ARCHIVES OF ACOUSTICS

Research Paper

Prediction Method and Characteristics of Static Acoustic Scattering
for Marine Composite Propellers

Suchen XUW, Zilong PENG()* | Fulin ZHOU®),
Xuhong MIU(3)7 Huicheng KEM

W School of Energy and Power
Jiangsu University of Science and Technology
Zhenjiang, China

@ State Key Laboratory of Ocean Engineering
Collaborative Innovation Center for Advanced Ship and Deep-Sea Exploration
Shanghai Jiao Tong University
Shanghai, China

®) Unit 92578 of the People’s Liberation Army
Beijing, China

*Corresponding Author e-mail: zlp _just@sina.com

(received May 10, 2024; accepted July 4, 2024; published online October 17, 2024)

This study introduces a hybrid approach to predict the acoustic scattering characteristics of composite
propellers featuring variable thickness and complex curvature. The approach combines the Kirchhoff approxi-
mation (KA), which employs an intersection algorithm (IA) for determining the thickness of discrete surface
elements, with the theory of orthotropic laminate transfer matrix (OLTM). The overall scattered sound field
of the target is determined by solving the reflection coefficients of each surface element. To enhance computa-
tional efficiency, the scattered sound field of a complete composite propeller is ingeniously predicted by cloning
mesh topology from a single propeller blade, taking advantage of the rotation symmetry characteristics of the
composite propeller. The validity of this prediction method is confirmed through the finite element method
(FEM) and static acoustic scattering characteristic experiments conducted on a lake. The predicted results
for the target strength (T'S) of the composite propeller closely align with the FEM. Additionally, the TS and
time-domain echo characteristics of the steel propeller utilizing the KA exhibit strong agreement with the
experimental findings. These research findings provide a significant reference value for predicting the acoustic
scattering characteristics near the stern of underwater vehicles.
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1. Introduction

When active sonar is utilized to detect the stern
of an underwater vehicle, the stern sections, including
the propeller, and the rudder, contribute the main echo
(CHU, STANTON, 2010; KLAUSNER, AZIMI-SADJADI,
2014; TUCKER, AzIMI-SADJADI, 2011). Compared to
traditional metal propellers, composites offer advan-
tages such as higher strength, lower specific gravity,
corrosion resistance, and good capability of stealth

(VARDHAN et al.,, 2019; ISLAM et al., 2022; UDDIN
et al., 2021; MOTLEY et al., 2009). However, the acous-
tic scattering characteristics of the composite propeller
are often overlooked in both domestically and inter-
nationally research. Modeling the acoustic response
of static non motion propellers primarily focuses on
their inherent acoustic characteristics in a non-working
state, analyzing how material properties and geomet-
ric shapes influence acoustic scattering characteristics.
In contrast, modeling the acoustic response of rotat-
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ing propellers primarily addresses the hydrodynamic
noise generated during operation, which is more com-
plex than static propeller modeling. This involves ac-
counting for the Doppler frequency shift effect induced
by rotation and the acoustic scattering characteristics
of the wake bubble cloud (CHENG et al., 2023; SAF-
FARI et al., 2023). For a static composite propeller, it
is crucial to consider variations in blade thickness and
curvature.

Currently, prevalent numerical methods for pre-
dicting the acoustic scattering characteristics of un-
derwater targets at low frequencies include the finite
element method — FEM (JIANG et al., 2023; ISAK-
SON, CHOTIROS, 2014; SABAT et al., 2023; YANG
et al., 2024), and the boundary element method —
BEM (LANGDON, CHANDLER-WILDE, 2006; VENAS,
KVvAMSDAL, 2020; SEYBERT et al., 1988; ZHANG et al.,
2020). However, these numerical methods necessitate
significant computational resources, with increasing
frequency. The Kirfchhoff approximation (KA) method
is extensively employed for rapid prediction of the
acoustic scattering characteristics of complex targets
in a high-frequency range (KwWON et al., 2017). LAvia
et al. (2019) discretized the target into individual
curved surface elements and computed the target’s
backscattering in high frequency through iterative in-
tegration using the Gauss-Legendre rule, as adopted
in the KA. TANG et al. (1993) proposed a method
called the planar element method, which has been
broadly utilized in modeling acoustic echo of complex
targets.

