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The overall acoustic echo of a submarine is greatly dependent on the conning tower. For enhancing the acou-
stic stealth performance of a submarine, it is necessary to research an innovative design scheme of the conning
tower to reduce its target strength (TS). The aim of this work is to reduce the TS of a conning tower by varying
its geometry and streamlining. The accuracy in modelling the acoustic scattering of a conning tower using the
Kirchhoff approximation (KA) was validated, compared with finite element analysis (FEA). Several angular
conning tower geometries were designed to analyze the effect of streamlining and the number of lateral facets
on TS using the KA method. In consideration of the actual situation, the acoustic effect of backing medium was
analyzed by compared water-filled elastic hulls with rigid hulls. From the observed TS calculation results, it is
shown that the non-streamlined four lateral-facet conning tower geometries are optimal for acoustic stealth
performance during the range of incidence angles from −10○ to 10○, whereas the streamlined versions have
better performance at incidence angles beyond this range. Furthermore, elastic hulls and rigid hulls provide
similar spatial distribution regularities in monostatic configuration with the rigidity affecting the magnitude
of the TS.
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1. Introduction

As one of the largest protruding components, the
conning tower generally makes a significant contribu-
tion to the overall acoustic echo of submarine (Sun
et al., 2012; Pan, Deng, 2020; Hu, Zeng, 2015; Hu,
2017). The reduction of TS is a crucial mission for
a submarine to avoid being detected by active sonar.
According to the active sonar equation, the TS reduc-
tion of a submarine will significantly decrease the range
detected from the enemy (Zhong, Xu, 2006; He, 2006;
Zhu, Guo, 2014; Yan et al., 2020). Some technolo-
gies are utilized to achieve this aim including shaping
stealth (Li et al., 2020), anechoic coatings (Feng et al.,

2019), and acoustic metamaterials (Zhang et al., 2009;
Li et al., 2015; Wang, 2020). However, few studies fo-
cus on the shaping stealth with respect to the con-
ning tower by altering its streamlining and geometry,
while satisfying all performance and deployment re-
quirements.

Various numerical methods can be used to deal
with acoustic scattering problems. For example, FEA
and boundary element method (BEM) are both able
to compute highly accurate acoustic scattering re-
sults at low and medium frequencies (Schneider
et al., 2003; Cao et al., 2015; Yang, Wang, 2007;
Zhao, Ren, 2020; Xu et al., 2015; Feng et al., 2018;
Chen, Luo, 2018). It is at the expense of extremely
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dense grids to ensure sufficient accuracy, and this re-
quired grid density increases with analysis frequency
(Marburg, 2002; Zhou, Wen, 2020; Zhou et al., 2020;
Li, Li, 2020). Since the conning tower is relatively
large-sized, a tremendous computation would be re-
quired with FEA or BEM. However, for high-frequency
acoustic scattering problems, the KA method is an
ideal choice considering the computational efficiency
demonstrated to be highly accurate (Fan et al., 2012).
The KA method was subsequently improved consider-
ing secondary scattering and occlusion (Zheng et al.,
2011), and used to predict TS of underwater complex
targets with relatively high accurate (Feng, 2010, Sun
et al., 2016). An echo highlight simulation method was
proposed based on the KA method (Liu, 2012).

In this study, the contribution of the conning tower
to the overall acoustic echo of submarine is described
and some numerical methods dealing with acoustic
scattering are compared at first. In Sec. 2, the TS cal-
culation formulas are derived with the KA for rigid and
elastic targets. In Sec. 3, the calculations of the under-
water acoustic scattering field based on KA method
are verified with experiments and FEM. In Sec. 4,
models for predicting the TS of conning towers were
constructed based on various multi-sections conning
tower geometries. The geometry of the conning tower
was varied in terms of number of facets, facet angle
and streamlining. The relationship between the geom-
etry and TS of the conning tower is analyzed with KA
method. Some suggestions for minimizing the TS of
a conning tower are then provided based on these re-
sults, and the optimal streamlining type for each sonar
detection configuration is researched. Finally, a sum-
mary and a discussion of the results are presented in
Sec. 5.

