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Abstract: Regarding the scale effects on propeller’s non-
cavitation hydrodynamics and hydroacoustics, three similar 7-
bladed highly-skewed propellers in the wake flow are
addressed with diameters of 250, 500 and 1 000 mm,
respectively. The discrete
standardized spectrum level scaling law, together with the total
sound pressure level are analyzed. The non-cavitation noise
predictions are completed by both the frequency domain
method and the time domain method. As a fluctuated noise
source, the time-dependent fluctuated pressure and normal
velocity distribution on propeller blades are obtained by the
unsteady  Reynolds-averaged Navier-Stokes ( URANS )
Results that the pressure coefficient
distribution of three propellers on the 0.7R section is nearly
superposed under the same advance ratio. The periodic thrust
fluctuation of three propellers can exactly reflect the tonal
components of the axial passing frequency ( APF) and the
blade passing frequency ( BPF), and the
enhancement from the small to the middle propeller at the BPF

line-spectrum noise and its

simulation. show

fluctuation

is greater than that from the middle to the big one. By the two
noise prediction methods, the increment of the total sound
pressure level from the small to the big propeller differs by
2.49 dB. Following the standardized scaling law, the
spectrum curves of the middle and big propellers are nearly the
same while significantly differing from the small one. The
increment of both the line-spectrum level and the total sound
pressure increases with the increase in diameter. It is suggested
that the model scale of the propeller should be as large as
possible in engineering to reduce the prediction error of the
empirical scaling law and weaken the scale effects.
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l ] nder normal test conditions, the submarine propeller
is far away from cavitation. It means that prediction
and evaluation of propeller non-cavitation noise is essen-
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tial to localize and identify the submarine main noise
source at a low speed. In particular, the boundary layer
flow and turbulent vortex of the full-appended submarine
hull involved in the non-uniform incoming flow to the
propeller should be taken into account for its noise predic-
tion. However, the lack of theoretical models addressing
this problem under a rigorous, physically-consistent rec-
ognized prediction approach leads to few successful re-
search papers recently open-accessed. Seol et al.!™
made some valuable investigations on this point. They
used a weak coupling method, e. g. the surface panel
method based on velocity, to calculate the source flow
field and the Farassat 1A integral equations in the fre-
quency domain for sound propagation. Results show that
the predicted sound pressure level at the blade passing fre-
quency (BPF) and its harmonics just differs by less than
5 dB from the experimental data. This coupling method is
usually called the hybrid two-step method, combining the
computational fluid dynamics ( CFD) with computational
acoustics (CA). Regarding the CFD, large eddy simula-
tion (LES) seems to be the most promising method to
compute source fluctuations in the flow for aerodynamic
noise prediction'*’, but its application area is still limited
in simple geometry until very recently. When the highly-
skewed propeller blades are taken into account, the mesh
spatial resolution and iterative temporal-scale required by
the maximum efficient take-off frequency and the time
cost are still embarrassing in marine engineering. As a
basic application, Yang et al. "' predicted non-cavitation
noise of the propeller by the hybrid method of coupling
LES with boundary element numerical acoustics in the
frequency domain, including both the non-skewed DTMB
4119 propeller and the 7-bladed highly-skewed propeller.
Note that the sound propagation algorithm in that paper is
different from the one used by Seol et al'”. Due to the
long time consumption and lack of validation, its accura-
cy is still unknown and difficult to improve on. To over-
come these limitations, according to Ref.[6], the un-
steady Reynolds-averaged Navier-Stokes (URANS) simu-
lation has become a good alternative nowadays, as long
as every step is handled as carefully as possible.
Subsequently, in order to develop a convenient and ro-
bust method for propeller non-cavitation noise prediction
beginning with the URANS simulation, both the time do-
main method and the frequency domain method are used
to calculate the sound propagation of the propeller in the

wake flow'”. The time domain method is based on
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Carley’s time domain calculation of aerodynamic noise
generated by a propeller in a steady flow. The fluctuated
pressure distribution as an acoustic source is obtained by
the URANS simulation. The mesh nodal normal genera-
tion is located in the center of the mesh element, not tak-
ing the cross-product of the vector from one node to its
neighbors in one element'™ . Meanwhile, unlike simplify-
ing the blade geometry into blade sections, a new de-
scription method is introduced into the calculation. Be-
sides, the BEM numerical acoustics method in the fre-
quency domain is used as a mutual comparison to deter-
mine the noise spectrum in the near and far acoustic
fields. Results show that these two methods can give mu-
tual validation to each other with 5 to 7 dB difference for
the five measuring points in the propeller wake. Com-
pared with the time domain method, the frequency do-
main prediction can not only include the axial passing fre-
quency ( APF) and the BPF harmonics line spectrum, but
also present the interaction between the non-uniform in-
flow and the blade leading edges. On this point, the fre-
quency domain method is considered to be more reasona-
ble than the time domain method accounting for wake
flow effect.

