2T−1[ ],

g[ ] � LT−2[ ] U[ ] � LT−1[ ], c[ ] � LT−1[ ], k[ ] � L−1[ ],
�r[ ] � L[ ] �r · r−1[ ]. (2)

Converting the dimensionless relationship into a series of
similarity criterion numbers, the results are given as follows:

π1 � 〈p2
e �r, f( )〉

M2L−2T−4T
� 〈p2

e �r, f( )〉
ρU2/2( )2 L/U( ), π2 � ρ

ML−3 �
ρL2T−2

ML−1T−2 �
ρU2

P
� 1
Eu

π3 � υ

L2T−1 �
υ

LU
� 1
Re

, π4 � g

LT−2 �
gL

U2 �
1

Fr2

π5 � U

LT−1 �
U

Lf
� 1
St
, π6 � c

LT−1 �
c

U
� Ma, π7 � k

L−1 � He, π8 � r

L
( ) �r

r
.

(3)

The dimensionless relationship of the sound power spectral
density obtained from the Buckingham Pi theorem is as follows:

〈p2
e �r, f( )〉

ρU2/2( )2 L/U( ) � Φ r

L
( ) �r

r
, Eu, Fr, Re, St,Ma,He( ), (4)

where Φ represents a functional relationship; Eu (Euler number), Fr
(Froude number), Re (Reynolds number), St (Strouhal number),Ma
(Mach number), and He (Helmholtz number) are similarity
criterion numbers.

3.2 Similarity law of the submarine

Converting Eq. 4 into sound power spectral in the bandwidth Δf
can be expressed as follows:

〈p2
e �r, f( )〉Δf � ρU2

2
( )2

L

U
Δf · Φ r

L
( ) �r

r
, Eu, Fr, Re, St,Ma,He( ).

(5)
From Eq. 5, it can be analyzed that the full similarity condition is

that all similarity criteria numbers are equal. However, it is almost
impossible to satisfy in practice. It is necessary to analyze the similarity
conditions and ignore the similarity criterion numbers which have less
impact on flow-induced noise. According to the physical meaning of
each similarity criterion number, a series of assumptions are made to
simplify Eq. 5, as shown in the following section. Assumption (c) and
(d) will be further discussed in the next chapter.

TABLE 2 Calculational parameters of the SUBOFF.

Parameter λ = 48 λ = 24

1 2 3 4 5 6

L/m 2.178 2.178 2.178 4.356 4.356 4.356

U/ms−1 2 4 8 2 4 8

Re/107 0.43 0.86 1.72 0.86 1.72 3.42

Grids/million 3.3 3.3 3.3 7.7 7.7 7.7

Δh/ 10−5m 8 8 8 5 5 5

Δt/ms 0.05 0.05 0.05 0.05 0.05 0.05

n 5,000 2,500 1,250 10,000 5,000 2,500

FIGURE 6
Coefficient drag of the SUBOFF models under different
conditions.
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(1) Flow-induced noise of the SUBOFF has a non-cavitating
phenomenon at low Mach number, and the influence of
Euler number can be ignored.

(2) SUBOFF sailing in deep water is far away from the free surface
without wave resistance, and the influence of Froude number
can be ignored.

(3) There exists a critical Reynolds number, and the influence of
Reynolds number for can be ignored when the Reynolds
number is greater than the critical Reynolds number.

(4) For the flow-induced noise generated when the fluid flows
through the rotating body, and the Strouhal number is
related to the Reynolds number under the condition of a
high Reynolds number.

(5) Flow-induced noise of the SUBOFF in the low-frequency range
is mainly generated by vortex shedding, and the influence of
Helmholtz number can be ignored.

Moreover, sound pressure in the free field is inversely
proportional to the distance. The simplified similarity
relationship is as follows, which ensures the Strouhal number
and the Mach number of the model and prototype are equal.

〈p2
e �r, f( )〉Δf � 1

2
ρU2( )2 L

r
( )2

ΔSt ·Φ �r
r
,Ma( ), (6)

where ΔSt represents the dimensionless bandwidth, ΔSt � Δf × L/U.
Curle [31] equated the sound source of flow-induced noise with

monopole source, dipole source, and quadrupole source. This study
assumes that the SUBOFF is a rigid body, so the monopole source
noise can be ignored. In addition, theMach number of all the models
to be discussed is within a low Mach number range, so the radiated
noise of quadrupole source can be ignored. In the scope of this
research, it is considered that the sound source of the SUBOFF’s
flow-induced noise is the dipole type.