2. Materials and methods

The KA method is based on two fundamental as-
sumptions (Tang et al., 2018). For assumption 1, the
scattering surface can be categorized into illuminated
and shadow regions. The illuminated region scatters
acoustic waves, while the shadow region does not. For
assumption 2, the illuminated region can be meshed
into localized planar elements. The overall echo from
a region depends on the reflection characteristics of
these constituent planar elements.

As shown in Fig. 1, the sound wave is incident on
the surface S fromM1. Since the time-varying acoustic
pressure can be decomposed into the superposition of
various spectral components represented by time de-
pendence, with time dependence of all quantities as-
sumed as eiωt, where ω is the angular frequency and
t is time, the time dependence can be omitted in the
discussion. Therefore, the incident wave potential func-
tion is φi = Aeikr1/r1, where A is an amplitude, and the
scattered sound field of M2 is φs. The distances from

O dS

Fig. 1. Schematic diagram of acoustic scattering
for deriving KA.

the surface element dS to M1 and M2 are r1 and r2,
respectively. The illuminated regions from M1 and M2

are A1–A2 and B1–B2, respectively, and the common
illuminated region is B1–A2. The distances from the
origin of coordinates O to M1 and M2 are denoted by
r10 and r20, respectively. n is the external normal of
the surface S. ζ1 and ζ2 are the angles between r1, r2

and n, respectively.
In monostatic configuration, ∣r1∣ = ∣r2∣ = r, ∣r10∣ =

∣r20∣ = r0, and ξ1 = ξ2 = ξ. According to KA method,
the integral surface S should be defined as illuminated
regions, the acoustic scattering field satisfies:

φs(r) =
ikA

2π
∫

S

eik2r

r2
cos ξ dS, (1)

where ξ varies from the surface points. In the far field,
r can be approximated as r = r0 +∆r in the exponent
and r ≈ r0 in the denominator, which yields:

φs(r) = −
ikA

2π

eik2r0

r2
0
∫

S

eik2∆r cos ξ dS. (2)

In the far field, their path difference can be approxi-
mated as ∆r = r − r0 ≈

rS ⋅r0
r0

, where rS is the radius
vector of surface element dS, and r0

r0
is the unit vector

from O to M1. Let I represent the integral:

I = ∫
S

eik2∆r cos ξ dS = ∫
S

e
2ik

rs ⋅r0
r0 (n ⋅

r0

r0
)dS. (3)

Considering the rigid surface, the backscattering
cross section can be defined:

σs = lim
r0→∞

(4πr2
0 ∣
φs
φi
∣

2

) =

k2

π
∣I ∣

2
, (4)

where k = 2π
λ
, and λ is acoustic wavelength. Thus, the

TS can be expressed as:

TS = 10 log
σs
4π
= 10 log (

1

λ2
∣I ∣

2
). (5)
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Considering the non-rigid surface, the scattering
wave potential function is

φs = −
A

2π
∫

S

ei2krV (θ) (
ikr − 1

r3
cos ξ)dS, (6)

where V (θ) is the reflection coefficient.
As shown in Fig. 2, the sound wave is incident on

the steel shell with seawater on both sides. θ and γ
are the angles in terms of dilatational and shear waves
respect to the normal. According to Snell’s law, the x
component of the wave vector, σ is the same for each
layer. k and κ are P-wave number and S-wave number,
respectively. Thus

σ = k1 sin θ1 = k2 sin θ2 = κ2 sinγ2. (7)

The reflection coefficient V (θ) can be expressed as
(Jackins, 1986):

V (θ) =
(N2

−M2
− 1)

2

4M2
+ (N2

−M2
− 1)

2
, (8)

M =

Z2

Z1
cos22γ2 cot (k2d cos θ2)

+

Z2t

Z1
sin22γ2 cot (κ2d cosγ2), (9)

