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Abstract: The presence of broken ice in the flow field around a propeller causes severe blade
erosion, shafting, and hull vibration. This study investigates the performance of the propeller of
a ship sailing in the polar regions under the propeller-ice non-contact condition. To this end, we
construct a test platform for the propeller-induced excitation force due to ice blockage in a large
circulating water channel. The hydrodynamic load of the propeller, and the cavitation and propeller-
induced fluctuating pressure, were measured and observed by varying the cavitation number and
ice—propeller axial distance under atmospheric pressure and decompression conditions. The results
show that the fluctuation range of the blade load increases with a decrease in cavitation number and
ice—propeller axial distance. The decrease in the cavitation number leads to broadband characteristics
in the frequency-domain curves of the propeller thrust coefficient and blade-bearing force. Under the
combined effects of ice blockage and proximity, propeller suction, the circumfluence zone around
the ice, and the Pirouette effect, propeller—hull vortex cavitation is generated between the ice and
propeller. The decrease in cavitation number leads to a sharp increase in the amplitude of the
high-order frequency of the propeller-induced fluctuating pressure.

Keywords: ice-class propeller; blockage condition; hydrodynamic load; cavitation; fluctuating
pressure

1. Introduction

When polar-class ships navigate in frigid zones, broken fragments of ice frequently
sink along the hull and gradually flow against its surface. The broken ice slowly approaches
the propeller and interacts with it. This induces extreme loads on the latter, leading to a
large cavitation area on the back of the blade and reducing its performance. Blockage of the
propeller’s intake by ice aggravates the non-uniformity of the wake field. Consequently,
the propeller begins to generate more severe periodic excitation forces. The blades bear
the excitation force and transmit it to the hull, resulting in fatigue damage to the main
components of the ship, difficulties in onboard operations, equipment failure, poor crew
comfort and reduced safety, etc. [1,2]. Therefore, the study of cavitation and the induced
excitation force of ice-class propellers under ice blockage is of significance to ship and
marine engineering.

Research on the cavitation performance of ice-class propellers mainly involves ex-
perimentation. For example, Lindroos and Bjorkestam [3] first simulated the cavitation
phenomenon of a propeller with ice—propeller interactions in a cavitation tunnel. They
placed a flat plate in front of a ducted propeller to simulate the ice blockage effect. The
results showed that the blocked flow increased the vibrations, cavitation, thrust, and torque
of the propeller. They also demonstrated the importance of cavitation for studying the
ice—propeller interactions. Walker et al. [4] discussed the influence of cavitation on the
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hydrodynamic load of an R-class propeller under blockage conditions and concluded that
blocked flow can increase the propeller thrust and reduce the total thrust and efficiency
of the system. Cavitation can reduce the average thrust and torque. With a decrease in
cavitation number, the load of the propeller will became unstable. The variation law of
propeller hydrodynamic load with cavitation is analyzed emphatically.

Doucet et al. [5] conducted an experimental study on cavitation erosion of open and
ducted propellers under a blockage condition in a cavitation tunnel. The test results showed
that given the same test conditions, the ducted propeller experienced more erosion than the
open propeller. For both propellers, the amount of face erosion increased with increasing
advance coefficient. The influence of cavitation on the erosion of two ice-class propellers
was analyzed. Atlar et al. [6] and Sampson et al. [7,8] carried out blockage experiments
on an ice-podded propulsor in a cavitation tunnel using unfrozen model ice. Thus, they
demonstrated the variation curves of propeller hydrodynamics under different advance
coefficients, cavitation numbers, axial distances, and depth of model ice recess. The results
showed that blockage effect of ice blocks leads to the generation of sheet cavitation, tip
vortex cavitation, and cloud cavitation. Cavitation changed the thrust and torque of the
propeller, produced severe vibration and noise, and exposed the propeller and related
equipment to potential fatigue-related hazards. They verified that the cavitation effect is
an important factor in studying the mechanism of ice—propeller interaction.

Wu et al. [9] conducted an experiment on the influence of parameters related to ice
blockage, i.e., the axial and vertical distances between the propeller and ice, on the hydro-
dynamic performance of the propeller. The propeller hydrodynamics did not change in
any discernible manner with the ice—propeller distance even under heavy loads during
cavitation. The cavitation effect of the blades reduced the degree of influence of the ice
blockage effect. The above study focuses on the influence of cavitation on the hydrody-
namic load of the whole propeller under the blockage condition; however, it does not
analyze the change in the single blade load in the blocked or unblocked regions or the
influence of the change in the single blade surface cavitation on the hydrodynamic load.
To summarize, the mechanisms of cavitation and load change under sea-ice blockage are
not clearly understood.

Moreover, there are a few significant results related to the induced excitation force of
ice-class propellers. Numerical simulation methods such as CFD were the primary mode
of analysis. For example, Wu et al. [10] simulated the unsteady cavitation and hydrody-
namic performance of conventional propellers using the Reynolds-averaged Navier-Stokes
(RANS) equations. They considered the influence of different ice axial positions and
pressure environments in their simulation. The study mainly analyzed the fluctuating
amplitude of the propeller thrust coefficient. The results showed that the order of the
propeller cavitation excitation force significantly increased owing to ice blockage. The
frequency of excitation moved to a higher order. Wang et al. [2,11] established a numerical
model of the propeller-induced excitation force under ice—propeller interactions using the
overlapping grid method. They analyzed the changes in the bearing force of the propeller
and fluctuating pressure around the propeller with different advance coefficients. The
results showed that the fluctuating amplitude of the bearing force gradually increased
and that of the fluctuating pressure decreased with an increase in the advance coefficient
under ice-blockage conditions. However, they did not analyze the variation in the propeller
fluctuating pressure under different positions of ice at the bottom of the ship and under
heavy load cavitation conditions, and the influence of ice-propeller interaction on ship
vibration has not been revealed.

In view of this, we used a scaled model instead of a purely numerical model. To
conduct the experiment, a test platform for induced excitation force of propeller under
ice-blockage condition was built in a large circulating water tank. We study the influence
of ice-blockage parameters, ice-propeller axial distance and cavitation number, on the
propeller hydrodynamic performance, cavitation, and excitation force under different



J. Mar. Sci. Eng. 2021, 9, 674

30f25

operating conditions. The model test provided data to predict the propeller performance
in a polar environment.

2. Test Model and Test Equipment
2.1. Propeller Model

The model for this study was a 1:16.46 scaled and locally corrected version of the
ice-class propeller of the Canadian Coast Guard R-class icebreaker [6,12,13]. The diameter
of the full-scale propeller is 4.115 m. Therefore, the model had a diameter D of 0.25 m, four
blades, a propeller area ratio of 0.699, a pitch ratio of 0.775, and a hub diameter ratio of 0.368.
The model was made of an Al alloy. Because the objective of the study required testing
the load on a single blade, each blade of the propeller model was designed and fabricated
separately (Figure 1). Figure 2 illustrates the propeller model after blade installation.

Figure 1. Single blades.

Blade
FFive-component
force balance
Hollow hub

Figure 2. Propeller model photograph and three-dimensional schematic diagram.