In recent applications, the propeller noise characteris-
tics evaluation and low noise propeller design are mainly
conducted by scaling the model-scale test to full-scale by
certain scaling laws. The measurement uncertainty and
the credibility of empirical formulae directly influence the
noise precision of the big scaled propeller. However,
what remains unknown is the effects of the Reynolds
number on propeller non-cavitation noise, differing by
two dimensions between the model propeller and the full-
scale propeller. To obtain a better understanding of the
scale effects, non-cavitation noise of three similar 7-blad-
ed highly-skewed propellers in the same effective wake is
undertaken by both the time and frequency domain meth-
ods first. Then, the scale effects on discrete line spectra
and the total sound pressure level are discussed. Finally,
the reasonability of the empirical scaling law applied re-
cently is addressed.

1 Numerical Models for Radiated Noise

The general solving procedures and typical available
hybrid methods for the flow noise and non-cavitation pro-
peller noise are as follows: In the nonlinear unsteady flow
domain, the local turbulent prediction is completed first
by unsteady CFD, such as LES, detached eddy simula-
tion (DES), scale-adaptive simulation (SAS), or direct
numerical simulation ( DNS); then the acoustic sources
are interpolated from the fluid domain to acoustic propa-
gation on the integral surface; finally, in order to recon-
struct the far-field acoustic field, several surface integral
methods in the time domain including the Lighthill formu-
lation, the Curle formulation, the FW-H formulation and
the Kirchhoff surface method, and the hybrid methods in
the frequency domain including boundary element numeri-
cal acoustics, finite element numerical acoustics and the

turbulence-wave number spectrum are all used in practical
engineering.

Fig. 1 presents the common flow chart of the flow-in-
duced noise coupling algorithm in both the time and the
frequency domains. The choice of any of these two meth-
ods depends on whether the acoustic propagation is solved
in the time or in the frequency domain. As for the time
domain, acoustic nodal sources are directly evaluated on
the fine discretization of the fluid computation at each
coupled time step. In contrast, if a harmonic acoustic
computation is performed, a transient coupling is conduc-
ted between the fluid computation and the acoustic grid
first, in which a dataset of the interpolated nodal sources
is stored. Then, a fast Fourier transformation is per-
formed to the transient dataset and the resulting sources in
the frequency domain are subsequently used as input data
for the acoustic computation in the harmonic mode.
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Fig.1 Flow chart of fluid-induced noise coupling analysis

1.1 Farassat 1A equation in time domain

According to Ref. [8], the sound wave equation for a
rigid body moving in an arbitrary steady uniform flow is
derived from the sound Green function which is applied
for noise radiation of a source moving in a uniform flow.
It is expressed as

2

T,
0x,0x;

(D
where the body surface is given by f(x) =0, and f>0
means the space outside the surface; v, is the surface nor-
mal fluid velocity; [ is the force exerted by the surface on
the fluid; T, is the Lighthill stress tensor; 8(f) is the del-
ta function; c is the sound speed; p’ and p, are the fluid
density with and without sound disturbance, respectively.
Three terms on the right refer to the thickness, loading
and quadrupole noise sources, respectively.

The solution of the wave equation for the thickness

D .\, D d
(D = e ) = plevdD) =5 118D +
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noise component is found by introducing the sound Green
function in the unbounded field,

, 1-M, D,
Pr =LG1—MS .D(PVn +ypv,

chpv,"(Mw “R-M_-R(1 =M, -D))dS
s R ‘

M -R+M -R

)dS—
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(2)
The solution of the loading noise equation is
,_if G . MS-R+M5-RI. ds +
Po=" sl—Ms-D(y D 1 -M -D 'D)
[ ot R+1-DM, - R)dS (3)
N

where G is the Green function and R’ is the distance from
source (y,7) to observer (x,7).
G= X
4wR'(1-M_ - D)
R=/(x-p) "+y" M, - (x-y) [

o
1-[Mm, "
V./c, V, is the inflow speed; the source Mach number
9y/ 9T

C 9
radiation vector D =yR - y’M_, R=(r+y (M_ - r)
M_)/R',r=x-y; and I = pn is the force extracted from
pressure.

