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Abstract

In this study, we designed a new, semi-balanced, twisted rudder to reduce the surface cavitation problem of medium-high-speed surface
warships. Based on the detached eddy simulation (DES) with the Spalart-Allmaras (SA) model (SA-DES) and the volume of fluid (VOF)
method, the hydrodynamic and cavitation performances of an ordinary semi-balanced rudder and semi-balanced twisted rudder at different
rudder angles were numerically calculated and compared using the commercial computational fluid dynamics (CFD) software STAR-CCM+
with the whole-domain structured grid. The calculation results showed that, under the same working conditions, the maneuverability of the semi-
balanced twisted rudder basically remained unchanged compared with that of the ordinary semi-balanced rudder. Furthermore, the surface
cavitation range of the semi-balanced twisted rudder was much smaller, and the inception rudder angle of the rudder surface cavitation
increased by at least 5° at the maximum speed. In conclusion, the semi-balanced twisted rudder effectively reduced the cavitation of the rudder
surface without reducing the rudder effect and exhibited excellent anti-cavitation performance.

Keywords Surface cavitation; Semi-balanced twisted rudder; Inception rudder angle; Cavitation range; Hydrodynamic performance

1 Introduction

In large-scale surface warships and merchant ships,
semi-balanced rudders are mostly used to reduce the load
on the rudder shaft. The cavitation of semi-balanced rud-
ders mainly occurs on the surface near the leading edge of
the rudder blade and horn, the gap between the rudder
blade and horn, and the lower end face of the rudder (Liu
and Hekkenberg, 2017). Cavitation erodes the rudder sur-
face, further influencing its service life (Liu and Hekken-
berg, 2017; Li and Tom, 2013) and significantly increasing
the vibration and noise at the stern of the hull. In turn,
these influence the working environment of personnel,
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equipment, and instruments in the aft cabin of the ship and
enhance the acoustic target strength of surface warships. In
addition, the noise induced by rudder cavitation has promi-
nent low and medium-frequency line spectral components
with a long propagation distance. Consequently, surface
warships can easily become targets of sonars and torpe-
does (Grunditz et al., 2009). The anti-cavitation design of
the rudder can significantly inhibit cavitation erosion of
the rudder surface and reduce cavitation-induced vibration
and noise at the stern of the hull.

Scholars have proposed numerous solutions by investi-
gating rudder cavitation. For example, the rudder surface
cavitation can be relieved by optimizing the rudder sec-
tion, so Shen et al. (2017a, b) designed a twisted rudder to
reduce the effect of rudder cavitation on destroyers. Since
the 1990s, the twisted rudder scheme has gradually been
applied to DDG-51 destroyers. Related to this, Choi et al.
(2010) conducted numerical calculations on the twisted rud-
der and demonstrated its superiority to the full spade rudder
in terms of speed and cavitation. Ahn et al. (2012) designed
an X twisted rudder with the leading edge continuously
twisted along the span and then performed numerical cal-
culations and experiments on hydrodynamic characteris-
tics. Their results showed that the X twisted rudder is ben-
eficial to cavitation and maneuverability. Ye et al. (2015;
2016; 2017a, 2019; 2021) and Wang et al. (2017) de-
signed an anti-cavitation twisted rudder that helped re-
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duce the peak value of the negative pressure on the suc-
tion surface. Then, they established a panel method to cal-
culate the sheet cavitation of the rudder behind the propel-
ler and ultimately improve the calculation efficiency of
rudder cavitation (Ye et al., 2019). Yu et al. (2019) con-
ducted a cavitation observation experiment of the twisted
rudder model and reported the twisted rudder’s good cavi-
tation performance. They also found that the design can
improve the initial speed of rudder cavitation.