2.2. Test Equipment

The propeller cavitation and induced excitation force under ice-blockage conditions
were measured in a large circulating water channel of the China Ship Science Research
Center. Figure 3 illustrates the shape of the test section of the channel. The circulating
tank at the Center is the largest cavitation experimental facility in China and offers low
turbulence and background noise. The facility can be used to measure hydrodynamic
performance, pressure fluctuations, and noise, and make cavitation observations for all
types of underwater vehicles and whole ship models with thrusters. It also has equipment
to measure frequency responses in the interactions of offshore engineering structures
and fluids. Moreover, it can achieve the experiments under the number of real ship
cavitation, but the conventional cavitation tunnel and circulating water channel are difficult
to meet. The length, width, and height of the working section of the large circulating
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water channel were 10.5 m X 22 m x 2.0 m, the pressure was 10400 kPa, the water
velocity was 1.0-15.0 m/s, the non-uniformity of velocity was less than 1.0%, and the
minimum cavitation number was 0.07 (the water velocity was 15 m/s, and the top pressure
10 kPa) [14].

Figure 3. Test section of the large circulating water channel.

Figure 4 illustrates the ice-blockage device and the force-measuring device. A deflector
was installed in the upstream direction. A C-frame and a fixing plate were tightly connected
to clamp and fix the model ice. Before the model test, we tested the reliability of the ice
clamber to ensure the model ice did not detach and fall. The height of the ice chamber’s
driving mechanism was adjusted by a vertical linear module, with a range of motion of
h = 0-70 mm. The axial distance was adjusted by a horizontal linear module, with a range
of motion of L = 0400 mm. The entire driving device was connected to the circulating
water channel’s mounting plate through the mobile device mounting bracket.

The dynamometer was powered by a motor. It was used to rotate the propeller shaft
via the bevel gear. A force-balance device was installed on the right side of the sliding
bearing to measure the thrust and torque of the whole propeller. The thrust and torque
were in the ranges of 0-1500 N and 0-50 N-m, respectively. The hub and blade were
machined separately. The hub was hollow and equipped with a five-component force
balance. The key blade was fixedly connected to the force balance. The roots of the other
blades were equipped with counterweight structures, which were fixedly connected to the
hub screw to realize the overall dynamic balance of the hub. The force and thrust values of
the five-component force balance were in the ranges of 0-800 N, 0-800 N, and 0-30 N'm,
0-30 N'm, and 0-10 N-m, respectively.

The unfrozen model ice used in this experiment is nylon model. The length, width,
and thickness of the model ice were 250 mm x 200 mm x 90 mm, respectively. In the
process of ice position adjustment, the centerlines of the propeller shaft and propeller disk
were used as the vertical and axial reference positions, respectively. The distances between
the bottom face of the model ice and the center of the propeller shaft, and the ice surface
near the side of the propeller and the propeller disk were defined as the vertical and axial
relative positions of the ice—propeller, respectively. The origin of the coordinate system is
at the center of the propeller disk. The positive direction of the X-axis is the direction from
the pod to the propeller, the positive direction of the Z-axis is upward, and the direction of
the Y-axis is determined according to the right-hand rule, as shown in Figure 4.

For the propeller fluctuating-pressure test, a fluctuating pressure transducer was
attached to the flat plate directly above the propeller model. The vertical distance between
the transducer and the center line of the propeller shaft was 250 mm. The point of inter-
section between the center line of the propeller shaft and the propeller radiation reference
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line was taken as the center of the prism. The axial and transverse dimensions of the prism
were 0.15D [15]. Five pressure transducers were arranged at the four corners and center of
the prism (Figure 5).

Vertical drive motor

Vertical linear
Horizontal drive motor module
Horizontal linear
module Propeller driven
motor

Mounting
bracket

Mobile device
mounting frame

Simulated ice
fixing device

Ice-propeller
dynamometer

Ice chamber .~ VAL

Model ice Five components  ~\__measuring system
force balance

Figure 5. Installation of fluctuating pressure transducer.

3. Experimental Method
3.1. Similarity Criteria

The simulation of ice-propeller-flow interaction must meet the similarity criteria, i.e.,
geometric similarity, motion similarity, viscous force similarity, and cavitation similarity of
the propeller.

(1) Geometric similarity

The scale of the propeller model, i.e., 1:16.46, ensured the geometric similarity between
the full-scale propeller and the model.
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(2) Motion similarity

The dimensionless advance coefficient | of the model is the same as that of the actual
propeller, which ensures it has the same motion as the full-scale propeller. The dimension-
less coeftficients of the thrust and torque of the propeller and the single blade were defined

as follows: v

] = D (1)

Kr = —ape @

Ko= panDs ©

Krx BLADE = pn];)l(f)‘* 4

Krr LaDE = pn];TD‘i ®)

Kox_BLADE = an2)l§)5 (6)

Koy BLADE = WQQBE; ()

Koz BLADE = anzéS (8)

where V is the inflow velocity; n is the propeller rotational speed; D is the propeller
diameter; T and Q are the propeller thrust and torque, respectively; Kr and Kg are the
propeller thrust and torque coefficients, respectively; p is the density of water; T is the
axial thrust of blade in the X direction; T is the tangential force of blade; Krx prapr and
KT BraDE are the axial thrust and tangential force coefficients of the blade, respectively;
Qx, Qy, and Qz are the torques of blade in the X, Y, and Z directions, respectively; and
Kox Brape, Koy srape, and Kgz_prape are the torque coefficients of the blade in the three
directions, respectively.

(3) Viscous force similarity

Because the condition of the Reynolds number cannot be satisfied in the model test,
the Reynolds number R 75r) of the blade section at a chord length of 0.75R was required
to exceed the critical Reynolds number, i.e.,

L0.75R\/V2 + (0.757TnD)2

- >3.0x10° 9)

Rno75r) =

where L 75r is the chord length of the blade section at 0.75R, and v is the kinematic viscosity
coefficient of water.

(4) Cavitation similarity

The cavitation number of the rotational speed of the flow passing through the propeller
disk and at a radius of 0.8R directly above the propeller axis is equal to that of the full-scale
ship [14,16], i.e.,

_ Pa + psg(hs — 0.4Ds) — py

Full-scale : 0,50 8r) 0.505(0.87tns D )2 "
-OpPs (V. s
| ~ Po(osr) — Po
Model : Tnm(0.8R) = 0.50m (0.87T7’lmDm)2 (11)

Tus(0.8R) = Tnum(0.8R) (12)
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where P, is the atmospheric pressure, P, is the vaporization pressure of water, h; is the
center depth of the full-scale propeller shaft, and Py gr) is the static pressure of the 0.8R
radial blade section at the 12 o’clock position. ps and p;; are the densities of seawater and
fresh water, respectively; Ds and Dy, are the diameters of the full-scale propeller and model
propeller, respectively; and ns and n,, are the rotational speeds of the full-scale propeller
and model propeller, respectively.