Numerous issues persist when employing the KA
method for analyzing the acoustic scattering charac-
teristics of the composite propeller. Each discrete sur-
face element of a propeller blade possesses the distinct
thickness and curvature (SAGAR et al., 2013), with the
primary variation pattern characterized by thinning
towards the edges and thickening towards the leading
edge, as well as transitioning from thicker at the blade
root to thinner at the blade tip. The traditional KA
method, used for assessing target strength (TS), only
considers the reflection coefficients of uniformly thick
targets. Variations in thickness and curvature across
different parts of blades, as well as complex edge pro-
files, which inevitably lead to computational errors,
have not yet been taken into account.

In this paper, a predictive method for the acoustic
scattering characteristics of composite thin plates with
variable thickness is proposed. By constructing dis-
crete element thickness and material property informa-
tion, and based on the theory of orthotropic laminate
transfer matrix (OLTM), the reflection coefficients of
all elements are solved. This leads to the acquisition
of the total scattered sound field for composite targets
with variable thickness. By employing a mesh cloning
topology approach, the prediction of acoustic scatter-
ing characteristic for the composite propeller with ro-

tational symmetry structures has been realized. The
accuracy of this method in predicting the acoustic
scattering characteristics of the static composite pro-
peller has been validated through the FEM. Finally,
this method is applied to the isotropic steel propeller,
where the predicted results of TS and time-domain
echo characteristics are in good agreement with ex-
perimental results.

2. Theoretical research

2.1. Physical method of geometrical acoustic
scattering of underwater target

The KA formula is applied to the problem of acous-
tic scattering on nonrigid surfaces, as shown in Fig. 1.
Oxyz denotes a spatial Cartesian coordinate system,
S represents the integral surface of the nonrigid tar-
get, Q1 is the point of sound wave incidence, and Q)5 is
the point of sound wave reception. The vectors r; and
ro correspond to the positions of the incidence and re-
ception points, respectively; a; and as are the angles
of incidence and reception, respectively, while n repre-
sents the normal vector of the surface element.

X

Fig. 1. Schematic diagram of the integral region.

Assume that the surface reflection coefficient is
V() and the surface acoustic impedance is Z. In the
illuminated region, the elastic surface conditions are:

¢s = V(a)(bh
iwpo(di+ds) __, (1)

9(¢i + ¢s)/On ’

where ¢; and ¢, are the potential functions of the inci-
dent sound wave and the scattered sound field, respec-
tively, w is the angular frequency of the incident wave,
and pg is the density of the medium surrounding the
target. From this, the potential function of the scat-
tered sound wave is obtained as follows (FAN et al.,
2012):

LA ik(ri+re)
s =~ f e71/(@)(005041 +cosaz)ds, (2)

47 rir
% 1r2

where k is the sound wavenumber, A is the amplitude.
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In monostatic configuration,

ri=ro=r,

it follows that:

(/I)s:

ikA e2ikr
—%Sf 2 V(a)cosads. (3)

The TS under the far-field conditions is obtained
as follows:

TS = 101g(% |I|2), (4)

where A is the sound wavelength,

Iz/eQikArcosaV(a)ds,
5

and Ar is the path difference of a surface element rel-
ative to a reference point.

2.2. Theory of orthotropic laminate transfer
matriz

The physical model for the propagation of plane
waves in composite laminated plates is shown in Fig. 2.
0; is the angle of incidence, 6, is the angle of reflection,
and 0; is the angle of transmission, with the angular
frequency denoted as w. The x3 refers to the direc-
tion of thickness, while x; refers to the principal di-
rection. For a given single-layer medium, the z3 coor-
dinate of the transmission boundary is 0, and the z3
coordinate of the incident boundary is dg, represent-
ing the thickness of that layer. The total thickness D
of the multi-layered solid medium is

D=3 dy.
k=1

Fluid media are present on both sides of the com-
posite laminated plate. At the fluid-solid interface, the
wave type conversion occurs: part of the wave is re-
flected into the external fluid, while the remainder con-
verts into shear and longitudinal waves, continuing to
propagate in the orthotropic medium and undergoing
further reflection and transmission at the lower inter-
face.

wky cos(k13s) —jwky sin(k13z3)

—jwis sin(ki13zs) wk13 cos(ki3x3)

[M]=

Incident wave | Reflected wave
Layero N2 |01 .
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X3 » X1
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X?,:L A
X3k—1 : :
‘ Layer k dy
X3
X3n-1 . :
Layer n d,
X3n Y
Fluid
Layer n+1 o .
Y Transmitted
wave
v
X3
Fig. 2. Schematic diagram of interface between fluid
and solid.