The cavitation of the semi-balanced rudder is divided in-
to the gap and surface cavitation. In the former case, seri-
ous fluid separation occurs above the gap, mainly due to
cavitation caused by the discontinuity of the semi-bal-
anced rudder structure, which can be repressed by reduc-
ing the gap between the rudder horn and blade. Shin and
Hyochul (2008) studied a new rudder system to improve
the rudder effect and inhibit gap cavitation. Their proposed
system was equipped with cam devices that effectively
closed the gap between the rudder horn and movable wing
parts. Oh et al. (2009) and Seo et al. (2009) found that re-
ducing the gap flow using fluid-supplying devices or block-
ing bars could mitigate gap cavitation. The large-area sur-
face cavitation on the rudder blade plays an important role
in the rudder cavitation. In addition, researchers have only
investigated the balanced twisted rudder so far, and only a
few studies have examined the cavitation characteristics
and unsteady forces of the semi-balanced rudder after twist-
ing. Therefore, the design concept of a twisted rudder was
adopted in the current study to improve the semi-balanced
rudder and ameliorate its anti-cavitation performance and
unsteady forces. The findings of this study have great theo-
retical significance and engineering application value for
providing an effective path to inhibiting the cavitation of
the semi-balanced rudder on a large-scale surface warship.

2 Numerical method
2.1 Basic control equation

The homogeneously mixed flow model was adopted in
the numerical simulation of cavitation. The modified
continuity equation and momentum equation are defined
as follows:
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where x; and x; represent the Cartesian coordinate compo-

nents; u; and u; are the velocity vectors; p, x, and p are the
density, dynamic viscosity, and pressure of the mixed
phase, respectively; u, is the turbulence viscosity; and «
represents the vapor volume fraction. Finally, the subscripts
| and v represent the liquid and vapor phases, respectively.

2.2 Cavitation model

The Schnerr—Sauer model (Schnerr and Sauer, 2001)
based on the Rayleigh—Plesset equation was adopted in the
cavitation calculation; in this model, all bubbles were con-
sidered spherical with the same radius at birth. The follow-
ing evaporation and condensation terms are used to de-
scribe the mass conversion rate between phases:
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The vapor bubble radius R is given by:
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where n, refers to the number of nuclei per unit volume.
2.3 Selection of the turbulence model

To select an appropriate turbulence model based on
structured grids and the VOF method, the sheet cavitation
of a three-dimensional (3D) twisted hydrofoil was calculat-
ed using SST-k-o and the SA-DES turbulence model (Gon-
stantinescu and Squires, 2003; Spalart et al., 1997; Spalart
2000). This 3D hydrofoil had a chord length of 0.15 m and
0.3 m in extension, with the section being a NACA0009
airfoil profile (Cao et al., 2014; Cao et al., 2017; Ji et al.,
2013). The grid number of the 3D hydrofoil was 1.57 mil-
lion, and all y+ wall treatment functions were employed.
The cavitation number was set as 1.07, and the outlet pres-
sure was set as 29 484 Pa to ensure consistency with the
experimental conditions.

The comparison between the calculation and the experi-
mental results of the sheet cavitation of 3D hydrofoil is
presented in Figure 1, where «, > 0.1 indicates the occur-
rence of cavitation. As shown in the figure, only the rough
range of sheet cavitation was calculated by the SST-k-w tur-
bulence model, thus failing to forecast cavitation shed-
ding. Meanwhile, the sheet cavitation area and the shed-
ding situation of cavitation calculated by the SA-DES tur-
bulence model showed good agreement with the experi-
mental results. Hence, the SA-DES turbulence model was
selected in the present study to calculate the cavitation of
the rudder behind the propeller.
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(a) SST-k-e calculation results

Figure 1 Comparison of sheet cavitation of a 3D twisted hydrofoil

3 Hydrodynamic numerical calculation

3.1 Calculation and verification of hydrodynamic
performance

To validate the calculation accuracy of the selected
method, the open-water hydrodynamic performance of a
propeller was evaluated. A comparison between the calcu-
lated and experimental values of the propeller is shown in
Figure 2. As can be seen, the calculation error of the thrust
coefficient can be maintained within 4% when the advance
coefficient J<1.2, whereas the calculation error of the
torque coefficient and open-water efficiency can be con-
trolled within 5%. Therefore, the numerical method is
deemed reliable in terms of the calculation accuracy con-
sidered in the present study.