3.2. Test Method and Operating Conditions

Before the test, the pod package and the guide rail of the ice blockage device were
fixed to the model mounting bracket. The bracket was hoisted to the test section of the
circulating water channel. The position of the connecting rod on the mounting bracket was
adjusted to make the centerline of the pod parallel to the axis of this section. The guide rail
and the propeller shaft center line were regarded as the same line from top to bottom in
the circulating water channel. The centerline of the fixed pod-package propeller shaft was
approximately 750 mm above the center of the circulating water channel. After adjusting
the relative position of the ice and the propeller, two groups of full-scale ship operating
conditions of the experimental ice-class propeller model were selected [17,18] (Table 1) to
test the performance of the propeller under ice-blockage conditions.

Table 1. Operating conditions of full-scale ship.

Cavitation Number of Advance Full-Scale Propeller Full-Scale Ship
Rotational Speed at 0.8R Coefficient | Rotational Speed n(x/s) Speed Vi(m/s)
c=033 0.325 162 3.61
c=044 0.281 141 2.72

The pressure of the circulating water channel was adjusted according to the specified
cavitation number of the rotational speed. The fluid velocity in the test section was adjusted
according to the advance coefficient and rotational speed. Changes in the axial dynamic
force, cavitation, and excitation force of the propeller with varying ice—propeller axial
distances under atmospheric pressure, cavitation numbers of rotational speed ¢ = 0.44 and
0.33 were measured respectively. Table 2 presents the operating conditions.

Table 2. Operating conditions of the test.

Test Axial Distance Vertical Cavitation Number Advance Rotational Speed
Conditions L/D Distance h/D Rotational Speed at 0.8R Coefficient]  Speed ny,(r/s)  Vy,(m/s)
Case 1 0 0 Open-water condition 0.281 19.36 1.36
Case 2 7/16 Atmospheric pressure 0.281 19.36 1.36
Case 3 ZZ g;g' 2;2 7/16 =044 0281 19.36 136
Case 4 ,7/8 ’1 ! 5/16 o=044 0.281 19.36 1.36
Case 5 ! 7/16 c=0.33 0.325 22.15 1.8

4. Results and Analysis
4.1. Hydrodynamic Load Analysis of Propeller

Taking cases 1 to 3 in Table 2 as examples, the influence of the ice—propeller axial
distance on the hydrodynamic performance of the propeller was analyzed. Figures 6-9
illustrate the mean value and time-domain comparison curves of the propeller and sin-
gle blade hydrodynamic performance with different ice—propeller axial distances under
atmospheric pressure and cavitation number of rotational speed, ¢ = 0.44. These values
are compared with the open-water experimental values of the propeller with the same
advance coefficient.

As indicated in Figure 6, at atmospheric pressure and under blockage conditions,
the mean values of the thrust and torque coefficients increase with the decrease in L/D.
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The smaller the L/D, the more distinct the increase. There are two main reasons for the
increase in propeller thrust coefficient and torque coefficient. One is the blockage effect;
this is because of the blockage effect of model ice on the inflow decreases the inflow
velocity in front of the propeller, increase the angle of attack of the blade section, and
increases the propeller thrust. When the blade rotates, the separation of the fluid at the
back of the blade will also intensify, resulting in an increase in the torque of the propeller.
Nonetheless, the wall effect (or boundary effect) shows that the flow velocity between
the ice and the propeller increases, which makes the flow field between the propeller and
the ice occur in a high-speed wake area, thereby increasing the thrust and torque of the
propeller [4,19,20]. When o = 0.44, the mean values of the propeller thrust and torque
coefficients also increase with the decrease in L/ D, which is higher than the atmospheric
pressure. The main reason is that the blade back begins to cavitate at its local position as
the cavitation number decreases; however, in the first stage of cavitation development, the
lift coefficient continues to increase [21]. Compared with the open-water condition, the
thrust and torque coefficients of the propeller increased under the two blockage conditions,
but the propeller efficiency decreased (Figure 6¢). In Figure 6c, at atmospheric pressure, the
propeller efficiency decreases with a decrease in L/D. The main reason is that the smaller
the L/ D, the more obvious the ice-blockage affects, and the smaller the inflow velocity in
front of the propeller, the higher the angle of attack of the blade section; this reduces the lift
drag ratio is, which leads to a reduction in propeller efficiency. When ¢ = 0.44, the propeller
efficiency remains nearly constant even as L/D changes; however, it is still less than the
propeller efficiency at atmospheric pressure.

—8— K (Uniform flow, Atmospheric pressure) 030 —— 0K, o (Uniform flow, Atmospheric pressure) |
4 o KT (Blocked flow, Atmospheric pressure) —8— 10K 0 (Blocked flow, Atmospheric pressure)
—— K, (Blocked flow, o= 0.44) A —&— 10K, (Blocked flow, o= 0.44)
\ 028 —
A
1\ L\
o'}
<
'\ \ = 026 |4
K\\\‘*‘L____\‘“ '\"\‘
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[ ] # ] o .“————-n
]
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0.450 ——

N
\
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Figure 6. Variation of K7,10Kg and i with L/D: (a) Kr; (b) 10Kg; (c) 7.
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Figure 7. Variation of five-component force of single blade with L/D: (a) Krx_prape; (b) Krr_prape; (¢) 10Kgx_prape;

(d) 10Kgy_prape; (e) 10Koz_prADE-

As indicated in Figure 7, in the three states, the axial thrust is approximately 1.8 times
the tangential force. The torque in the Y direction is approximately 3.7 times the torque in
the X direction and 6.4 times the torque in the Z direction. The force and torque changes
in different directions are of the same order of magnitude. At atmospheric pressure
and o = 0.44, and under blockage conditions, the variation of the five-component force
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of a single blade with L/D is the same as that of the thrust and torque coefficients of
the propeller. The hydrodynamic performance of the blade at o = 0.44 is greater than
that at atmospheric pressure. Compared with the open-water condition, at atmospheric
pressure and ¢ = 0.44, and under blockage conditions, the axial thrust and tangential
force coefficients and the torque coefficients in the X and Y directions of the single blade
increased significantly. Under the same conditions, the torque coefficient in the Z direction
of the single blade is different. At atmospheric pressure, when L/D > 5/8, the change
in L/D had little impact on the torque coefficient in the Z direction of the single blade,
which remained almost unchanged. When ¢ = 0.44, the torque in the Z direction gradually
increased with a decrease in L/D.

Based on Figures 6 and 7, the time-domain variation curves of the axial thrust co-
efficient and torque coefficient in the Y direction of the single blade during propeller
stabilization for L/D =1/8,3/8, and 7/8 under atmospheric conditions were extracted. To
analyze the load variation law in detail, the time-domain variation curve of the six periods
of the blade is illustrated in Figure 8. Meanwhile, for L/D = 1/8, the time-domain curves
of the single blade in the three states are compared in Figure 9.