According to the theory of OLTM (Kuo et al.,
2008; LIN et al., 2017), the relationship between stress,
vibrational velocity, and amplitude in a single uniform
medium is:

V1 (R1 + Rll)
U3 (R1 _Rll)
= ) (5)
033 (RQ + RQ)
o13 (R - R3)

where v; and vs are the velocity of 1 and x3 direction,
respectively; o33 and o3, respectively, are the normal
stress and shear stress on the solid surface; Ry and R»
are the amplitudes of the incident sound wave, while
R} and R) are the amplitudes of the reflected sound
wave.

The matrix M is:

Jjwkag sin(keszs) —jwkag cos(kaszs)

wky cos(kazzs) —jwky sin(keszs)

)

—(Q13k? +Qs3kis) cos(kiszs) j(Qi3k?+Qsskls)sin(kizzs) j(Q33—Q13)kekassin(kaszs) —(Q33—Q13)kekas cos(kasws)

2jQss5ktk13 sin(k13x3)

—2Qs5ktk13 cos(k13x3)

Qs5 (k33 — k7) cos(kasxs3) —jQs5(k35 — k?) sin(kazzs)

(6)



578 Archives of Acoustics — Volume 49, Number 4, 2024

where @);; is the element of the stiffness matrix for or-
thotropic materials (L1, 2022); k; is the wave number
of the incident sound wave along the tangential direc-
tion of the plate; k13 and ko3 are the compression wave
and the shear wave in the direction of x3, respectively.

ki = gsint9i, (7)
Co

A 2
\/ 1k \j 1——sm 0;/As, (8)
[ _ 2
k23 = alk ‘ [ *QSIH 0 /a3,
Co

where ¢g is the sound speed of fluid; 4y = (Q11 + Q13 +
2Qs55)/2p and Az = (Q33 + Q13 +2Q55)/2p; a1 = (Q11 -
Q13)/2p and a3 = (Qs3 — Q13)/2p; p is the material
density.

At the incident boundary, x3 = d, while at the
transmission boundary, x3 = 0. Therefore, the mutual
transfer relationships of vibrational velocity and stress
at the upper and lower surfaces of each layer of the
medium is:

k13

U1 U1 U1

U3 -1| U3 U3

o || =)o) ™ | 2 N =[7 7| 2|l (10)
013 |lp 013 1l 013 1l

where [TTy] is the stress-strain transfer matrix of the
layer no. k£ of the medium.

At the interfaces between different solid media, the
stress and strain are continuous and consistent. There-
fore, based on the consecutive multiplication of matrix,
the overall transfer matrix [T] of stress and vibrational
velocity from the transmission boundary to the inci-
dent boundary of the multi-layered medium is:

U1 V1 U1

v3 - v3 v3

033 I:ITTk 033 =71 o33 || (1)
013 ]ip 013 1l 013 ]l

Applying the conditions of normal stress and normal
displacement continuity on the upper and lower sur-
faces of orthotropic laminated plates (Hu, 2017), the
reflection coefficient R and the transmission coefficient
D can be expressed as:

K (@) = () P pas
B (@) + () P punr (12)
D: pl n+1(1 R) (13)

. b
Pn+1 Jk13m22 + Moz prw?

where ) )
.
a” = jmaokis + mazp1w”,

* . 1 2
b" = jmagkys + mazp1w”,

p1 and p,41 are the fluid medium density at the inci-
dent and transmission boundaries, respectively; k{5 and
k75! are the wave numbers of the compressional wave
at the incident and transmission boundaries, respec-
tively; mi, = Tix, — Tin Ta /T,

kls = Y cos 0;, (14)
co

kst = “ cost;. (15)
co

2.8. Calculation method for static acoustic scattering
of the composite propeller

For addressing the acoustic scattering issues of the
composite propeller, a method is proposed that in-
volves independent assessing and assigning values to
the thickness of discrete surface elements during the
KA process.