N =
Z2

Z1

cos22γ2

sin (k2d cos θ2)
+

Z2t

Z1

sin22γ2

sin (κ2d cosγ2)
, (10)

where M and N have no physical meaning, just a co-
efficient, ρ1 and ρ2 are the densities of seawater and
steel plate, respectively. c and b are P-wave velocity
and shear-wave velocity, respectively. d is the thickness
of steel plate. Z1 represents the P-wave impedance of
seawater. Z2 and Z2t represent P-wave impedance and
S-wave impedance of steel, respectively. Their formulas
are given as follows:

Z1 =
ρ1c1

cos θ1
, Z2 =

ρ2c2
cos θ2

, Z2t =
ρ2b2

cosγ2
. (11)

c1, ρ1 θ1 seawater

θ2c2, b2, ρ2, d steel

z

c1, ρ1 θ1 seawater

𝛾�
x

Fig. 2. Schematic diagram of reflection coefficient
calculation.

3. Comparisons of the KA solutions,
FEA solutions and experimental results

3.1. TS comparisons between FEA solutions
and KA solutions of conning tower

Two conning tower geometries were used for this com-
parison, a novel un-smoothed (non-streamlined) multi-
sections geometry and a smoothed (streamlined) ver-
sion of this geometry, as shown in Fig. 3. The results,
shown in Figs 4a and 4b, demonstrate that the mono-
static TS calculated by the KA method and FEA for
the given geometries at normal incidence are very simi-
lar at frequencies below 3 kHz. Therefore, it means
that the monostatic TS of a multi-sections conning
tower can indeed be accurately calculated by the KA
method. Furthermore, the results for the smoothed and
unsmoothed geometries are similar at frequencies of
100 Hz–2 kHz. However, in the range of 2–3 kHz, the
result difference of the two geometries becomes more
obvious. Therefore, in order to distinguish the two ge-
ometries, it is necessary to consider the higher fre-
quency band above 3 kHz in the subsequent simula-
tion.

a)

b)

c)

Fig. 3. Two geometries of multi-sections conning tower:
a) non-streamlined geometry; b) streamlined geometry;

c) three views of unsmoothed geometry.
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Fig. 4. Monostatic TS of two conning tower at normal incidence:
a) non-streamlined conning tower; b) streamlined conning tower.

3.2. TS comparisons between the experimental results
and KA solutions of a Benchmark submarine

The specific dimensions of the Benchmark subma-
rine model are shown in Fig. 5, and the test model

Fig. 5. The specific dimensions of the Benchmark submarine.

Fig. 6. Benchmark submarine mode and testing site.

Computer Signal generator 

Power amplifiers Signal acquisition device Signal conditioner 

Bandpass filter 

Rotating platform Water surface 

Benchmark submarine Hydrophone 
Transducer 

r1 r2 

Fig. 7. Test equipment layout.

is shown in Fig. 6. It is a scale single shell benchmark
model with a scaling value of 1:15. The shell material is
stainless steel, the thickness of the shell is 3 mm, and
its length is 4.13 m. The test equipment is arranged as
shown in Fig. 7.
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The TS calculation formula is as follows:

TS = 20 lg ∣
ps@1m

pi
∣ = 20 lg ∣

psr2 (r1 + r2)

p1r1
∣

= 20 lg ∣
Vsr2 (r1 + r2)

V1r1
∣, (12)

where ps and ps@1m are the echo pressure from Bench-
mark submarine received by the hydrophone and at
1 m, respectively. p1 is sound pressure of sound source
received by hydrophone. r1 and r2 are the distances
between hydrophone and transducer or target center,
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Fig. 8. TS results comparisons between the experimental results and KA solutions.

respectively. Vs and V1 are voltage amplitudes of tar-
get echo and sound source received by hydrophone,
respectively.

The shell is considered as a rigid target in the
simulation calculation. TS comparisons of a Bench-
mark submarine between the experimental results and
KA solutions in monostatic configuration are shown in
Fig. 8.

As illustrated in Fig. 8, in the range of 3–10 kHz
with a step of 1 kHz, the TS directivity of Benchmark
submarine presents a butterfly shape for both simula-
tion results and experimental results, that is, the TS is
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Table 1. The average TS in different angle ranges [dB].