0.42
Koy maoe (AWOSplleﬁc pressure, LA = 1/8) |- —— 10Ky 1113, (Atmospheric pressure, LiD = 1/8)
—K; X BLADE {Atmospheric pressure, L/D = 3/8) — 10K ov BLADE {Atmospheric pressure, L/D = 3/8)
— Ky prape (Atmospheric pressure, £/D = 7/8) _— IOK'QV arapy VAtMospheric pressure, L/D — 7/8)
0.36 -
Q
3
0
£030 ! }
1
<
0.24 fg-4--1- A
0.18 i i
AL Al + 2in ‘ A+ din AL+ 6/n Af A+ 2n P At + din At + 6/n
(a) (b)

Figure 8. Time-domain curves of Krx_prapg and 10Kgy_p; apg with different L/D (atmospheric pressure under blockage
conditions): (a) Krx_grapk; (b) 10Kqy_Brapk-

0.12 048 . .
—KI?{_EL«wL‘ (Uniform flow, Atmospheric pressure) _ ]OKQI"_BLADE (Uniform flow, Atmospheric pressurc)
— Ky pr4pg (Blocked flow, Atmospheric pressure) _ ]OK'QY_BM,E (Blocked flow, Atmospheric pressure)
—K, . (Blocked flow, o=0.44) —— 10K, . (Blocked [low, o=10.44)
0.10 I BLADE 040 1 L .
g &
PEPY R I PR |/ S— n.. ) 3
NI ‘ Si032
<
0.06 ll‘ ______ IH ______ I ITY FO— LI NR T
v I‘Iw‘ i | ” ik Iﬂ \‘I'uf”l “ i 0.24
A AR R
| | il Y
0.04 i :
16 L i
At At + 2/n / Al +4/a Af+ 6/n At At +2/n t Al + 4din At + 6/n
(a) (b)

Figure 9. Time-domain curves of Krx_prApg and 10Kgy_prape (Open-water conditions, atmospheric pressure and o = 0.44

under blockage conditions): (a) Ktx_prape; (b) 10Kgy_prape-

Figure 8 illustrates the time-domain curves of the thrust coefficient and torque coef-
ficient in the Y direction of a single blade at different distances between the ice and the
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propeller under atmospheric pressure. As shown in Figure 8, when L/D is fixed, the peak
amplitude of the thrust coefficient and torque coefficient in the Y direction of the single
blade in each cycle is almost equal, and the variation range is small, whereas the fluctuation
range of the wave trough is notably different. The main reason for this difference is that
the ice—propeller interaction process is complex, and the hydrodynamic load of the blade
in the unblocked region is sensitive to this interaction. The reason is also closely related to
the periodic vortex shedding of ice [19,22]. As L/D decreased, the peak amplitude of the
thrust coefficient and torque coefficient in the Y direction of the single blade increased, the
fluctuation range near the peak increased, and the amplitude phase changed to a certain
extent. The primary cause of the amplitude phase change is the increasing blockage range
of the ice as L/D decreases as well as the change in the flow field structure around the
propeller. The latter results in a change in the position of the maximum pressure difference
between the blade back and the blade surface [10,13]. The amplitude of the wave trough of
the thrust coefficient and torque coefficient in the Y direction of the blade also exhibited
a larger fluctuation range as L/D decreased. It can be concluded that the stronger the
blockage effect of ice, the wider the fluctuation range of the blade load, and the more
unstable the load is.

The trend in Figure 9 led us to conclude that the peak shape of the thrust coefficient
and torque coefficient in the Y direction of the single blade in the open-water working
condition was regular and the time-domain curve was smoother. The curve gradually
becomes unsmooth in the trough. When the ice and propeller interacted, whether its
atmospheric pressure or decompression, the absolute values and amplitudes of the axial
thrust coefficient and torque coefficient in the Y direction of the single blade changed
significantly. In the same vein, the amplitude phase also changed to a certain extent. At
atmospheric pressure, two peaks and one trough appeared in the main peaks of the thrust
coefficient and torque coefficient in the Y direction, and there are many peaks and troughs
in the main trough, and the main troughs of each period of the blade are different. When
o = 0.44, the periodic variation regularity of the thrust coefficient and torque coefficient in
the Y direction with time is similar to that of atmospheric pressure, but the curve becomes
more unsmooth. The variation range of the peak and trough on the main peak of the
thrust coefficient and torque coefficient in the Y direction is larger, and the amplitude is
greater than that of the atmospheric pressure. However, the change rule of the main wave
troughs of the thrust and torque coefficient in the Y direction are different in each rotation
cycle of a single blade, and the absolute value and amplitude in the wave troughs are not
substantially greater than those in the atmospheric pressure.

4.2. Cavitation Analysis of Propeller

By taking case 4 in Table 2 as an example, i.e., the rotational speed cavitation number
o = 0.44, vertical distance h/D = 5/16, propeller rotational speed n = 19.36 r/s, and inflow
velocity V = 1.36 m/s and recording the cavitation shape on the propeller through strobo-
scopic video, we analyzed the influence of the change in the ice—propeller axial distance on
the blade surface cavitation. The axial distance was L/D =1,5/8,3/8, and 1/8. Figure 10
presents images of the experiment.

When L/D =1, as shown in Figure 10a, sheet and tip vortex cavitation occur at 0.9R of
the leading edge at the back of the blade. Because of the large distance between the ice and
the propeller, blockage due to ice has little influence on the wake field of the propeller disk.
Therefore, when the blade is in the blocked region, the area of the blade sheet and tip vortex
cavitation is small. With a decrease in L/D, when L/D = 3/8, the blade back cavitates more
severely in the blocked region. The area of sheet cavitation increases, whereas the change
in the tip vortex cavitation is small. Similarly, the blade back cavitates more severely when
L/D =1/8, and a large area with sheet cavitation emerges in the form of cloud cavitation
at the trailing edge close to the blade tip position. In other words, the presence of ice
affects the shape of cavitation in the blocked region, i.e., it results in an increase in the
blade cavitation area. Meanwhile, propeller-hull vortex cavitation occurs between the ice
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and the propeller. This and the blade sheet cavitation together form a larger area of sheet
cavitation, and the whole body emerges along the blade’s trailing edge as an agglomerate
shape. To further analyze the generation, movement, and collapse of the propeller—hull
vortex cavitation between the ice and the propeller, we take L/D = 1/8. In this case, the four
processes of blade in the unblocked region, rotation into the blocked region, the blocked
region, exit from the blocked region are analyzed (Figure 11).

(©) (d)

Figure 10. Variation in blade cavitation with different L/D (0 = 0.44): (a) L/D =1; (b) L/D =5/8; (c) L/D = 3/8;

(d)L/D=1/8.

Figure 11 illustrates the cavitation morphology of the blade at four different positions.
The blockage effect of ice was relatively small when the blade was in the unblocked region.
Meanwhile, the blade mainly produced stable tip vortex cavitation but no propeller-hull
vortex cavitation. When the blade rotates into the blocked region, as depicted in Figure 11b,
propeller-hull vortex cavitation appears, extending from the leading edge to the front
surface of the ice. As the blade rotates, the propeller-hull vortex cavitation gradually
migrates from the leading edge of the blade to the trailing edge (Figure 11c). When the end
of the propeller-hull vortex cavitation reaches the blade’s trailing edge, it combines with
the blade sheet cavitation and emerges along the trailing edge as an agglomerate shape
(Figure 11d).
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Figure 11. Change process of the propeller-hull vortex cavitation during blade rotation (¢ = 0.44): (a) Unblocked region;
(b) Rotation into the blocked region; (c) Blocked region; (d) Exit from the blocked region.