Under far-field conditions (k0r≫ 1), the relationship between
sound intensity and variables in the dipole source is shown as
follows [31]:

ID ~ ρ0
U6

c3
L

r
( )2

cos 2 θ, (7)

where ID is the sound intensity of dipole source and θ is the angle.
Equation 8 shows that the sound intensity of flow-induced

noise is proportional to the sixth power of inflow velocity, and the
radiated sound intensity has the directivity of cos 2 θ. Owing to the
SUBOFF’s flow-induced noise that is generated by the enclosure
and the rudder, this paper considers that SUBOFF is
approximately satisfied with the compact sound source in the
lower frequency range. Combining with Eq. 8, the relationship of
the sound power spectral in the dimensionless bandwidth ΔSt is
obtained as follows:

FIGURE 7
SPL of SUBOFF surface with St = 43.56. (A–C) is the scale ratio of 1:48 and the speed of 2, 4, and 8 m/s, respectively. (D–F) is the scale ratio of 1:
24 and the speed of 2, 4, and 8 m/s respectively.

FIGURE 8
Schematic diagram of measuring point location.

Frontiers in Physics frontiersin.org06

Qu et al. 10.3389/fphy.2023.1163148

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1163148


〈p2
e �r, f( )〉DΔf � 〈p2

e �r, St( )〉DΔSt

� 1
2
ρU2( )2 L

r
( )2 U

c
( )2

ΔSt · cos 2 θ, (8)

where 〈p2
e( �r, f)〉D represents the sound power spectral density of

the dipole source.

4 Verification of the similarity law

4.1 Calculational parameters

Under the same medium condition, the calculational parameters
are designed as shown in Table 2 to verify the similarity of the speed

FIGURE 9
Acoustic directivity of Z = 0 plane at (A) St = 43.56, (B) St = 156.8, and (C) St = 696.9 in the range of St = 10–1089.

FIGURE 10
SPL spectrums of Z = 0 plane under different conditions. (A,B) Calculated results and normalized results of the 0° measuring point. (C,D) Calculated
results and normalized results of the 90° measuring point.
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and scale. There are six groups of calculational conditions, including
the scale ratio of 1:24 and 1:48 and the speed of 2, 4, and 8 m/s,
respectively. To facilitate the analysis, the calculated models are
numbered from 1–6. Fluid material of all calculated models are
water, where ρ � 998.2kg/m3 and c = 1500 m/s. In order to ensure
that the frequency range and frequency resolution are consistent after
spectrum normalization, time step Δt and step number n need to be
controlled before calculation. The calculated dimensionless frequency
range St = 10–1089 and the dimensionless bandwidth ΔSt � 4.356.

4.2 Discussion of the similarity conditions

Similarity conditions of the submarine’s flow-induced noise are
simplified in Section 3.2, and part of them are discussed in this
section. The assumption (a) and (b) in Section 3.2 are satisfied
within the scope of this study and do not need verification; the
assumption (e) can be reflected in the normalized spectrum of the
subsequent section, where it only discusses the assumption (c) and
(d). Evidently, the common premise of the two assumptions is
whether the similarity conditions are met when the Reynolds
number is greater than the critical Reynolds number.

The Reynolds number represents the ratio of inertial force to
viscous force; the higher it is, the less influence of viscous force is.
Therefore, this section first judges the Reynolds similarity from the
viscosity force of models under different cases, Section 4.3 will further
explain that Reynolds number meets similar conditions from the
acoustic spectrum results. The resistance coefficients of each model
in Table 2 were calculated based on the SST k − ω turbulence model of
steady state, as shown in Figure 6. The results show that all resistance
coefficients change slightly, which indicates that Reynolds number has
little influence on viscous force.

Ahlborn et al. [32] obtained the relationship between the
Strouhal number and the drag coefficient of the cylinder with a
high Reynolds number; the equation is given as follows:

St△∞ ≈
1

23/4π

��������
Cd,∞ + 1,

√
(9)

where StΔ∞ represents the universal Strouhal number at a high
Reynolds number and Cd,∞ represents the drag coefficient at
high Reynolds number.