For the issue of element thickness discrimination,
a simplified judgment method is proposed: the thick-
ness determination of each independent element can
be approximated as a problem of solving the spatial
vector length at point My of the rear interface plate
penetrated by the normal located at the central point
O of the front plate. The spatial vectors from the ori-
gin to points 07 and M> are represented as O and Mo,
respectively, and the length of this vector is the thick-
ness d of the plate, the method for determining the
thickness of an element is shown in Fig. 3.

Rear interface

Front interface

Fig. 3. Method for determining the thickness
of surface elements.

Based on the intersection algorithm — IA (MOLLER,
TRUMBORE, 1997), Ma(uv) can be defined and repre-
sented as My (u,v) = O + dn, with the assumption
that:

O; +dn = (1-u-v)m; +umy + vmg, (16)

where u and v satisfy the conditions: v > 0, v > 0,
and v +v =1; my, mo, mg, respectively, represent the
spatial position vectors of the vertices of the rear plate,
the normalized vector in the direction of the normal
of the front plate is n. After organizing, it is obtained

that:
d

m3—m1] U
v

[—n ms — m; =0;-my. (17)
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Move the vertex m; of the rear interface element
to the origin and transform it into a unit triangle
within the Oyz plane, aligning the normal direction
n parallel to the z-axis. Define E; = my — m;, Es =
m3 —mi, T = O; —m;, by applying Cramer’s rule to
Eq. (17), the solution is obtained as follows:

d 1 (TXEl)'EQ
=——— | (nxEy)-T |. (18)
v (HXEQ)-El (TXE1)~1’1

The element thickness d can be determined by solv-
ing Eq. (18).

A mesh cloning topology method is proposed for ro-
tationally symmetric structures to predict the acoustic
scattering characteristics of multiple propeller blades.
This is achieved by applying planar rotational oper-
ations to the mesh nodes of a single propeller blade
within the same plane, thereby expanding it into
a multi-blade mesh. The complete model mesh is then
obtained through topological methods. This method is
shown in Fig. 4. P, P, and P; represent the original
mesh vertices, while P/, Pj, and Pj represent the mesh
vertices after topology, with a representing the spatial
vector from the origin to point P;, and b representing
the spatial vector from the origin to point P;.

a) b)

;i
Y
II'| '\\\, 0/ y
XY \
'3 \
S AV < //,w

Fig. 4. Mesh cloning topology method: a) shows the topol-
ogy process; b) shows the mesh after topology.

When cloning a single propeller blade to obtain
three blades, the mesh rotates around the axis of 120°.
Connect P; with the origin O of the coordinate axis to
obtain the vector a = (y, z). The line connecting O and
P, which is obtained by rotating P;, forms the vec-
tor b = (y',2"). By applying Egs. (19)—(21), the rapid
calculation of y" and 2’ can be realized, thereby ob-
taining the mesh node information for the three-blade
propeller:

v =120°, (19)

a.
0Sp = ———
7 Jall

1 ! 4
1 yy +zz (20)

2 \/y2+z2\/y’2 + 22

y,:—yi\/gz Z,:\/gyiz
2 ’ 2

2.4. Research on time-domain echo characteristics
of target

In the framework of linear acoustics, the problem
of target scattering can be described using an acoustic
transfer theory. The target can be regarded as a lin-
ear time-invariant network. In this network, the inci-
dent signal is the input, and the echo signal is the
output. The time-domain transfer function of this lin-
ear transfer network is h(7,ry,rs,p), where 7 is the
delay, r1 and ry are the radius vectors of the incident
and scattering points, respectively, and p is the ra-
dius vector of the target. The frequency domain trans-
fer function H(f,r1,ro,p) of the transfer network is
denoted as the ratio of the scattering wave potential
function to the incident wave potential function, where
f is frequency. In the monostatic configuration, there is
ri = ro, and the transfer functions in the time-domain
and frequency domain are h(7,r,p) and H(f,r,p), re-
spectively.