The primary cause of the propeller-hull vortex cavitation between the ice and the
propeller is the decrease in L/D, which led to the stronger the blockage effect on the
propeller, a smaller axial inflow velocity, a smaller actual advance coefficient, and a larger
hydrodynamic load on the blade, and the hydrodynamic interaction between the blade
and the ice is continuously increased [4,7,9,13]. Considering the effect of propeller suction,
the flow of water into the propeller disk from both sides of the ice was bound to increase
under the blockage condition. Simultaneously, an acceleration zone was formed on the
bottom surface of the ice, and an upward roll was formed at the end [10]. Because ice
is a bluff body, the recirculation zone on its upper surface is related to its length and
velocity. Meanwhile, a recirculation zone may also appear [19,22]. The fluid with these
types of motion is strongly coupled between the ice and the propeller, which may form
a flow hysteresis point, i.e., a fluid layer with a flow velocity of zero [23,24]. This layer
was induced at the flow stagnation point by the rotation of the propeller itself, forming a
vortex. Then, under the continuous action of the Pirouette effect [25], the pressure of the
flow field near the tip of the blade decreases, and this vortex extends to the propeller and
finally reaches the blade. When the pressure drops below the saturated vapor pressure,
propeller-hull vortex cavitation is formed. In the Pirouette effect, the rotation of the vortex
core is constantly accelerated, which leads to an increased vortex strength, in the process of
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stretching and thinning of a large vortex, similar to the tornado phenomenon. The existence
of the propeller-hull vortex cavitation makes blade hydrodynamic load unstable, as shown
in Figure 9.

4.3. Analysis of Propeller-Induced Excitation Force

Taking cases 2, 3, and 5 in Table 2 as the research object, the excitation force induced
by the propeller with different axial gaps between the ice and the propeller at atmospheric
pressure and ¢ = 0.44 and ¢ = 0.33 was tested.

4.3.1. Atmospheric Condition

At atmospheric pressure, the time-domain curves of the propeller- and single blade-
bearing forces under different blockage conditions were transformed into the frequency-
domain curves by the fast Fourier transform (FFT) (Figure 12). According to the main
fluctuating frequency in Figure 12, the fluctuating amplitude of each order of the propeller
bearing force with varying distance between the ice and the propeller was extracted and
plotted as a column figure (Figure 13). Table 3 lists the fluctuating amplitudes of each order
of the single-blade bearing force.
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Figure 12. Frequency-domain curves of propeller and blade bearing force under blockage condition (J = 0.281, atmospheric
pressure): (a) Kt curve in frequency-domain; (b) 10Kg curve in frequency-domain; (c) Krx_prape, KrT_pLaDE curves in
frequency-domain; (d)10Kox_prape, 10Kgy_prape, 10Kgz_prapk curves in frequency-domain.

Figure 12 illustrate the frequency-domain curves of the bearing forces of the propeller
and single blade under the blockage condition (L/D = 1/8). Figure 12a,b led us to conclude
that, at atmospheric pressure, the main fluctuating frequencies of the propeller thrust
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0.009

coefficient are the first-order shaft frequency (rotational speed n = 19.36 r/s, 19.36 Hz)
and the first- (four-blade propeller, 76.98 Hz), second-, and third-order blade frequencies.
The blade passage frequency (BPF) had the largest fluctuating amplitude, followed by
the second-order blade frequency (2BPF). This amplitude was gradually attenuated. The
variation trend of each order of the frequency-domain curve of the propeller torque co-
efficient was different from that of the thrust coefficient. The fluctuating amplitudes of
the first-order shaft frequency (APF), second-order shaft frequency (2APF), BPF, and fifth-
order shaft frequency (5APF) were the most distinguishable. The fluctuating amplitude
of higher-order quantities after SAPF can be ignored. The main reason for the apparent
fluctuating amplitude of 5APF is that the propeller torque is mainly due to the resistance
of the propeller airfoil during its rotation. In the process of ice-blocking the propeller,
the wake behind the ice may form a flow related to the resistance direction of the airfoil,
thereby increasing the lateral force and bending moment of the propeller. At the same time,
the instability of the propeller’s forward inflow velocity results in very severe vibrations at
higher frequencies; that is, the fluctuating amplitude of 5APF increases. The increase in
fluctuating amplitude at 5APF is closely related to the relative position of the ice-propeller,
inflow velocity, rotational speed of the propeller, and shape of the ice. Figure 12¢,d illustrate
the frequency-domain curves of the single-blade-bearing force. As observed in the figures,
the five-component force coefficients of the single blade have different amplitudes at the
integral multiples of the APF. The amplitudes at APF, 2APFE, and 3APF are the most distinct,
and they gradually attenuate subsequently; however, the fluctuating amplitude increases
again near the third-order blade frequency (3BPF). By comparing the fluctuating amplitude
of the single blade five-component force bearing forces, we observed that the pulsation
amplitudes of the axial thrust coefficient and torque coefficient in the Y direction of the
single blade are larger than those of other directional forces and torques.

Figure 13 highlights the variation of the main-order fluctuating amplitude of the
propeller bearing force with different L/D (1/8,3/8,5/8, and 7/8). An investigation of
Figure 14 revealed that the BPF amplitude of the propeller thrust coefficient was signifi-
cantly larger than that of the other orders. The closer the ice was to the propeller disk, the
greater the difference in amplitude between each order. However, the 5APF amplitude
of propeller torque coefficient is the largest. With the decrease in the L/D, the APF, BPF,
and 2BPF of the propeller thrust coefficient showed a gradually increasing trend, and
the variation trend of the BPF was the most significant. When the L/D was small (e.g.,
L/D =1/8), the amplitude of the 3BPF increased sharply. As the L/D decreased, the BPF
amplitude of the propeller torque coefficient slowly increased, whereas the APF and 5APF
amplitudes did not show any distinguished changes. The 2APF amplitude first decreased
and then increased. Therefore, the smaller the L/ D, the stronger the blockage by ice, and
the more distinct the increase in the BPF amplitude of the propeller bearing force.
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Figure 13. Variation of fluctuating amplitude of propeller bearing force with L/D (J = 0.281, atmospheric pressure):

(a) Fluctuating amplitude of Kr; (b) Fluctuating amplitude of 10Kg,.
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Table 3. Variation of fluctuating amplitude of single blade-bearing force with varying L/D.m (] = 0.281, atmospheric pressure).