Under different conditions, Figure 7 shows SPL of the SUBOFF
surface at the dimensionless frequency of St = 43.56. It can be found
that flow-induced noise of the SUBOFF is mainly caused by
shedding vortex of the enclosure and the tail rudder. Combining
the conclusion of Figure 6, it can be found that the Strouhal number
in this study is basically equal. In the process of similarity prediction,
frequency can be converted by the Strouhal number.

4.3 Verification of the SPL similarity law

In this section, the dimensionless SPL of far-field measuring
points under different cases were calculated to verify the similarity
relationship of submarine’s flow-induced noise obtained in Chapter
3. Acoustic radiation in the horizontal direction is more important
when the submarine is sailing underwater. The schematic diagram of
the measuring point position in the Z = 0 plane is shown in Figure 8.
Taking the coordinate (0.5 L, 0, 0) as the center of the circle, the
radius r = 11.48 L, and the positive direction of the X axis is regarded
as the starting angle. SPL results of different measuring points in
Figure 8 were calculated based on the numerical method introduced
in Chapter 2, where the computing formula of SPL at dimensionless
frequency is given as follows:

SPL �r, fn( )∣∣∣∣Δf � SPL �r, Stn( )|ΔSt � 10lg
p2
e �r, Stn( )
p2
ref

⎛⎝ ⎞⎠, (10)

where �r shows the point position, fn is the center frequency, Stn is
the center dimensionless frequency, Δf represents the bandwidth,
pe is the effective value of sound pressure, and pref is the reference
value of sound pressure, which is 1 × 10−6 Pa in water.

Before the verification of the SPL similarity law, this paper made
acoustic directivity of Z = 0 plane at three different dimensionless
frequencies so as to analyze the radiation type of sound source in the
frequency band St = 10–1089 and provide guidance for the
subsequent verification of the similarity law. The SPL directivity
results of St = 43.56, 156.8, and 696.9 are established in Figure 9, and
the following analysis can be obtained. First, at the lower frequency
St = 43.56, it has notable radiation characteristics of dipole “8.” The
radiated direction is perpendicular to the inflow direction, and SPL
in the direction of incoming flow and wake is lower than that on
both sides of the SUBOFF. At higher frequency St = 156.8 and
St = 696.9, especially the latter, the dipole radiation characteristics
become less evident with the increase of frequency. The possible
reasons are the increase in the proportion of quadrupole source at
high frequencies or the gradual change of sound source from
compact to non-compact. Second, under the same dimensionless
frequencies, the directivity at the same speed is in good agreement,
and all acoustic directivity shapes are similar with different speed

FIGURE 11
Measuring point location of radiated sound power under
ISO3744.

Frontiers in Physics frontiersin.org08

Qu et al. 10.3389/fphy.2023.1163148

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1163148


condition. This shows that SPL of the SUBOFF has a certain linear
relationship with the speed, and the relationship is easier to find in
the lower frequency range.

Then, the spectrum results of a single measuring point at
different speeds were analyzed. Assuming that there is a
reference model whose condition Lref = 4.356 m and speed Uref =
4 m/s. Combined with Eqs 8, 10, under the same medium and
dimensionless frequency, the normalized formula of SPL at similar
measuring points can be written as follows:

SPLref St( ) � SPL St( ) − 60lg
U

Uref
( ), (11)

where SPLref represents the reference of the sound pressure level; U
and Uref is the speed of calculated models and reference model,
respectively.

SPL spectrums of 0° and 90° measuring points in the Z = 0 plane are
shown in Figure 10, which includes the direct calculation results and its
normalization results of SPL at dimensionless frequency. From the
calculation results, as shown in Figures 10A, C, SPL spectrum curves
with the same speed but different scales coincide well, and all of them
have the same trend but merely different values, this indicates that the
spectrum has the same conclusion as the directivity. Figures 10B, D are
the normalized spectrum result, according to Eq. 11. At the 0° measuring

point, OSPL of cases 1–6 are, respectively, 34.6, 32.8, 35.3, 34.2, 31.9, and
31.7 dB, and the error value with the reference model (case 5) is within
3.4 dB. At the 90° measuring point, OSPL of cases 1–6 are, respectively,
60.2, 50.6, 54.6, 54.2, 52.3, and 53.7 dB, and the error value with the
reference model is within 7.9 dB. The results show that SPL of the
SUBOFF’s flow-induced noise conforms to the similarity law under the
dipole source. However, we concurrently note that the error of the
normalized results is different at different directions and frequencies, this
paper will analyze the scale error of the SUBOFF model in Chapter 4.