The retarded time calculation is completed using the
Newton-Raphson method"*’

where y° = the inflow Mach number M, =

relative to the fixed reference frame is M = the

(4)

However, unlike the method of nodal normal genera-
tion in Ref. [ 8], which is calculated for each node by
taking the cross product of the vector from one node to its
neighbors, the element center rather than its nodes is trea-
ted as the calculation element, when the cell-centered fi-
nite volume CFD solver is used to calculate the flow
field. It means that the element normal, with a positive
orientation into the unbounded domain, lies at the center
of an element but not a single node. In this case, the sin-
gularity of a blade tip point’s normal generation can be
suppressed. Hence, there is no need to simplify the pro-
peller blade tip from a real point to a small section again,
which was recently adopted by Carley et al"*’. It is sup-
posed to be more reasonable to adapt its real flow charac-
teristics for noise prediction. Furthermore, another sim-
plification to manifest a blade surface with several sec-
tions and a certain number of mesh nodes on each section
is not adopted. This simplification seems to be reasonable
for the aero-propeller with many straight long-span
blades. However, marine propellers with 5 or 7 blades
are excepted due to their inconspicuous span-line charac-
teristics with high skew and rake angles. The centralized
force on blade sections differs a lot from their real distrib-
uted loadings under this simplification, and it will affect

the noise prediction directly. To overcome this limita-
tion, the mesh information on real blade geometries and
their time-dependent fluctuating pressure signals are ex-
tracted from the URANS simulation, so the surface mesh
tiny elements can map the geometry and obtain the dis-
tributed force components as realistically as possible. Be-
yond the factors above, another difference also exists in
importing the source. According to Ref. [8], the pres-
sure data were default-loaded in the form of spectra with
the frequency, magnitude and phase of each component
specified. However, this process is completed by introdu-
cing the derivation of the fluctuated pressure at time 7 into
Eq. (2) in the present work, so the time-frequency trans-
formation is omitted to get rid of the numerical error
when not enough discrete data is used to carry out the fast
Fourier transformation ( FFT).

After the basic variables are resolved for every node at
time ¢, including 7, G, 9G/or, r, R, dR'/dr, R, D,
M_ and M_, the blade surface properties on this node at
retarded time 7, including p, dp/dr, v,, dv,/dr, can be
obtained. Then, the thickness and loading noise contribu-
tions at time ¢ for all the nodes can be completed by inte-
gration of the noise from all the elements.

1.2 Farassat 1A equation in frequency domain

After the fluctuated pressure on blades extracted from
the transient every time-step file, the scattered acoustic
field of an arbitrary-shaped closed body can be solved by
the numerical boundary element method
(BEM) in the field of linear acoustics. It can easily han-
dle problems with the unbounded acoustic domain. Since
only the acoustic nodes on the boundary surface are need-
ed, the node size is substantially smaller than that of the
finite element model (FEM ). When the BEM is used,
the sound pressure at any observer r outside the boundary
surface (2,, which satisfies the homogeneous Helmholtz
equation and the Sommerfeld radiation condition, is
uniquely defined, once the monopole distribution ¢ and
the dipole distribution x on the boundary surface are
known'"*’. The sound pressure is written as

p(r) = | (u(r)

acoustics

a(}(a%m - a'(ra)G(r,ra))d-Q("a)

(5)

where r, is the source point; G(r,r,) is the Green kernel
function; and n is the normal direction. The single layer
potential is the difference in the normal pressure gradient
between both sides of the boundary surface,

_ap(r.)  ap(r))
© an on

o(r,) (6)

and the double layer potential is the pressure difference
between both sides,

p(r,) =p(r;) -p(r,) (7)