APF 2APF
L/D 1/8 3/8 5/8 7/8 1/8 3/8 5/8 7/8
KTx BLADE 0.0053 0.0034 0.0024 0.0016 0.0050 0.0030 0.0019 0.0012
KTT BLADE 0.0022 0.0018 0.0016 0.0014 0.0011 0.0007 0.0005 0.0004
10Kox_BLADE 0.0044 0.0030 0.0026 0.0024 0.0040 0.0024 0.0015 0.0011
10Koy BLADE 0.0217 0.0128 0.0085 0.0054 0.0223 0.0127 0.0082 0.0051
10Ko7 BrADE 0.0030 0.0012 0.0012 0.0013 0.0037 0.0015 0.0009 0.0006
3APF 3BPF
L/D 1/8 3/8 5/8 7/8 1/8 3/8 5/8 7/8
KTx BLADE 0.0049 0.0028 0.0018 0.0012 0.0032 0.0003 0.0001 0.0002
KTT BLADE 0.0015 0.0009 0.0007 0.0005 0.0010 0.0001 0 0
10Kgx_BLADE 0.0042 0.0025 0.0018 0.0013 0.0026 0.0003 0.0001 0.0002
10Koy BrLADE 0.0210 0.0114 0.0075 0.0048 0.0085 0.0009 0.0003 0.0005
10Koz_BrADE 0.0035 0.0014 0.0009 0.0006 0.0021 0.0002 0.0001 0.0001
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Figure 14. Variation of fluctuating pressure at measuring point with L/D (J = 0.281, atmospheric pressure): (a) BPF; (b) 2BPF;

(c) 3BPF; (d) 4BPF.

As in Table 3, when L/D is fixed, the APF, 2APF, and 3APF amplitudes of the single
blade-bearing force do not change significantly, but the 3BPF amplitude decreases signifi-
cantly. In addition to the torque coefficient in the Z direction, as L/D decreased, the APF,
2APF, and 3APF amplitudes of the other force and torque coefficients of the single blade



J. Mar. Sci. Eng. 2021, 9, 674

17 of 25

showed a gradually increasing trend, whereas the 3BPF amplitude showed a variable
trend. However, the 3BPF fluctuating amplitude was the largest when L/D was small
(e.g., L/D =1/8). With the increase in L/D, the 3BPF amplitude rapidly decreased and
gradually tended to zero. Therefore, we concluded that the main fluctuating frequencies of
the blade-bearing force were APF, 2APF, and 3APF.

As P1is located above the ice when L/D = 1/8, the BPF, 2BPF, 3BPF, and 4BPF ampli-
tudes of the five measurement points induced by the propeller for L/D =3/8,5/8,and 7/8
were analyzed to study the influence of different L/D values on the fluctuating pressure at
different measurement points. Figure 14 presents the test results.

As indicated in Figure 14, the amplitudes of the fluctuating pressures at the BPF of
the five measurement points were much larger than those at the other frequencies; as the
frequency increased, the amplitude of the fluctuating pressure presented a gradually de-
creasing trend. At 4BPF, the amplitude rapidly decreased and tended to zero. In Figure 14a,
the amplitude of the fluctuating pressure undergoes subtle changes at the five measurement
points. However, the P3 fluctuating pressure is the extreme value, and the existence of the
maximum and minimum values is closely related to L/D. The P3 fluctuating pressure was
at its maximum when L/D was large (e.g., L/D =5/8 and 7/8) and minimum when L/D
was small (e.g., L/D = 3/8). By comparing the pressure of each measurement point, we
obtained the law of variation of pressure near the hull surface. When L/D =5/8 and 7/8,
the pressure at P3 in the axial direction was the largest, followed by P2, whereas that at P1
was the smallest. The main reason for this trend is that ice could not effectively blocked
the flow field around the propeller at large L/D values [4,9,21]. Owing to the influence of
the propeller wake, pressure at P3 at the propeller exhaust was higher than that at P1 at
the intake.

The pressure at P3 in the radial direction was the largest, followed by P4, whereas that
at P5 was the smallest, which was due to the impact of water flow driven by the clockwise
of the propeller. The fluctuating pressure at different measurement points varied in a
similar manner as that in the full scale hull-propeller-rudder system [26], which indirectly
validates the test results. When L/D was smaller than the maximum (e.g., L/D = 3/8),
the blockage effect of ice had a significant influence on the flow field structure at both the
intake and the exhaust of the propeller, which changes the pressure at each measurement
point. In addition, by comparing the influence of the L/D ratio on the fluctuating pressure
at each measurement point, the amplitude of the fluctuating pressure at each measurement
point presents a gradually increasing trend with a decrease in L/D. The smaller the L/D,
the greater the amplitude of the increase. In Figure 14b, the law of variation of the 2BPF
amplitude at each measurement point is as follows: the pressure at P3 is the largest at
different L/D values. At no measurement point did the amplitude of the fluctuating
pressure demonstrate a gradual increasing trend with a decrease in L/D. However, the
amplitude at the measurement points was the largest when L/D was the smallest. In
Figure 14c,d, because the amplitudes of the fluctuating pressure at 3BPF and 4BPF are
much less than the 2BPF, the influence on the pressure near the hull surface is relatively
small. Therefore, we did not analyze the amplitudes at those frequencies.

4.3.2. Rotational Speed Cavitation Number o = 0.44

At the rotational speed cavitation number of o = 0.44, the frequency-domain curves
and the fluctuating amplitude of each order of the propeller- and single blade-bearing
force under different ice blockage conditions were analyzed. Figures 15 and 16 present
the results.

In Figure 15, compared with the trend under atmospheric pressure, at o = 0.44, the
main fluctuating frequency in the frequency-domain curve of the propeller- and blade-
bearing forces does not change. However, broadband characteristics appear near the 3BPF
of the propeller thrust coefficient and blade-bearing force. The fluctuating amplitude of
the frequency in this broadband was larger. Particularly, the amplitude near the 3BPF
in the frequency-domain curve of the propeller thrust coefficient was larger than that of
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the BPE. The main reason for this trend is that the blockage and proximity effects of ice
on the propeller are clear when L/D is small. The propeller-hull vortex cavitation may
appear between the ice and the propeller. This and the blade sheet cavitation combine
to form a larger area of sheet cavitation (Figure 11). The broadband characteristics of
the frequency-domain curve induced by sheet cavitation bursting are distinct. However,
the broadband characteristics of the propeller torque in the frequency-domain curve are
not obvious. The main reasons for this are that the pitch of propeller blade is relatively
small, the thrust pressure is relatively large, the rotational speed is relatively fast, the shear
force is relatively small, and the shear force induced by cavitation bursting is not very
strong. In addition, compared with the atmospheric pressure (Figure 12), the decrease in
the cavitation number also leads to a clear decrease in the fluctuating amplitude of the BPF
of the propeller thrust coefficient. The decrease in the amplitude of the main fluctuating
frequency of the propeller torque coefficient and the single blade-bearing force is not clear.
Therefore, we do not perform a separate analysis of the amplitude of the main fluctuating
frequency of the single blade-bearing force below.
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Figure 15. Frequency-domain curves of propeller and blade bearing force under blockage condition (J = 0.281, o = 0.44):
(a) K1, 10Kg curves in the frequency-domain; (b) Ktx_prape,10Kgy_prape curves in the frequency-domain.