3.2 Design of the semi-balanced twisted rudder

We established the propeller and two rudder models of a
large-scale surface warship at the model scale. The surface
warship is a twin-screw ship with inward-turning propel-
lers, and the left rudder and propeller are taken as research
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(b) SA-DES calculation results

(c) Experimental results

—o— K -EXP ~5— 10K -EXP

10f
[ o KISADES 10K, SA-DES
Al e n-EXP ~b—y-SA-DES
i NS et

04 0.6 03 10 12
J

Figure2 Open-water performance of the propeller

objects. When designing the semi-balanced twisted rudder,
we retained the chordwise thickness distribution in the sec-
tion at each spanwise position, and the camber was set to
zero. Next, we calculated the hydrodynamic performance
of the rudder using the finite-volume method. Then, we ob-
tained the pressure distributions on the pressure and suc-
tion surfaces on each section of the rudder and considered
the spanwise distribution of the geometric angles of attack
as the adjustment parameter. The objective function was
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the quadratic sum of the pressure difference between the
pressure and suction surfaces at all specified chordwise po-
sitions in each section. The corresponding data that en-
abled the objective function of each section to reach the
minimum value was solved using the least squares meth-
od. Then, the rudder was twisted according to the obtained
spanwise distribution data of the geometric angle of at-
tack. After the completion of the design, we separated the
gaps in each section to form a semi-balanced twisted rud-
der, after which we compared the geometry models of the
two types of rudders. The results are shown in Figure 3.

Il

(a) Leading edge of (b) Trailing edge of
the rudders the rudders
Figure3 Comparison of two rudder models

3.3 Grid division and calculation conditions

The computational domain consisted of three parts: rota-
tion, rudder, and outer domains (see Figure 4). Information
transmission between domains was achieved by setting the
interfaces. In the Figure 4, D represents the diameter of the
propeller. Cavitation flow is an unsteady flow that imposes
higher requirements for grid division. Related to this,
structured grids have been extensively used in cavitation
simulations due to their advantages, such as high quality
and the ability to efficiently simulate boundary layers by
setting the node number. Therefore, this study adopted
whole-domain structured grids for simulation (Figure 5),
and the number of grids in the entire computational do-
main was set as 24.2 million.

4D 10D
II:I%V. -EI Outer domain
t utle
nle - ,\
Rudder domain
Rotation domain

Figure 4 Computational domain

For the calculated rudder angles of 0°, 3°, 5°, 7°, and
10°, the inflow velocity and rotational speed of the propel-
ler under the model scale were determined as 5.72 m/s and
1 200 r/min, respectively, based on the advance coefficient
of the full-scale ship. This condition corresponds to a full-
scale ship sailing at maximum speed.

3.4 Comparison of pressure distribution on the
rudder surface

The outlet pressure was set to 0 Pa during the hydrody-
namic numerical simulation. The pressure coefficient distri-
butions on the inner surface of the two rudders at different
rudder angles are shown in Figure 6. Here, we defined the
inner and outer surfaces of the rudder blade as the suction
and pressure surfaces, respectively. The cloud figures of
the pressure distribution showed evidently higher pressure
on the suction surface of the semi-balanced twisted rudder
than that of the ordinary semi-balanced rudder at each angle.

The pressure was determined using the dimensionless
method expressed by the following equation:

__b-p
%= 057 ®

where p, n, D, and p represent water density, propeller
speed, propeller diameter, and absolute pressure, respec-
tively. Here, p, represents the reference pressure (hydro-
static pressure at the distant front of the rudder) and can be
obtained using the following equation:

Po = Pa * pgh 9)

where p, represents the standard atmospheric pressure. As
no gravity model is introduced during the simulation, pgh
equals zero; that is, p, = P,

The pressure distributions at different rudder heights
were compared to clearly distinguish the pressure distribu-
tions of the semi-balanced twisted rudder and semi-bal-
anced rudder. Specifically, the pressure coefficient distri-
butions on the section at the two rudder height positions of
y=0.2H and y=0.3H were compared, where H represented
the rudder height.