Frequency
[kHz]

0–70○ 70–110○ 110–180○

Experiment KA Error Experiment KA Error Experiment KA Error
3 −18.0 −17.4 0.6 −10.4 −7.5 2.9 −25.9 −24.6 1.3
4 −17.6 −19.4 −1.7 −8.1 −7.9 0.3 −25.1 −24.3 0.9
5 −16.6 −18.0 −1.5 −10.6 −7.9 2.6 −24.7 −25.4 −0.8
6 −16.3 −17.4 −1.1 −10.2 −7.4 2.8 −25.1 −25.5 −0.4
7 −16.6 −18.2 −1.6 −8.7 −6.1 2.6 −24.0 −26.6 −2.6
8 −15.2 −17.8 −2.6 −8.5 −6.2 2.4 −24.8 −26.6 −1.8
9 −14.1 −16.8 −2.6 −8.8 −5.9 2.9 −24.3 −24.6 −0.2
10 −15.3 −17.7 −2.4 −7.8 −6.0 1.8 −25.8 −26.2 −0.4

low when the acoustic wave is incident from bow and
stern, and highest during the abeam incident. One of
the main reasons for this phenomenon is that the con-
ning tower contributes a strong acoustic reflection to
the overall echo as its indispensable side size from the
abeam view, so the abeam TS of conning tower should
be considered in the design of acoustic stealth.

By conducting the acoustic scattering experiment
of Benchmark submarine scale model in lake, the ex-
perimental results at different frequencies are obtained.
From Table 1, the TS average errors between KA solu-
tions and experimental results are within ±3 dB with
a good agreement.

4. Computational results of the conning
tower models

To elucidate the relationship between the TS and
the geometry of a conning tower, TS is computed for
non-streamlined and streamlined conning tower ge-
ometries with four lateral facets. The detection of sub-
marines is generally long-distance anti-submarine de-
tection, and the maximum detection pitch angle gen-
erally does not exceed ±20○ (Avsic, 2019). Therefore,
this simulation only calculates the TS of the conning
tower within ±20○ pitch angle.

A three-view diagram of the non-streamlined ge-
ometry with four lateral facets is provided in Figs 9
and 10, which shows the definitions of the facet an-
gle α, and the incident angle θ, the color of geometry
is only to distinguish different geometries. In Fig. 11a,
it is shown that the sum of α and θ is always close to
90○ during the value of θ corresponding to the maxi-
mum TS of this geometry. Thus, as α increases to 90○,
the value of θ corresponding to the strongest echo ap-
proaches to 0○. This was caused by the increasingly
mirror-like lateral surface of the conning tower with
increasing α. It should be noted that the sign (+/−)
of the facet angle α determines whether the range dis-
tribution of the main beam θ is greater than or less
than 0○. Furthermore, the greater the lateral surface,
the more intense the acoustic scattering becomes. The

a) b)

c)

Fig. 9. Non-streamlined four lateral-facet conning tower ge-
ometries with different facet angles: a) α = 72○; b) α = 74○;

c) α = 76○.

Fig. 10. Three-view diagram of a non-streamlined conning
tower geometry with four lateral facets (α = 72○).

distribution of acoustic energy peaks with respect to
θ presents a “feather-like” shape. In Fig. 11b, it is
shown that the bandwidth-averaged TS of the non-
streamlined four lateral-facet geometry in the range of
20○ varies significantly with α. The main echo beams
present around ±15○, or rather at the complementary
angle of α. The TS values of the upper and lower halves
are around 16 dB and 11.5 dB due to the asymmetry
of both halves. Also, as a reason of the reflection ef-
fect from the border lines between lateral facets, there
is a strong narrow echo peak from the abeam view with
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Fig. 11. TS results of non-streamlined four lateral-facet ge-
ometries with different α values: a) angular frequency spec-

trum of TS; b) echo vertical directivity of TS.

a value around 10 dB. No matter the change of α, the
bandwidth average TS of the three conning towers has
a similar change trend with the change of θ, and as α
decreases by 2○, the angle of obtaining the maximum
moves outwards by 2○. It is also apparent that the geo-
metry with the α value of 72○ has the lowest TS from
the three tested models with different α values in the
θ range of ±20○.