In the process of the BEM calculation, the modeling
strategy of the continuous array of stationary dipoles is
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adopted to simulate the rotation of the sources of propeller
radiated noise according to the validations proposed in
Refs. [11 —12]. Specifically, the circular distributions of
an infinite number of but fixed phase-shifted dipoles are
used to reproduce the rotation equivalently. The position
of the blades at the last step in the fifth circle in the CFD
calculation is used to build the acoustic meshes. The total
number of discretized dipole sources is the number of a-
coustic nodes for the BEM calculation. The shifted phase
is determined by the rotating speed and the FFT transfor-
mation of the fluctuating pressure under the calculation
conditions. The resulting noise sources are extracted by
interpolating every time-step pressure within three circles
to the last step position. To perform this transfer correct-
ly, the weighted interpolation transfer of the CFD nodes
to the BEM acoustic nodes is formulated to map the input
data. In order to improve the accuracy as much as possi-
ble, the one-to-one method is chosen in the present
work.

2 Hydrodynamics Similarity Checking
2.1 Open water performances

All the simulations are undertaken on three similar 7-
bladed propellers with diameters of 250, 500 and 1 000
mm, respectively. Each propeller’s single passage domain
and its block-structured hex meshes are completed by pro-
cedural operations along with the validation presented in
Refs. [ 13 —15] to insure the same volume grid topology.
In this case, the mesh-independent analysis can be guar-
anteed by a validated mother-propeller’s grid topology
and mesh density. However, the densities of the mesh
nodes in the leading edge region, the trailing edge re-
gion, the tip section area and the blade surfaces should be
locally gradually refined as the diameter increases ( see
Fig.2). In order to remove the effect of mesh quality
discrepancy, the minimum mesh determinant indices of
three propellers are all above 0. 2 associated with the close
mesh density and the average Yplus distribution on the
blade surfaces. The mesh nodes in three single-passage
domains are controlled by a grid refinement ratio of 1.7.
The number of the mesh nodes of the small propeller is
201 978. To control the numerical error induced by varia-
ble interpolations between periodic interfaces and un-
matching grid nodes distribution, the full-passage numeri-
cal domains are involved in the calculation. The numeri-
cal domain and boundary conditions in the non-cavitation
single-phase RANS simulation are the same as those in
Ref. [ 16 ]. The calculated open water characteristics are
shown in Fig. 3. The calculation results are in excellent a-
greement with the experimental data. In Fig. 3, the varia-
bles are defined as
v, T (0]

=nD’K 2450 o =

J K
= 24’Kq= :
pn' D pn'D

2wk,

J (8)
where T and Q are the thrust and the torque, respectively.
Subscript 0 stands for the uniform inflow. The rotating
speeds of three propellers are n, =20 r/s, n, =15 /s, n,

=10 r/s to match the tunnel tests. So the Reynolds num-
ber Re,, based on the rotating speed and the diameter,
differs by one dimension between the small and the big
propellers. It can be enlarged to the full-scale propeller
with a two-dimensional increment next.

o3
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512
“ Determinant
(a) (b)
(d)
Fig.2 Common grid topology and surface meshes of three

propellers. (a) Grid topology; (b) Small propeller; (c) Middle pro-
peller; (d) Big propeller
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Fig.3 Open water characteristics of all scaled propellers

As depicted in Fig. 3, the Reynolds number increases
with the increase in the diameter; the thrust coefficient K,
increases but the torque coefficient K, decreases. So the
derived open water efficiency obviously increases. Within
the region of the advance ratio from 0.4 to 0. 6, if we
predict the big propeller’s open water performance direct-
ly from the small one with no corrections, the maximum
and minimum discrepancies of K reach 6. 1% and 3.5% ,
respectively. Meanwhile, the error bounds of K, are
3.5% t05.1% . Based on the results, the pressure coef-
ficient distributions around the 0. 7R blade section of all
the scales under J = 0. 6 are calculated. It is seen that
there exists a perfect superposition in the series of curves.
Note that the pressure peak differs a little at the leading
edge and the trailing edge of the chord.