The pressure distribution curves of the two sections of
the ordinary semi-balanced rudder and semi-balanced
twisted rudder at rudder angles of 0°, 3°, 5°, 7°, and 10°
at an inflow velocity of 5.72 m/s and a rotational speed
of 1 200 r/min are presented in Figure 7. As shown in the
figure, C represents the chord length at different spanwise
sections, x represents the chordwise distance from the lead-
ing edge to the point on the section, and x/C denotes the
chordwise position of the point on the section relative to
the chord length. Here, the ordinary rudder is an ordinary
semi-balanced rudder, and the twisted rudder is a semi-bal-
anced twisted rudder.

Table 1 lists the peak values of the pressure coefficient
of the two sections at different rudder angles. Meanwhile,
Figure 7 and Table 1 present the reduction in the peak val-
ue of the negative pressure coefficient of the semi-bal-
anced twisted rudder compared with the ordinary semi-bal-
anced rudder at the same rudder angle. For example, the
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(a) Rotation domain

(c) Rudder blade and rudder horn

™

Upper end face of rudder blade

(b) Outer domain

Upper end face of rudder horn

(d) Upper end face of the rudder

(e) Rudder transverse gap

Figure 5 Grids of the computational domain

peak values of the negative pressure coefficient of the
semi-balanced rudder and semi-balanced twisted rudder
for a rudder angle of 5° were 1.665 and 1.095, respective-
ly, in which the latter was 34.2% lower than the former.
This result indicates that the semi-balanced twisted rudder
can effectively ameliorate the cavitation performance of
the semi-balanced rudder and increase the inception rud-
der angle of surface cavitation.

By comparing the pressure distribution curves of differ-
ent sections of the ordinary semi-balanced and semi-bal-
anced twisted rudders, it can be observed that the peak val-
ue of the negative pressure on the twisted rudder was
smaller. Therefore, the semi-balanced twisted rudder sup-
pressed the cavitation on the rudder surface. Furthermore,
the peak values of the negative pressure coefficient at all
rudder angles were always maximum at a section of 0.3H.
To explore the main reason for such a phenomenon, the in-
teraction between the hull and rudder was neglected, and
the computational domain for the open-water area of the
propeller model was established. We arranged several
monitoring points at the installation position of the rudder

@ Springer

shaft (Figure 8) to monitor the transverse and axial veloci-
ties at these points. After the simulation stabilized, we then
determined the time-averaged values of the unsteady trans-
verse and axial velocities at these points within one propel-
ler period, as shown in Figure 9. In addition, we deter-
mined the inflow angles of attack at different positions
(Figure 10). As shown in Figure 9 and 10, the respective
axial and transverse velocities of the propeller wake flow
at 0.3H nearly reached the maximum values, and the in-
flow angle of attack was also the largest.

3.5 Influence of the semi-balanced twisted rudder
on maneuverability

The pressure on the suction surface of the semi-bal-
anced twisted rudder almost overlaps with that on the pres-
sure surface and presents a symmetrical pattern at the rud-
der angle of 0° In turn, this results in a smaller peak value
of the negative pressure coefficient and significantly re-
duces the transverse force compared with that on the ordi-
nary semi-balanced rudder when the ship is in straight-
ahead cruising mode. To further analyze the influence of
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Figure 6 Comparison of the pressure distributions of two rudders at different rudder angles
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Figure 7  Pressure coefficient distributions on two sections of rudders
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Table 1 Comparison between the negative pressure peak values of
the two kinds of rudders at different rudder angles

Peak values of the
Rudder angle

) Rudder type pressure coefficient
0.2H 0.3H
0 Ordinary semi-balanced rudder  -1.127  -1.290
Semi-balanced twisted rudder -0.848 -0.890
3 Ordinary semi-balanced rudder -1.318 -1.454
Semi-balanced twisted rudder -1.004 -1.074
. Ordinary semi-balanced rudder -1.536 -1.665
Semi-balanced twisted rudder -1.065 -1.095
; Ordinary semi-balanced rudder -2.003 -2.211
Semi-balanced twisted rudder -1.283 -1.362
10 Ordinary semi-balanced rudder -2.103  -2.293
Semi-balanced twisted rudder -1539 -1.610
Figure 8 Layout of the speed monitoring points
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Figure 9 Time-average values of inflow velocity at different
monitoring points