4.4 Verification of the SWL similarity law

Section 4.3 only reflects that the sound power in a certain
direction meets the established SPL similarity law; this section
further verifies the SUBOFF’s SWL similarity law to reflect the
total radiation characteristics in different frequency. As shown in
Figure 11, the layout of SWL measuring points is ISO3744, the
central coordinate is (0.5 L, 0, 0), and the radius R = 2.75 L. The
formula of SWL at dimensionless frequency is shown as follows:

SWL �r, Stn( )|ΔSt � 10lg
P

Pref
( ), P �

4πR2 · 1
N ∑N

i�1
p2
e �r, Stn( )[ ]

ρ0c0
, (12)

where P shows the mean sound power; Pref is the reference of sound
power; which is 10−12 W in water; R is the radio of the measuring
points; N is the number of measuring points; and pi

e is the effective
sound pressure of measuring points.

Combined with Eqs 8, 12, under the same medium and
dimensionless frequency, the normalized formula of SWL at
similar measuring points can be written as follows:

SWLref St( ) � SWL St( ) − 60lg
UP

Uref
( ) − 20lg

LP

Lref
( ), (13)

where SWLref represents the reference value of the sound power
level.

FIGURE 12
Radiated SWL of (A) calculated results and (B) normalized results under different conditions.

TABLE 3 Calculation parameters of different scales.

Parameter Model1 Model2 Model3 Prototype

λ 48 24 12 8

φ 6 3 1.5 1

L/m 2.178 4.356 8.712 13.068

U/ms−1 4 4 4 4

fmax/Hz 2000 1000 500 334

Δf 8 4 2 1.33
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The simulation results and normalization results of SWL are,
respectively, shown in Figures 12A, B. The latter shows that SWL
spectrum curves under different cases are in good agreement,
meeting the SWL similarity law under dipole source. In addition,
SWL spectrum curves at the same scale but different speeds are
relatively consistent, while at different scales are slightly worse
especially St ≥ 100. In this paper, this frequency is called the
cut-off frequency of the similarity law. Above the cut-off

frequency, the error is evidently caused by scale effect, which will
be analyzed in the next chapter.

5 Scale effect analysis

The similarity analysis in Chapter 4 verifies that the SUBOFF
satisfies the similarity law of dipole source in the low-frequency

FIGURE 13
Extrapolated results and error value between scale models and hypothetical prototype. (A,D) SPL of the 0° mearing point. (B,E) SPL of the 90°

mearing point. (C,F) SWL of the ISO3744 mearing point.

FIGURE 14
Comparison between extrapolated results which added the modified value and hypothetical prototype. (A) SPL of the 90° mearing point. (B) SWL of
the ISO3744 mearing point.
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range, that is, the SPL similarity law of Eq. 11 and the SWL similarity
law of Eq. 13. This chapter analyzes the scale effect generated by the
prediction of the SUBOFF prototype based on the similarity law. All
models and prototype have the same speed, which can ensure that
the Strouhal number and the Helmholtz number meet similar
conditions at the same time. Converting Eqs 11, 13 into the
following formulas

SPLp St( ) � SPLm St( ) + ΔP � SPLD St( ) + ΔP

SWLp St( ) � SWLm St( ) + 20lg
Lp

Lm
( ) + ΔW � SWLD St( ) + ΔW,

(14)
where SPLD and SWLD, respectively, represent the sound pressure
level and the sound power level extrapolated from model to
prototype according to the similarity law of dipole source; ΔP is
the SPL error; ΔW is the SWL error; and p and m represent
prototype and model, respectively.