2.2 Hydrodynamics in submarine wake flow

To get rid of the discrepancy of interactions between
the non-uniform inflow and the leading edge of different
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scaled propellers, the non-dimensional nominal wake of a
full-appended SUBOFF submarine model is imported as
the incoming flow. The velocity profile is imported fol-
lowing these steps. First, both the plane geometry coordi-
nates with a radius of 1.1D_ and three velocity compo-
nents are extracted and stored as a profile file. Then, the
variables are transferred and smoothed by conservative ex-
trapolation to the same area on the inlet boundary of the
small propeller. There still exists uniform flow on the
outer region of the inlet. It means that the affected radial
region by the boundary layer flow of submarine appenda-
ges is limited. When changing the advance ratio, scaling
the corresponding velocity components in the profile file
is the only necessity. Regarding the middle and big pro-
pellers, the use of the boundary profile is divided into
two steps. The first is scaling the original profile’s geom-
etry coordinates with a scale ratio to the larger inlet
boundary with the same relative area. The second is mul-
tiplying the original profile’s velocity components with a
ratio corresponding to the same advance ratio to ensure
the close loadings on the three propellers. Besides, the
left region on the inlet surface is still set as a uniform in-
flow boundary condition, and its velocity is determined
by the analyzed advance ratio.

Using the same computational method, the propulsive
performances of three propellers can be obtained by post-
processing of the result files. A good superposition is
presented at a given advance ratio once again. The tend-
ency of global force with the increasing diameter is the
same as that with the uniform inflow. At this moment,
within the region of the advanced ratio from 0. 209 to
0.403, the maximum and minimum discrepancies of K,
between the big and small propellers are 3. 5% and
2.9% , respectively, and 3.2% to 3.8% for K, without
correction. It means that the required correction for the
global variables is smaller than that for the uniform in-
flow.

Fig. 4 shows three propellers’ pressure coefficient dis-
tribution on the 0. 7R section behind the SUBOFF subma-
rine wake with J =0.403. Compared to that behind uni-
form inflow, it is seen that the non-uniform inflow signif-
icantly elevates the local low pressure on the face side. It
is beneficial to shift the cavitation inception later. How-
ever, it will result in a peak pressure on the back side at
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1.5 S
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Fig.4 Pressure coefficient on 0. 7R with submarine nominal
wake

the same time, and the negative peak will be more severe
with the increase in loading. This change will in turn
weaken the suction side cavitation inception. As expect-
ed, the pressure coefficient distributions of all scales su-
perpose once at a time, and a slight discrepancy at the
trailing edge is still presented. That is to say, the classi-
cal scaling law is valuable to hydrodynamics of different
scaled propellers. In Fig. 4, the pressure coefficient is de-
fined as

_p ~Pou

C =
" 0.5pv

(9)
where p_, is the pressure on the outlet surface of the nu-
merical domain.

3 Non-Cavitation Noise Similarity Checking

The non-cavitation noise prediction method involved
here is the same as that in Ref. [7]. Specifically, the
fluctuated pressure distribution and the nodal normal ve-
locity on blades and the hub surface are first extracted by
the URANS simulation. Then, both the frequency do-
main and the time domain methods are applied to predict
the sound propagation. So the observer’s discrete line
spectrum and the total sound pressure level can be ob-
tained. In the transient numerical test, the iterative time
steps of three propellers are At, =2.78 x 10 ™" s, At, =
2.78 x 10 * s and Az, =5.56 x 10 * s corresponding to a
rotation of 2°. The corresponding maximum effective fre-
quencies are 1 800, 1 350 and 900 Hz, respectively. All
the output flow variables for noise analysis are limited in
the fifth revolution. Fig.5 shows the thrust fluctuation in
one revolution for different scale propellers under the con-
dition of J, =0.403. Due to the interactions between the
submarine tailing wake and the blade leading edges, both
the APF and the BPF line spectra exist obviously. The
amplitude of thrust fluctuation 7' increases with the in-
creasing diameter, and a bigger increment of the ampli-
tude from the small to the middle propeller than that from
the middle to the big one is presented.
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fi
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o E¥84NA0276: 9 HaQBPE) | :
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Fig.5 Thrust fluctuation of different scale propellers in wake