When z(t) represents the time-domain incident sig-
nal, X(f) represents the frequency domain incident
signal, and Y'(f) represents the frequency domain
echo signal. The time-domain echo signal of the tar-
get can be expressed as:

y(t) = z(t) ® h(r,r,p), (22)

where ® is convolution operation, then the echo signal
in the frequency domain is given by:

y(t) = FY/()]. (24)

The time-domain echo signal can be obtained by
taking the inverse Fourier transform of the frequency
domain signal. This theory allows for the indirect ex-
traction of the time-domain echo characteristics of un-
derwater targets by calculating the frequency domain
signals.

3. Simulation calculation and model
3.1. Composite propeller model

The computational model is a composite propeller
of underwater vehicles, comprising a hub and blades.
The propeller is made of carbon fiber, with its primary
material parameters outlined in Table 1 (JING et al.,
2022). The basic dimensional parameters of the pro-
peller are presented in Table 2.

In Table 1, F; is the longitudinal elastic modulus;
FE5 and F5 are the transverse elastic moduli; v19, va3,
and wv13 are the Poisson ratios in the 12, 23, and 13 di-
rections, respectively; G12, Gasz, and G153 are the shear
moduli in the 12, 23, and 13 directions, respectively;
p is the density.
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Table 1. Material parameter.

rotates around the propeller axis while moving axially,
thus forming the three-dimensional surface of the pro-

Parameter | Numerical value
E1 [GPa) 140 peller blade. The generatrix OH located in the mid-
Fs |GPa) 9 dle of the blade surface is selected as the reference
B |GPa) 9 line, serving as the benchmark for measuring the shape
oo 032 and size of the propeller blade. The maximum thick-
s 0.46 ness variation of the blade section is obtained from the
- 0.32 blade section projection diagram. Table 3 illustrates
Gra [GPa] 16 the relative positional relationship of points on the
Gas [GPal 308 blade camber line and the trailing edge line of section
23 . . . .
Grs [GPal 16 at different radii ranging from 0.2R to 0.95R.
13 .
3
p kg /m”] 1620 Table 3. Single blade section profile dimensions.
Table 2. Basic parameters of propeller. Distance frofn Sectional ) Maximum
the generatrix hord Sectional b 1
Parameter Numerical value r/R| to the leading lin; h perimeter :l‘iiccllqirzs
Tip circle radius [mm]| 261.5 edge [mm] [mm] [mm]
Disk ratio 0.507 [
Number of blades 3 0.2 67.58 135.16 274.41 7.55
Propeller rake angle |°] 0 0.3 82.27 164.53 332.93 6.45
Hub diameter shape linear type 0.4 97.76 19551 394.77 5-54
Hub bore diameter [mm] 67 0.5 109.13 218.25 440.80 4.80
Hub outside diameter [mm]| 81 0.6 113.25 226.50 458.10 420
0.7 110.15 220.30 446.24 3.69
0.8 98.56 197.12 401.30 3.23
Due to the unique design of the blade, which fea- 0.9 74.96 148.51 302.45 2.80
ture a larger thickness near the hub and along the mid- 0.95 59.71 105.42 215.95 258
line of the blade surface, and a gradual decrease in 1.0 , - - 2.00

thickness towards the blade edges and along the radial
direction, the radial thickness variations of the pro-
peller blade model are significant. Therefore, measure-
ments of the sectional profile dimensions at different
radial distances of a single blade are conducted. The
construction of the blade model and the selected ra-
dial positions of the sections are shown in Fig. 5. In

Measurements of certain parameters under a single
blade’s top and upward view are conducted, with the
specific parameters detailed in Table 4.

Table 4. Partial parameters of a single-blade propeller.

the figure, R represents the tip circle diameter. Parameter [mm)] | Numerical value
Using traditional methods to measure propeller di- Gmax 206

mensions (ZHU, 2020), it is assumed that the genera- ! 10

trix is a curve located at a specific point along the lon- e 2

gitudinal direction of the propeller blade. This curve dy 88

b)

MTop view

Fig. 5. Single blade structure: a) shows the front view; b) shows the top and upward views.
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Measurements are taken of the outer edge of the
blade root cross-section in Fig. 6b, combining circular
curves and line segments to draw the lower sectional
profile, ¢1 and ¢, represent the rotational scales of the
upper and lower sections, respectively, both set at 20°.
By selecting cross-sectional profiles at multiple radial
distances, the basic dimensions of the blade’s shape
are determined, completing the overall propeller blade
construction.