As shown in Figure 16, when ¢ = 0.44, the APF, BPE 2BPF, and 3BPF amplitudes
of the propeller thrust coefficient show a gradually increasing trend with a decrease in
L/D, which is different from that under atmospheric pressure. The BPF amplitude of the
thrust coefficient is not at its maximum at different L/D values. The maximum fluctuating
amplitude of each order is closely related to L/D. Compared with the trend under the
atmospheric pressure condition (Figure 13), the decrease in the cavitation number under
this condition leads to a decrease in the BPF and 2BPF amplitudes of the thrust coefficient
and an increase in the APF amplitude, whereas the 3BPF amplitude in the broadband
increases significantly when L/D is large. As L/D decreased, the BPF amplitude of the
propeller torque coefficient increased gradually, which was consistent with the trend under
atmospheric pressure. However, compared with the trend under the atmospheric pressure,
the BPF amplitude of the torque coefficient under this condition decreased significantly.

To analyze the variation of each order amplitude of the propeller-induced fluctuating
pressure at ¢ = 0.44 and the influence of decompression on the fluctuating pressure at
any given measurement point, the fluctuating pressures at that measurement point under
atmospheric pressure and decompression are compared in Figure 17. The atmospheric
pressure data are provided in Figure 14.
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Figure 16. Variation of fluctuating amplitude of propeller bearing force with L/D (J = 0.281, ¢ = 0.44): (a) Fluctuating
amplitude of Kr; (b) Fluctuating amplitude of 10Kg.
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Figure 17. Variation of fluctuating pressure at measuring point with L/D (J = 0.281, atmospheric pressure and ¢ = 0.44):

(a) BPF; (b) 2BPF; (c) 3BPF; (d) 4BPF.

In Figure 17, the amplitudes of BPF of the fluctuating pressure at the five measurement
points are larger than those at the other frequencies. The difference between the amplitude
of the 2BPF and 3BPF is related to L/D. Meanwhile, the fluctuating amplitude of the 4BPF
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no longer tends to zero and is of the same order of magnitude as the BPF. When ¢ = 0.44,
the amplitude of each order of the fluctuating pressure at P3 reached its maximum as L/D
was varied. In the axial direction, P2 takes the second place and P1 is the smallest. In the
radial direction, P5 takes the second place, and P4 is the smallest, which is different from
the trend under atmospheric pressure. As L/D decreased, the amplitude of the fluctuating
pressure at other frequencies gradually increased, except for the 2BPF. Compared with
the trend under atmospheric pressure, when L/D is small (e.g., L/D = 3/8 and 5/8),
the cavitation number decreases. Thus, the amplitude of each order of the fluctuating
pressure at the given measurement point is higher than that at atmospheric pressure. When
L/Dis large (e.g., L/D =7/8), the amplitude of each order of the fluctuating pressure at
the given measurement point is higher than that at atmospheric pressure because of the
decrease in the cavitation number, except for the BPF. In addition, in Figure 17, regardless
of the variation of L/D, the decrease in cavitation number leads to a sharp increase in the
amplitude of the fluctuating pressure at the 2BPF, 3BPF, and 4BPF. Therefore, reducing or
preventing cavitation in the ice-class propeller and improving the cavitation performance
of the propeller will effectively reduce the fluctuating pressure induced by the propeller.
This will in turn reduce the vibrations in the hull.

4.3.3. Rotational Speed Cavitation Number o = 0.33

In this section, we analyze the frequency-domain curves of the bearing forces of the
propeller and the single blade, the variation in the fluctuating amplitude of each order,
and the amplitude of each order of the induced fluctuating pressure under different ice
blockage conditions at the rotational speed cavitation number of ¢ = 0.33 (Figures 18-20;
Table 4).

As shown in Figure 18, when ¢ = 0.33 and L/D = 1/8, the BPF amplitude (rotational
speed n = 22.15 r/s, four-blade propeller, frequency = 88.6 Hz) of the thrust coefficient
and the broadband characteristics near the 3BPF (265.8 Hz) are more distinct. However,
the amplitudes of the APF and 2BPF do not change significantly. The variation trend
of the main fluctuating frequency in the frequency-domain curve of the propeller thrust
coefficient at o = 0.33 is different from that at ¢ = 0.44 (Figure 15a), and the amplitude
is larger than that near the 3BPF when ¢ = 0.44. The main fluctuating frequency of the
propeller torque coefficient and the single blade-bearing force is still distinguishable, which
is similar to the characteristics when o = 0.44. However, the 3BPF of the bearing force in
the single blade has a more distinct broadband characteristic.
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Figure 18. Frequency-domain curves of propeller and blade bearing force under blockage condition (J = 0.325, o = 0.33):

(a) K1, 10Kg curves in the frequency-domain; (b) Ktx_prape, 10Kgy_prapk curves in the frequency-domain.
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Figure 19. Variation of fluctuating amplitude of propeller bearing force with L/D (J = 0.325, ¢ = 0.33): (a) Fluctuating
amplitude of Kr; (b) Fluctuating amplitude of 10Kg.
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Figure 20. Variation of fluctuating pressure at measuring point with L/D (o = 0.44 and ¢ = 0.33): (a) BPF; (b) 2BPF; (c) 3BPF;
(d) 4BPF.
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Table 4. Variation of fluctuating amplitude of blade-bearing force with L/D (J = 0.325, o = 0.33).

APF 2APF

L/D 1/8 3/8 5/8 718 1/8 3/8 5/8 718
K7x BLADE 0.0060 0.0045 0.0029 0.0024 0.0046 0.0028 0.0017 0.0013
10Koy BLADE 0.0216 0.0163 0.0105 0.0083 0.0179 0.0114 0.0070 0.0054

Qv_

3APF 3BPF

L/D 1/8 3/8 5/8 718 1/8 3/8 5/8 718
K7X BLADE 0.0026 0.0013 0.0008 0.0006 0.0033 0.0006 0.0004 0.0003
10Ky BraDE 0.0104 0.0055 0.0035 0.0024 0.0088 0.0012 0.0011 0.0009

In Figure 19, the BPF fluctuating amplitude of the propeller thrust coefficient is the
largest when ¢ = 0.33. With a decrease in L/ D, the BPF fluctuating amplitude presented
a gradually increasing trend, whereas the variation trends of APF, 2BPF, and 3BPF were
closely related to L/D. However, the 3BPF amplitudes of smaller axial distances (e.g.,
L/D =1/8) were significantly larger than those of the larger ones. With a decrease in L/D,
the BPF amplitude of the propeller torque coefficient demonstrated a gradually increasing
trend, and the 5APF amplitude was mostly unchanged, but it is still the maximum. The
variation of the APF and 2APF amplitude was closely related to L/D, and its trend was
similar to that of o = 0.44 (Figure 16). However, compared with ¢ = 0.44, the decrease
in cavitation number led to an increase in the BPF fluctuating amplitude of the thrust
coefficient. This in turn led to an increase in the amplitude of the other frequencies, except
the BPF in the torque coefficient.

Table 4 lists the main fluctuating frequency amplitudes of the single-blade bearing
force with different L/D values when ¢ = 0.33. When L/D was fixed, the APF fluctuating
amplitude of the single blade-bearing force was the largest, the amplitudes of the 2APF,
3APF, and 3BPF decreased, and the decrease in cavitation number led to a more significant
difference between the fluctuating amplitudes of each order, which is different from the
trend under atmospheric pressure (the difference between ¢ = 0.44 and atmospheric pres-
sure is not obvious, so take atmospheric pressure as an example). Meanwhile, compared
with the atmospheric pressure, the decrease in cavitation number led to an increase in
the APF and 3BPF fluctuating amplitudes of the single blade-bearing force. The main
fluctuating frequency amplitude of the single blade-bearing force gradually increased with
the decrease in L/ D, and the law of variation became obvious.