Due to the lack of experimental data, a SUBOFF model with the
scale radio of 1:8 is taken as a hypothetical prototype, and its
calculation results are regarded as the actual results of the
prototype. φ (φ � LP/Lm) is the scale ratio between the scale
model and the hypothetical prototype, and the related parameters
are shown in Table 3.

The scale effect is discussed under the SPL similarity law of 0° and
90° measuring points in the Z = 0 plane and the SWL similarity law of
ISO3744 measuring points. In order to reduce the numerical error of a
single frequency, the simulation results are converted to 1/3 octave
results, as show in Figures 13A–C. Then, calculating the error value in
each frequency band, respectively, the error results are shown in
Figures 13D–F. The error curves of the 0° measuring points
between models and hypothetical prototype are in good agreement,
which indicates that the extrapolated results parallel to the inflow
direction are less affected by the scale effect within St = 10–1089. At the
90° measuring point, the scale effect increases with the increase of scale
radio φwhen St > 100. The possible reason is that the radiated sound is

mainly caused by the enclosure and tail rudder, which has different
sizes in the 0° and 90° directions, so the sound propagation in the 90°

direction is more affected due to SUBOFF scattering. Thus, compared
with SPL spectrums of the measuring points in the direction of 90° and
0°, the frequency range of the formermeeting the established similarity
law is smaller. Owing to the radiated sound energy is mainly
perpendicular to the inflow direction, and the scale effect of sound
power is similar as the sound pressure at the 90° measuring point.

From the results of St > 100 in 1/3 octave, it can be clearly
seen that SPL of the 90° mearing point and SWL of
ISO3744 mearing points have similar trend. Comparing the
data in the dimensionless frequency range, the error value is
about 20lg(φ), it shows that the ratio of the real value of the
sound pressure at the prototype measuring point to the
predicted value is φ. The corrected spectrums are shown in
Figure 14 after adding the modified value.

In the Z = 0 plane, the SPL spectrum of all measuring points is
analyzed similar to that in Figure 13 to obtain the dimensionless cut-
off frequencies in different directions, as shown in Figure 15. On
both sides of the SUBOFF, the dimensionless cut-off frequencies are
about St = 100. In the head and tail directions, due to the SPL
spectrum having better coincidence within St = 10–1089, the cut-off
frequencies near these directions are greater than the highest
dimensionless frequency within the scope of this study. This
shows that in the similarity prediction based on the dipole
source, the SPL spectrum in different directions has different
dimensionless cut-off frequencies. The cut-off frequencies in the
figure are obtained by observing the normalized spectrum, and there
is no specific calculation method and accurate value, which is only
for readers’ reference. The evaluation method and accurate value of
cut-off frequency need further study.

6 Conclusion

In this study, the LES/Lighthill hybrid method was used to verify
the similarity conditions and similarity laws of the SUBOFF’s flow-
induced noise within the test speed range, and the scale effect under
the similarity law was analyzed. The frequency range of analysis is
St = 10–1089, and the maximum scale ratio is 1:6; certain
conclusions are described as follows:

(1) With the dimensionless frequency in the range of St = 10–1089,
SPL directivity in the Z = 0 plane conform to the dipole
characteristics, and the major radiation direction is
perpendicular to the inflow direction.

(2) When the Reynolds number is greater than the critical Reynolds
number, the submarine’s flow-induced noise meets the
similarity condition, and the frequencies are normalized
according to the Strouhal number. At the same
dimensionless measuring point distance, SPL is proportional
to the sixth power of the speed, and SWL is proportional to the
sixth power of the speed and second power of the scale.

(3) The established similarity law is affected by the scale. At the same
scale, the predicted SPL and SWL spectral curves with different
inflow speeds are generally in good agreement. Under different
scales but the same speed, there exists a dimensionless cut-off
frequency St = 100, below which the SWL spectrums predicted are

FIGURE 15
Cut-off frequencies of the Z = 0 plane in different directions.
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in good agreement; otherwise, the scale error is about 20 lg (φ)
when the dimensionless frequency is greater than it.

(4) The cut-off frequency of SPL similarity law is related to the angle
of the measuring points, which, perpendicular to the incoming
flow direction, is St = 100 (the same as the cut-off frequency of
the SWL similarity law), but the cut-off frequency parallel to the
incoming direction is greater than St = 100.
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