the twisted rudder on maneuverability, we monitored the
transverse force and torque of the two rudders during the
CFD simulation. Considering the left rudder as the study
object, the interaction between the left and right rudders
was neglected. Once the calculation stabilized, we were
able to obtain the time-averaged values of the unsteady
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Figure 10 Time-averaged angles of inflow attack at different
monitoring points

transverse force and torque of the two rudders within a
single propeller period were obtained. The force and
torque of the two rudders at different rudder angles are
listed in Table 2, where F, represents the rudder force
along the transverse direction of the ship pointing from
the amidships to the starboard (unit: N), and M, represents
the torque of the rudder shaft, which is positive in the
clockwise direction (N-m).

Table 2 Rudder force and torque of two rudders with different
rudder angles

Ordinary semi-balanced ~ Semi-balanced twisted

Rudder rudder rudder
angle (°)
N M(Nm)  F,(N) M, (N-m)
-10 -163.27 1.584 -208.73 2.556
-7 -99.38 1.195 -144.68 1.897
-5 -58.09 0.682 -104.25 1514
-3 -10.85 0.124 -59.73 0.824
0 55.14 -1.232 1.63 -0.162
3 112.47 -1.654 62.66 -0.841
5 150.71 -2.031 105.71 -1.545
7 187.66 -2.629 145.36 -1.946
10 247.75 -3.313 209.69 —-2.695

As seen in Table 2, due to the existence of a transverse
component in the propeller wake flow, the ordinary semi-
balanced rudder still exhibited a large transverse force
(55.14 N) and torque of the rudder shaft (-1.23 N-m) at
a rudder angle of 0°. However, the shaft torque and
transverse force of the semi-balanced twisted rudder
were —0.162 N-m and 1.63 N, respectively. A subsequent
comparison revealed that the transverse force and shaft
torque were nearly reduced by one order of magnitude at
the rudder angle of 0° after the semi-balanced twisted rud-
der was used. The semi-balanced twisted rudder can obvi-
ously ameliorate the unsteady forces of the steering gear
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during the straight-ahead cruising mode. In addition, the
maximum shaft torque of the ordinary semi-balanced rud-
der was 3.313 N-m, whereas that of the semi-balanced
twisted rudder was only 2.695 N-m. Therefore, the twisted
rudder well reduced the load of the steering gear.

To further compare the maneuverability of the semi-
balanced and semi-balanced twisted rudders, the total
transverse force of the rudder was obtained by subtract-
ing the transverse force generated when the rudder
turned left and that when it turned right. The calculation
results for the two rudders with different angles are listed
in Table 3.

Table 3 Total transverse force

Rudder  Ordinary semi-balanced ~ Semi-balanced  Difference
angle (°) rudder (N) twisted rudder (N) (%)
3 123.32 122.39 -0.76
5 208.8 209.96 0.55
7 287.04 290.04 1.03
10 411.02 418.42 1.77

As shown in Table 3, within a rudder angle of 10°, the
difference between the total transverse forces of the ordi-
nary semi-balanced rudder and the semi-balanced twisted
rudder was within 2%. Thus, the two rudders exhibited
equivalent maneuverability.

4 Numerical simulation of cavitation

performance

The presence of cavitation on the rudder surface can be
determined according to the correlation between the mini-
mum pressure coefficient of the rudder surface (C,,) and
the cavitation number (o). In particular, there is an absence
of cavitation when - C, ;. <, namely, p,, > p,, and
cavitation is present when - C, .. > 4, namely, p.;, < p,,
where p.;, denotes the minimum pressure on the rudder
surface, and p, is the saturated vapor pressure.

Here, we calculated the cavitation number of a full-
scale ship using o4 = 1.143. By combining Table 1, cavita-
tion was generated on the rudder surface even at a rudder
angle of 0° for the ordinary semi-balanced rudder, whereas
no surface cavitation was generated for the semi-balanced
twisted rudder at a rudder angle of 5°, thereby indicating
an increase in the cavitation inception rudder angle by at
least 5° by designing the semi-balanced twisted rudder.