The frequency domain method is first used to predict
the noise spectrum of point P, of the three propellers, po-
sitioned at axial downstream with a distance of 4D from
the propeller disk plane (see Fig.6). SL is the spectrum
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level to 1 Hz bandwidth in dB reference to 1 wPa. As de-
picted in Fig. 6, APF and BPF harmonics line spectra of
three propellers and the 4BPF and 4 APF frequencies iden-
tified interactions of wake with the blade leading edges
are all precisely captured in the numerical test, which can
in turn prove a comparative precision of the transient sim-
ulations for all the scales. On some level, it qualifies the
further analysis of the noise spectrum curves based on
these results. In addition, there is no obvious increment
of the sound pressure spectrum level at a given frequency
band from the small to the middle propeller, while a
sharp increase exists from the small to the big propeller.
Tab. 1 shows the calculated tonal components and the to-
tal sound pressure spectrum level in 1 kHz of the three
propellers. The increment of tonal noise from the small to
the middle propeller is greater than that from the middle
to the big propeller, which is consistent with the tendency
of thrust fluctuation, especially at the first three discrete
line spectra. Corresponding to this, the total sound pres-
sure level increment is 8.36 dB from the small to the
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0.
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Fig. 6 Noise spectrum of three propellers with non-uniform in-

flow. (a) Non-uniform inflow profiles and hydrophones; (b) Noise
spectrum of small and middle propellers; (c¢) Noise spectrum of small
and big propellers

Tab. 1
level of all scales in wake by frequency domain method
D/mm 4APF/dB 8APF/dB 12APF/dB 16APF/dB 4BPF/dB SPL,,

Tonal component and total sound pressure spectrum

250 106.80 105. 66 89.58 79.40 75.40 124.74
500 119.77 115.91 100. 09 94.00 81.24 133.10
1 000 126.45 125. 44 108. 16 94.62 89.51 140.35

middle propeller and 7.25 dB from the middle to the big
propeller, respectively.

Recently, there is still no popular-recognized scale
effect on propeller non-cavitation noise. The empirical
scaling law with standardization for spectrum levels pro-
posed by experts in the former Soviet Union is nationally
used, which is expressed as

SL* =SL(f') —70lgD - 50lgn (10)

where the non-dimensional frequency f' =f/n; SL” is the
standardized spectrum level. And the effect of the relative
measurement distance from the model and from the full-
scale is considered. Applying Eq. (10), the standardized
spectrum level for the tonal noise in Tab. 1 is given in
Fig. 7. At the first three discrete line spectra, the incre-
ment of SL” is about 7 dB from the small to the big pro-
peller, while it is about 12 dB at the remaining two fre-
quencies. Fig. 8 shows the comparison of the standardized
noise spectrum of all the scales in the whole frequency
band. It is obvious that a good consistency exists in the
low frequency, which to some extent qualifies the appli-
cation of the empirical scaling law for non-cavitation pri-
mary tonal noise. However, the scale effects are enlarged
with the increasing frequency, which results in a bigger
error in the scaling law. To overcome this shortcoming, a
bigger model scale and a smaller scale ratio should be
chosen to control the prediction error; for instance, the
middle propeller is used as the model scale in this paper.

1 1 1 1 ]
0 5 10 15 20 25 30

Non-dimensional frequency f’

Fig.7 Standardized spectrum level of discrete line spectrum
obtained by frequency domain method

D/mm:
904 APF — 250

1 1 1 1 1 1 1 1
2 12 22 32 42 52 62 72 8 90

Non-dimensional frequency f’

Fig. 8 Standardized spectrum level curves of all scales ob-
tained by frequency domain method

In order to verify the reasonability of the conclusions
above, the time domain method is conducted. The dis-
tributed fluctuating pressure noise source and blades sur-
face geometrical information are exported from URANS
simulations again. The observer P, is still positioned at
the same relative distance. From the calculated time-de-
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pended noise spectra of both the small and the middle
propellers, the APF, BPF and their harmonic discrete sig-
nals are presented, which is the same as those for the 7-
bladed propeller proposed in Ref. [ 7]. The tonal noise
spectrum level and total sound pressure level of the three
propellers in the 1 kHz frequency band are shown in Tab.
2. In this case, the increment of the total sound pressure
level from the small to the middle propeller is 3.96 dB,
which is 4. 4 dB smaller than that by the frequency do-
main method. However, the increment from the middle
to the big propeller is 14. 14 dB, which is 6. 89 dB bigger
than that using the frequency domain method. It is diffi-
cult to comment on these results and draw firm conclu-
sions. We can refer these phenomena to the interactions
between the incoming flow and the blade leading edges in
some respects. Under the same advance ratio, the incom-
ing velocity of the big propeller is double that of the small
one. Compared with the frequency domain method, the
fluctuating pressure distribution with non-uniform inflow
is used to account for the effects of the incoming flow on
sound propagation in the time domain method. It is more
difficult to present the strong axial flow effect, and the
interactions are weakened a lot from the source term.
Using Eq. (9) again, the standardized spectrum level
curves of the three scale propellers are shown in Fig.9. It
is seen that at the first three BPF harmonics, the incre-
ment of spectrum level from the small to the middle pro-
peller is about 6 dB, while the maximum increment from
the small to the big propeller reaches 10. 11 dB, and the
minimum is 8. 10 dB. Furthermore, at the APF frequen-
cy, the spectrum level increases the most by 14. 69 dB
while the minimum increment is located at 4BPF with on-
ly 8.01 dB. It is still 4. 97 dB smaller than that by the
frequency domain method. It is concluded that, choosing
the middle propeller as the model scale, the precision of
the empirical scaling law is obviously higher than that ap-
plied for the small one, which is consistent with the con-
clusion from the frequency domain method.