As shown in Figure 20, the amplitude of the fluctuating pressure at each measurement
point shows a decreasing trend with an increase in frequency when o = 0.33. Moreover,
the amplitude of the fluctuating pressure no longer tends to zero at 4BPF. As L/D was
varied, the amplitude of each order of the fluctuating pressure at P3 reached its maximum.
The difference of amplitudes between P2 and P1 and between P4 and P5 were related
to the order of the fluctuating pressure. As L/D was decreased, the fluctuating pressure
amplitude of each frequency at each measurement point presented a gradually increasing
trend. The variation in L/D from 3/8 to 7/8 increased the amplitude of the fluctuating
pressure at each frequency of the measurement point by 2-3 times. Therefore, the stronger
the ice blockage effect, the greater the fluctuating pressure at the measurement point, and
the greater the hull vibration. In addition, comparing the amplitude of the fluctuating
pressure at the measurement point at o = 0.44 and 0.33 revealed that a decrease in the
cavitation number led to a significant increase in the amplitudes of the APF, 2BPF, and
3BPF of the fluctuating pressure at the given measurement point. The main reason for this
increase is closely related to the inflow velocity, rotational speed, and cavitation number at
c=0.33.
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5. Discussion

During the ice breaking voyage of polar ships, especially under tail icebreaking
conditions, large pieces of sea ice will be close to the propeller and result in a blockage
effect on the propeller. Owing to the complexity of the ice—propeller blockage condition,
the related research is not satisfactory; furthermore, the influence factors and related
mechanisms of hydrodynamic performance, as well as the cavitation and excitation force
due to ice—propeller blockage are not well-understood. The experimental data obtained
in this study can therefore help us understand the influence of ice—propeller blockage
condition on the performance of propellers. Ice blocked the inflow of the propeller, resulting
in a decrease in the axial inflow of the propeller disk, an increase in the angle of attack in
the local area of the blade, and an increase of the thrust of the propeller. When the blade
rotates, the separation of the fluid at the back of the blade also intensifies, resulting in a
small increase in the torque of the propeller; especially when the blockage effect is large, the
cavitation of the propeller will occur and the bearing force will increase. According to this
result, the angle of attack of the blade section—that is, pitch ratio of the propeller—must be
reduced; increasing the propeller area ratio can reduce the occurrence of cavitation.

It is worth noting that the propeller excitation force will induce total and local vibra-
tions of the hull, especially the stern vibration of the hull. Usually, this kind of vibration can
cause problems such as cabin vibration in excess of the standard, failure of machinery and
equipment, and fatigue of structural members. The uneven wake field and generation of
variable cavitation at the stern are the catalysts for the sharp increase in excitation force. In
the process of ice blocked the propeller, the occurrence of cavitation on the blade leads to a
significant increase in the fluctuating pressure and a change in the phase. This is especially
so for heavy load propellers operating in the wake with significant non-uniformity; that is,
when the blade enters the high wake area after the ice, cavitation will inevitably appear.
As the blade leaves the high wake area, the cavitation disappears again. This time-varying
unsteady cavitation leads to a sharp increase in the amplitude of the high-order frequency
of the propeller-induced fluctuating pressure, which is the main reason for the larger
excitation force of the ice-class propeller. Therefore, according to the test results, during the
process of ice-class propeller design, the rake of the blade should be properly adjusted, and
the distance between the tip of the blade and the stern plate should be increased to reduce
the influence of propeller-induced excitation force. At the same time, when the cavitation
of the propeller is considered, the influence of propeller-induced excitation force can also
be reduced by increasing the skew of the propeller.

6. Conclusions

We studied the propeller cavitation and induced excitation force under ice-blockage
conditions in a large circulating water channel. The changes in the hydrodynamic load
of the propeller and single blade, cavitation, and excitation force with the change in the
ice—propeller axial distance and cavitation number were analyzed. The main conclusions
are as follows:

e Atatmospheric pressure and o = 0.44, and under blockage conditions, the smaller the
ice—propeller axial distance, the larger the propeller thrust coefficient, torque coeffi-
cient, and blade five-component force coefficient. However, the propeller efficiency
gradually decreased at atmospheric pressure and was almost unchanged at o = 0.44.
The propeller efficiency in the two blockage conditions was less than that in the open-
water condition. Compared with the trend under atmospheric pressure, the decrease
in the cavitation number led to an increase in the propeller thrust coefficient, torque
coefficient, and blade five-component force coefficient, but a decrease in propeller
efficiency. The fluctuation range of the blade load increased with the decrease in the
axial space between the ice and the propeller and the cavitation number.

e At the rotational speed cavitation number of ¢ = 0.44, and under blockage conditions,
propeller-hull vortex cavitation is induced between the ice and the propeller when
the axial distance and vertical distance of ice—propeller are 1/8D and 5/16 D, respec-
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tively. The propeller-hull vortex cavitation is the result of the combined effects of ice
blockage, proximity, propeller suction, the circumfluence zone around ice, and the
Pirouette effect.

e  Under atmospheric pressure and decompression in the blockage condition, the smaller
the ice—propeller axial distance, the larger the amplitude of the BPF of the propeller
bearing force and the APF of the single blade. Compared with the trend under
atmospheric pressure, the decrease in the cavitation number led to the appearance of
broadband characteristics near the 3BPF of the propeller thrust coefficient and blade-
bearing force. The smaller the cavitation number, the more distinct the broadband
characteristics. When the ice-propeller axial distance was small, the amplitude of the
3BPF of the propeller thrust coefficient and blade-bearing force sharply increased.

e  Under atmospheric pressure and decompression in the blockage condition, the BPF
amplitude of the fluctuating pressure induced by the propeller was the largest. With
a decrease in the ice—propeller axial distance, the larger the amplitude of the BPF,
and the closer it is to the propeller disk, the faster the amplitude of the BPF increases.
Compared with the trend under atmospheric pressure, the decrease in cavitation
number leads to a sharp increase in the amplitude of the high-order frequency of the
propeller-induced fluctuating pressure. Under atmospheric pressure, the fluctuating
pressure at the measurement point behind the propeller is an extreme value, which
is closely related to the ice-propeller axial distance. The decrease in the cavitation
number led to maximization of the fluctuating pressure at the measurement point
behind the propeller, which had the most obvious effect on the hull vibration.

Therefore, the results obtained from model test are expected to provide some experi-
mental guidance and technical support for improving the comprehensive design level of
ice-class propeller efficiency and ice load-carrying capacity and improving the safety and
rapidity of polar-class ships in frigid zones.

Furthermore, this study focused on the analysis of changes in propeller cavitation and
induced excitation force under ice-blockage conditions. During the test, the ice asymptotic
motion was constrained, and the degree of freedom of ice was curtailed. In the future, an
experimental study on the cavitation and induced excitation force of the propeller can be
carried out when the ice in free motion is close to the propeller via suction.
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