Hereby, at an inflow velocity of 5.72 m/s and a rotation-
al speed of 1 200 r/min, the cavitation of the semi-bal-
anced twisted rudder with different rudder angles was pre-
dicted through CFD simulations to obtain more detailed
data. Then, we compared these with those of the ordinary
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semi-balanced rudder to verify the cavitation performance
of the semi-balanced twisted rudder, as shown in Figure 11
(the left side is the semi-balanced rudder, and the right
side is the semi-balanced twisted rudder). Given that the
cavitation range and volume on the rudder surface change
over time, we display those moments when the cavitation
volume at the suction surfaces of the rudders was at the
maximum. In the figure, cavitation is indicated by the
light-blue region.

(a) 0° rudder angle

ot

(l;) 3° rudder angle

(d) 7° rudder angle
\
g ‘S 821
. Q._(.Q.’\_’r!—.-, - : é.’(
. . }
| 'Y

' S aam

(e) 10° rudder angle

Figure 11  Comparison of the cavitation of two rudders with
different rudder angles
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Figure 11 shows that the cavitation inception rudder an-
gle for the semi-balanced twisted rudder is evidently larg-
er than that of the ordinary semi-balanced rudder. At the
maximum navigational speed, the ordinary semi-balanced
rudder-experienced cavitation was just at the rudder angle
of 0°, while it was absent at a rudder angle of 5° for the
semi-balanced twisted rudder. Furthermore, at the rudder
angle of 7°, cavitation materialized on the surface of the
semi-balanced twisted rudder, but the cavitation range
was much smaller than the semi-balanced rudder at the
same angle.

The above calculation results indicate that the semi-bal-
anced twisted rudder can increase the range of the non-cav-
itation rudder angle at the maximum navigational speed.
In addition, even if cavitation occurs, the cavitation range
of the semi-balanced twisted rudder is evidently smaller
than that of an ordinary semi-balanced rudder. Therefore,
the semi-balanced twisted rudder enhances its anti-cavita-
tion performance.

5 Conclusions

With the aim of addressing the cavitation problem of a
semi-balanced rudder, this study improved the original
rudder by designing a new semi-balanced twisted rudder.
Then, its hydrodynamic and cavitation performances
were analyzed through CFD. The following conclusions
were drawn:

1) The ordinary semi-balanced rudder has different in-
flow angles of attack at different rudder heights. This
can easily produce a low-pressure zone in an area with
large velocities and inflow angles of attack, which leads
to cavitation.

2) We designed a new type of semi-balanced twisted
rudder based on the inflow angles of attack at different
rudder heights. On this basis, the rudder better matched
the surrounding flow field, and the peak values of the neg-
ative pressure of the semi-balanced twisted rudder at dif-
ferent rudder angles were evidently reduced compared
with the ordinary rudder. The inception rudder angle of the
rudder’s surface cavitation increased by at least 5° at the
maximum speed, effectively improving the anti-cavitation
performance of the rudder.

3) At a rudder angle of 0°, the pressure on the suction
surface was lower than that of the ordinary semi-bal-
anced rudder. However, the pressure distribution on the
suction surface almost overlapped with that on the pres-
sure surface of the semi-balanced twisted rudder. Owing
to this feature, the peak value of the twisted rudder’s neg-
ative pressure obviously reduced, the transverse force of
the semi-balanced twisted rudder became much smaller
than that of the ordinary semi-balanced rudder during
straight-ahead cruising, and the load of the steering gear

was effectively reduced.

4) The semi-balanced twisted rudder can considerably
improve the anti-cavitation performance without degrad-
ing the rudder effect. Therefore, it is of great theoretical
significance and engineering application value.

5) It can be found through simulations that cavitation
also occurs in the gap of the semi-balanced rudder; for
further research, the influence of the semi-balanced twist-
ed rudder on gap cavitation can be studied in detail. On
this basis, the semi-balanced twisted rudder can be fur-
ther optimized to achieve a better overall anti-cavitation
performance.
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