Tab.2 Tonal component and total sound pressure spectrum
level of three propellers in wake by time domain method
D/mm APF/dB BPF/dB 2BPF/dB 3BPF/dB 4BPF/dB SPL,,

250  98.73 96.35 91.59 85.88 83.47 113.49
500 105.06 105.31 100. 59 94.19  90.17 117.45
1000 111.13 114.97 108.57 104.87 102.55 131.59

1 1 1 1 ]
0 5 10 15 20 25 30

Non-dimensional frequency f’

Fig.9 Standardized spectrum level of discrete line spectrum
obtained by time domain method

To clearly present the scale effects on tonal line spec-
trum and total sound pressure level, both the increment of
tonal components and total sound pressure levels from the
small to the middle propeller and from the small to the
big propeller by both the time and the frequency domain
methods are shown in Fig. 10. In which the subscripts s,
m and b refer to small, middle and big propellers, re-
spectively. It is seen that, at the second and third line
spectra, the scale effects on the spectral level behaves
consistently with a certain increment. In addition, on the
one hand, the two methods both suggest a bigger predic-
tion error of the non-cavitation noise of full scale from the
small propeller with a bigger scale ratio. On the other
hand, they show that the total spectrum level increment
from the small to the big propeller only differs by 2. 49
dB, which can be used to give a good mutual verifica-
tion. Accounting for the total sound pressure level, the
comparison of its increment for the three propellers by the
two methods can be obtained from Tabs. 1 and 2. It is
obvious that the difference of the calculated value point-
ing to one propeller is nearly the same, which can be
roughly used to prove the credibility and reproduction of
the numerical tests.

25-WASL,,-SL,_frequency domain;N SL,, - SL,_time domain

@
'S 20 B SL, - SL, _frequency domain ; (3 SL, - SL, _time domain
g = H i ?
% 15 S
& ~
g 10
£ 5
9) o $$4 $$4 14 14
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Z  1stline 2ndline 3rdline 4thline Sthline Total sound

spectrum spectrum spectrum spectrum spectrum pressure level

Fig.10 Comparison of increment of tonal components and to-
tal sound pressure spectrum level

4 Conclusions

1) With the same advance ratio, the pressure coeffi-
cient distribution of three propellers around a certain blade
section shows a good supposition. The thrust coefficient
increases with the diameter, but the torque coefficient de-
creases with the increase in the Reynolds number, and a
derived high efficiency follows. Ignoring the scale effect
on submarine wake, the predicted thrust coefficient of the
big propeller differs by 2. 9% to 3. 5% to that directly
scaled from the small propeller without correction, and
the torque coefficient error bound is from 3. 2% to
3.8%.

2) The fluctuated thrust coefficients of all the scales
well represent both the APF and the BPF line spectra, and
the amplitude enhancement at the BPF from the small to
the middle propeller is greater than that from the middle
to the big propeller. Pointing to an observer with a simi-
lar reference axial distance, the frequency domain and the
time domain noise prediction methods present the incre-
ment of the total sound pressure level from the small to
the big propeller differing by only 2.49 dB.
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3) Both increments in the tonal noise and the total
sound pressure level obtained by the two methods show
strong scale effects with a large scale ratio. The standard-
ized spectrum level curves of the middle propeller ob-
tained from the frequency domain method approximate
those of the big propeller, while a sharp discrepancy ex-
ists compared to the small one. According to the numeri-
cal tests, the precision of the empirical scaling law increa-
ses inversely with the scale ratio.
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