Incidence/reception

Fig. 6. Schematic diagram of model calculation angle.

3.2. Acoustic scattering characteristics of a single
composite propeller blade

The acoustic scattering characteristics of a single
composite propeller blade are simulated using finite
element software, employing acoustic-solid coupling in
the frequency domain for an underwater single com-
posite propeller blade.

In simulations of the scattering acoustic field of
a single composite propeller blade using the COMSOL
FEM simulation software, the perfect matching layer
(PML) technology is introduced to simulate the bound-
ary conditions of an infinite free field. This technol-
ogy serves as an absorbing boundary, preventing sound
waves from reflecting at the interface between the con-
ventional internal computation domain and the PML.
This simulation solutions are compared with the KA
method. Figure 6 presents the angle setting diagram,
the schematic diagram for calculating acoustic scat-
tering of a single composite propeller blade. Figure 7
illustrates a schematic diagram of the FEM calculation
model.

The simulation model is established with water
as the fluid medium and the incident sound wave

A single composite
propeller blade

Fig. 7. FEM calculation model of a single composite
propeller blade.

as a plane wave. The angle 6 between the incident
wave in the Ozxy plane and the negative half-axis
of the x-axis is considered. Two methods, the FEM
and the KA, with a thickness variation interval rang-
ing from 2 mm to 7.55 mm, are employed for compar-
ative analysis of the TS. Figure 8 shows the directivity
diagrams of TS at different frequencies, with 6 ranging
from 0° to 360° in 2° intervals (omnidirectional scatter-
ing). Figure 9 compares the directivity diagrams of TS
at different frequencies, with an incident angle 6 of
-45° to 45° and a step size of 1° (forward scattering).
Figures 8 and 9 demonstrate that the KA method
is largely comnsistent with the FEM results and offers
a significant advantage in computation time. Table 5
provides the times required to compute the TS.

3.8. Acoustic scattering characteristics
of the composite propeller

The acoustic scattering characteristics of the com-
plete propeller model, derived from mesh cloning topol-
ogy of a single propeller blade, are calculated. The TS
results for the composite propeller are compared using
both the KA and the FEM. The coordinate origin is
centered at the propeller hub disk, with the incident
wave direction at 0° perpendicular to the propeller hub
disk. Calculation angles, 6, are set to range from 0° to
360° in 2° intervals. The comparison of the directivity
diagrams of TS is shown in Fig. 10. The overall TS
for the composite propeller, which includes multiple
blades and the central hub, is obtained through the
coherent superposition of the scattered sound fields,
with the hub portion considered as a rigid target in
the calculations. Table 6 presents the time required to
compute the TS.

Table 5. Comparison of time required for TS calculation.

Omnidirectional scattering FEM /KA Number Number Calculation time
and forward scattering of mesh elements of mesh nodes [s]
Omnidirectional scattering FEM 192303 41910 2150.5
KA 22396 11200 393.15
. FEM 192303 41910 2034.1
Forward scattering
KA 22396 11200 394.64
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Fig. 8. Comparison of omnidirectional scattering TS for a single composite propeller blade at different frequencies:
a) 12 kHz; b) 16 kHz; ¢) 21 kHz; d) 24 kHz; e) 26 kHz; f) 29 kHz.

Table 6. Comparison of time required for TS calculation.

FEM/KA Number of mesh elements Number of mesh nodes Calcula[t i]on time
s
FEM 1503875 292033 16069.8
KA 80867 40645 877.7

As indicated in Fig. 10, the results from the KA are
largely consistent with those of the FEM, especially in
the forward and aft scattering regions (6 at 0° to 30°
and 150° to 210°) at high frequencies. However, at cer-
tain oblique incident angles, discrepancies are observed
due to the TS derived from the coherent superposition

of the hub and blades, which diverges from the unified
calculations of a complete model.