The streamlined four lateral-facet conning tower
geometries with different facet angles are shown in
Fig. 12. In monostatic configuration, the acoustic en-
ergy distribution of the streamlined geometry accord-

a) b)

c)

Fig. 12. Streamlined four lateral-facet conning tower ge-
ometries with different facet angles: a) α = 72○; b) α = 74○;

c) α = 76○.

ing to θ is largely the same as that of the non-
streamlined geometry (Fig. 13a). Their echo energy is
not tightly gathered in certain ranges of θ compared
with the non-streamlined geometry. In Fig. 13b, to be
precisely the same to the non-streamlined configura-
tion, the reflection effect from the border lines between
lateral facets also makes a strong narrow echo peak
from the abeam view with a value around 10 dB. As
θ gradually varies to both ends, the TS first decreases
suddenly, then gradually increases to the maximum,
and finally decreases gradually. But the most obvious
difference is that the valley zone has been widened
compared with the non-streamlined geometry. It can
be observed that, the bandwidth average TS pattern
of the three conning towers has a similar change trend
with the change of θ, and the bandwidth-averaged TS
of the streamlined conning tower geometry with four
lateral facets is the smallest with the α value of 72○ in
the θ range of ±20○.
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Fig. 13. Comparison of TS of streamlined four lateral-facet
geometries with different α values: a) angular frequency

spectrum of TS; b) echo vertical directivity of TS.

A three-view diagram of the non-streamlined con-
ning tower geometry with eight lateral facets and the
definitions of α and θ angles are shown in Figs 14
and 15. In Fig. 16 it is shown that the echo distribu-
tion of the non-streamlined eight lateral-facet geome-
try behaves similarly to that of the non-streamlined
four lateral-facet geometry, that is, the echo energy
concentrations gradually shifted towards to 0○ with α,
and the echo distribution shows a “feather-like” pattern
with respect to θ. Furthermore, the number of “feath-
ers” decreases with α values. As θ gradually varies to
both ends, similar to the four lateral-facet-geometry,
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a) b)
(

c)

Fig. 14. Non-streamlined eight lateral-facet conning tower
geometries with different facet angles: a) α = 72○;

b) α = 74○; c) α = 76○.

Fig. 15. Three-view diagram of a non-streamlined conning
tower geometry with eight lateral facets (α = 72○).
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Fig. 16. Comparison of TS of non-streamlined eight lateral-
facet geometries with different α values: a) angular fre-
quency spectrum of TS; b) echo vertical directivity of TS.

the TS first decreases suddenly near ±5○, then gradual-
ly increases to a larger value near ±15○, and finally de-
creases gradually.

The streamlined eight lateral-facet conning tower
geometries with different facet angles are shown in
Fig. 17. In Fig. 18 it is shown that the TS of the
streamlined eight lateral-facet geometries is like their
non-streamlined counterparts. The distribution of TS
in the former is slightly more homogenous than that in
the latter. The effect of α on the streamlined eight
lateral-facet geometry is shown in Fig. 18b to be iden-
tical to those on the non-streamlined geometry, that is,
the overall bandwidth-averaged TS generally decreased
with α. The variation trend of TS with θ is similar to
non-streamlined geometry, but the differences between
peaks and valleys become smaller for the streamlined
geometries.

a) b)

c)

Fig. 17. Streamlined eight lateral-facet conning tower ge-
ometries with different facet angles: a) α = 72○; b) α = 74○;

c) α = 76○.
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Fig. 18. Comparison of TS of streamlined eight lateral-facet
geometries with different α values: a) angular frequency

spectrum of TS; b) echo vertical directivity of TS.
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figuration.