The comparison with the FEM results reveals that
for the composite propeller, a rotationally symmetric
structure, the directivity diagrams of TS exhibit a ro-
tationally symmetric distribution as well. Peaks oc-
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a)

—e—FEM
— [ A

b)

—=— FEM
—e— KA

Fig. 9. Comparison of forward scattering TS for a single composite propeller blade at different frequencies:
a) 12 kHz; b) 16 kHz; ¢) 21 kHz; d) 24 kHz; e) 26 kHz; f) 29 kHz.

cur in the 20° to 40° and 200° to 220° ranges, with
strong TS regions near 30° and 210°. These are pri-
marily due to the contributions from multiple compos-
ite propeller blades, where the unique inclined angle of
the blades causes many normal vectors of surface el-
ements to align almost parallel to the incident wave
direction at these angles. As Eq. (12) indicates, an
increase in the incident wave frequency enhances the
reflection coefficient on the composite propeller blade
surface, leading to more pronounced directivity within
this angular range. Significant fluctuations in TS with
multiple peaks are observed in the 0° to 30°, 75° to
105°, 150° to 210°, and 255° to 285° ranges. These are
attributed to the contributions from the annular end
face of the hub and some bright areas on the blades.

Echo interference from different parts of the compos-
ite propeller occurs, and the plane structure acoustic
scattering characteristics of the propeller hub disk are
significantly influenced by the angle.

3.4. Comparison between composite
and steel propellers

The accuracy of the KA method was validated
through comparison with the FEM. This was achieved
by contrasting TS of the composite propellers with
that of the steel propeller and analyzing the acoustical
modulation effect of composite materials. Frequency
computations were conducted within the range of
10 kHz to 30 kHz with a step size of 200 Hz, while an-
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Fig. 10. Comparison of TS for composite propellers at different frequencies:

gle variations were assessed from 0° to 360° with a step
size of 2°. In Fig. 11, the horizontal axis represents the
incident angle of the sound wave, which the vertical
axis denotes the incident frequency of the sound wave.

According to Figs. 11 and 12, compared to the steel
propeller, the composite propeller exhibits a signifi-
cant decrease in TS predominantly within the angular
range of 15° to 45° and 195° to 225°. This reduction is

12 kHz; b) 17 kHz; ¢) 20 kHz; d) 21 kHz; e) 23 kHz; ) 24 kHz; g) 27 kHz; h) 29 kHz.

attributed to the parallel alignment between the nor-
mal vectors of discrete elements and the direction of
sound waves within these angular intervals, which en-
hances the reflection coefficient of the composite ma-
terials, thereby facilitating effective acoustical modu-
lation. However, with an increase in frequency, leading
to the reduction in the wavelength of the sound waves,
the extent of reduction in TS diminishes.
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Fig. 11. Comparison of TS: a) shows TS of the steel propeller; b) shows TS of the composite propeller.
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4. Comparison of acoustic scattering
characteristics between the KA solutions
and experimental results

4.1. Acoustic scattering characteristic experiment
instrument and arrangement

Due to the demanding processing requirements and
lengthy production cycles associated with composite
material propellers, steel propellers, which are isotropic

and can be considered as special cases of orthotropic
materials, offer a more universal option. Verification
of the KA method suffices for these materials. Thus,
a lake experiment on scaled models of steel propellers
was conducted to verify this approach. By analyzing
the echo characteristics of the steel propeller in rela-
tion to variations in incident angles and frequencies,
this experiment provides essential data to support the
accuracy of predictive methods for TS in the thin plate
target with variable thickness.
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The primary material parameters used include
a density of 7800 kg/m?, Poisson’s ratio of 0.3, and
Young’s modulus of 2.1 x 10!! Pa. Figure 13 shows the
steel propeller scale model.

) _ b)

Fig. 13. Steel propeller experiment model:
a) shows the front view; b) shows the side view.

Figure 14 is a schematic diagram of the exper-
iment equipment arrangement. The transducer, hy-
drophone, and detection target are positioned at the
same depth. This depth, measured from the water sur-
face, is 7.38 m. The distance between the transducer

Data collection and
px ocessmg

Slgnal collector Q)ncluonmb Slgnal generator

mgzer
4-—- -----

.................. I Charge amplifier

l Power amplifier
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A Ay

, Transducer
7 365m 330m S0

Fig. 14. Schematic diagram of the experiment equipment
arrangement.
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&
TS [dB]
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and the hydrophone is 3.65 m, while the distance be-
tween the hydrophone and the measurement target is
3.32 m. During the measurement process, the propeller
rotates uniformly underwater in a suspended posture,
with a rotation angle ranging from 0° to 360°.

4.2. Experimental data analysis of the time-domain
echo characteristics of the steel propeller
scale model

In the experiment, a scaled steel propeller model
was utilized. Incident acoustic waves were directed at
the model across a full 360° range. These signals were
linear frequency modulated pulses, spanning a fre-
quency band of 10 kHz to 20 kHz with a pulse width
of 3 ms. The geometric center of the incidence setup
was aligned with the hub disk center of the propeller,
ensuring that the incident wave vector faced the center
of the propeller hub disk directly at 0° incidence. The
time-domain echo characteristics obtained from the ex-
periment were then compared with the KA solutions
as shown in the Fig. 15. The horizontal axis represents
the attitude azimuth angle of the model, which the
vertical axis denotes the moment of the echo.

From Fig. 15, it is evident that strong echo bright
spots are pronounced near the 30° and 210°. Both
the experimental findings and the KA solutions reveal
a similar distribution pattern of these bright spots, in-
dicating a close correlation in their variation trends.
This similarity suggests that the propeller blades’ side
inclination angle plays a crucial role in the echo char-
acteristics, especially when analyzing the time-domain
acoustic scattering characteristics of the steel pro-
peller. However, some discrepancies between the exper-
imental data and the KA method predictions persist.
These differences might stem from small size of the
model, which could lead to weaker echo signals at
the receiving point. Additionally, experimental limita-
tions may have hindered accurate observation of the
underwater model’s posture, potentially causing insta-
bility at certain angles and, consequently, inaccuracies
in the results.
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Fig. 15. Comparisons of the echo characteristics of the steel propeller scale model in the frequency band of 10 kHz—20 kHz
between the experimental results and KA solutions: a) shows the experimental results; b) shows the KA solutions.
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Fig. 16. The comparison results of the steel propeller TS at different frequencies:
a) 14 kHz; b) 16 kHz; ¢) 18 kHz; d) 20 kHz.

4.3. The steel propeller scale model monostatic TS
experimental data analysis

The experimental data underwent the Fourier
transform, and the outcomes of at different frequen-
cies were then compared with those derived from the
KA method.

As shown in Fig. 16, the experimental results show
a trend that closely matches the KA solutions, with
the numerical values being largely consistent. This in-
dicates that the KA method has a reliable degree of ac-
curacy in predicting the TS of propellers. However, it
is observed that there are some differences in the peak
values near the strong intensity points at 30° and 210°
between experimental results for the propeller and the
KA solutions. These discrepancies could potentially be
attributed to issues related to fabrication and suspen-
sion of the model.

5. Conclusion

This study initially employs an IA to determine
the thickness of each discrete surface element. Subse-
quently, based on material parameters, OLTM is uti-
lized to calculate the reflection coefficient of each dis-

crete surface element. Finally, employing a coherent
superposition approach, the scattered acoustic field
of a single composite propeller blade is obtained.
To streamline computations, a mesh topology cloning
method is employed to predict the acoustic scattering
characteristics of the entire composite propeller. Com-
parative analysis of the acoustic scattering character-
istics of the composite propeller yielded the following
key conclusions:

1) Compared to the traditional FEM, the KA
method is shown to rapidly and accurately predict
the high-frequency acoustic scattering characteris-
tics of composite thin-plate models with spatially
varying thickness.

For geometric models that exhibit rotational sym-
metry, complete multi-body models can be ob-
tained by topologically cloning individual struc-
tures in the mesh. This method effectively pre-
dicts the acoustic scattering characteristics, with
these typical structures displaying a consistent
distribution pattern of rotational symmetry in
their directivity diagrams of T'S.

The propeller blade significantly affects the TS of
the static composite propeller. An overall TS peak
is observed when a considerable number of surface

2)

3)
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elements on the propeller blade have an outward
normal nearly parallel to the incident direction.

Compared to the acoustic scattering results from
lake experiments, this study demonstrates that
the applying the KA method to the isotropic steel
propeller also ensures the high solution accuracy.
This enhances the prediction accuracy of the stern
direction acoustic scattering characteristics of un-
derwater vehicles.
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