The TS comparisons of all four multi-sections con-
ning tower geometries are shown for elastic (a water-
filled non-pressure-resistant structure) and rigid hulls
in Figs 19, 20, and Table 2, in which all evaluated
geometries exhibited excellent acoustic stealth proper-
ties in the range of ±10○ for θ, regardless of hull types.
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Fig. 20. Angular frequency spectrum of streamlined/non-streamlined conning tower geometries with four/eight lateral
facets (α = 72○): a) elastic hull configuration; b) rigid hull configuration.

Table 2. TS comparison of elastic and rigid streamlined/non-streamlined conning tower geometries
with four/eight lateral facets (α = 72○) with an incident angle of 0○.

Case
Four lateral-facet Eight lateral-facet

Non-streamlined
[dB]

Streamlined
[dB]

Non-streamlined
[dB]

Streamlined
[dB]

Elastic 4.8 7.1 8.3 9.0
Rigid 8.8 11.0 12.3 13.2

Difference 4.0 3.9 4.0 4.2

A minor 4 dB reduction in TS was observed for an elas-
tic hull compared with the rigid configuration, as a rea-
son of the elastic conning tower geometries is filled with
water. This phenomenon can be roughly explained as
follows, the transmission coefficient of acoustic wave
increases and the reflection coefficient decreases, con-
sidering that the acoustic wave is vertically incident
on the infinite plate, the average reflection coefficient
is 0.6 in the frequency band of 3–10 kHz, according to
Eqs (7)–(11). The TS of the infinite rigid plate is 4.3 dB
lower than that of the elastic plate, which is close to
the simulation results of the conning tower geometries.

After comparison, it is easy to find that in the range
of ±10○ for θ, whether it is elastic or rigid, the non-
streamlined four lateral-facet conning tower geometries
have the best acoustic stealth properties, because they
can distribute the strong echo regions beyond ±10○,
and the TS is lowest at the θ value of 0○. But if the de-
tection sonar is located at some position beyond the
range of ±10○ for θ, the streamlined version of these
conning tower can be considered optimal for acoustic
stealth.



316 Archives of Acoustics – Volume 47, Number 3, 2022

5. Conclusions

In this study, the echo characteristics of a variety of
conning tower geometries were evaluated to determine
the full frequency range of geometric effect with the
KA method. The findings of this study are expected
to help improve the simulation efficiency of acoustic
scattering models, particularly in applications related
to decreasing the TS of submarines by designing new
type conning tower geometries.

In the simulation research of each conning tower
geometries, we obtain some conclusions as below.

The monostatic TS of multi-sections conning tow-
ers are calculated by the FEA and the KA method.
Both solutions are very similar to each other. Further-
more, the KA solutions are in good agreement with
the experimental results, which indicates that acoustic
scattering modelling with the KA method is accurate
enough. Hence, the KA is considered suitable to calcu-
late the TS of complex multi-sections conning towers.

The important factors affecting the TS of a con-
ning tower are supposed to be its facet angle (α), type
of streamlining and facet design. By analyzing the an-
gular frequency spectrum and echo vertical directivity
of the monostatic TS of each conning tower geome-
try, it was found that angled facets and multi-facet de-
sign help to scatter acoustic waves to other directions
from the abeam view. Since the angle of obtaining the
maximum of TS moves outwards as α decreases, low
α values are found to be conducive for acoustic stealth
close to the incident angle of 0○.

Furthermore, the streamlining is supposed to make
the acoustic energy more homogenously distribute in
space and avoid strong mirror-like reflections. Among
the evaluated multi-sections geometries, the non-
streamlined four lateral-facet geometry is found to pro-
vide the best acoustic stealth for sonar in the range of
±10○ for θ, regardless of whether the hull was elastic
or rigid. But if the detection sonar is located at some
position beyond the range of ±10○ for θ, streamlined
version of these conning tower can be considered opti-
mal for acoustic stealth.

The monostatic TS of elastic and rigid hulls with
the same geometry were essentially similar in terms
of their scattering distribution patterns. The only dif-
ference is that the elastic hull reduces the TS by appro-
ximately 4 dB at most frequencies and angles.
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