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ABSTRACT: In this paper, the effects of propeller blade geometry on cavitation and noise
were studied by model tests and numerical simulations. Section thickness distribution, skew
and tip rake are considered. Propeller model tests were carried out in SJTU Cavitation Tunnel.
Test results of open water performance, cavitation inception and noise were compared. Then
the hydrodynamic performances were simulated by solving the Reynolds-averaged Navier-
Stokes (RANS) equations using the Fluent software. The boundary layer grids were set on
blades. Numerical results of open water performance, section pressure distribution and
propeller wake flow field were compared. It is shown that increasing skew can delay cavitation
inception, and reduce the area of sheet and sound pressure level after cavitation occurs;
increasing skew near blade tip can delay tip vortex cavitation inception further at low advance
coefficients; thickening the section near leading edge can delay the suction side and pressure
side cavitation inception, and make cavitation stable when cavitation incepts; tip rake can
reduce the strength of tip vortex, and delay the tip vortex cavitation inception significantly.

1 INTRODUCTION

With Modern ships developing towards larger size and higher speed, cavitation and noise
performances of propeller are increasingly important. One of the key objectives of propeller
optimization is to delay propeller cavitation inception and reduce propeller noise. When
propeller blades rotate, there is pressure differences between the upstream and downstream
surfaces, which drives the secondary flow around the blade tip, and leads to the tip vortex. The
low pressure at the core of the tip vortex will cause cavitation, and the tip vortex cavitation is
generally earlier than the sheet cavitation. Once cavitation occurs, the noise of propeller will
increase significantly, sometimes even cause the vibration on ship stern.

In propeller design, tip unloading (reducing pitch and camber of tip), is usually used to delay
the tip vortex cavitation inception, but tip unloading has a negative impact on propulsion
efficiency 121, On the other hand, some researchers began to study how to delay the tip vortex
cavitation inception by changing skew and rake near the tip. Kuiper [*! studied the effects of
skew and rake on cavitation inception, and the results show that tip rake towards pressure side
can delay the tip vortex cavitation inception. Choi ¥ also studied the effects of skew and rake
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on the cavitation and fluctuating pressure. Yamasaki I°) compared the effects of tip unloading
and tip rake on the hydrodynamics, cavitation and fluctuating pressure through experimental
study. It was found that tip rake is better than tip unloading in reducing the area of cavitation
and fluctuating pressure. Subsequently, Yamasaki [®) made further research on the influence of
tip rake on the fluctuating pressure, the size and distribution of tip rake were studied
experimentally, and the relationship between the reduction of the fluctuating pressure and tip
rake was regressed according to the experimental data. Xin " studied the effects of tip thickness,
skew and rake on tip vortex flow and cavitation inception with three-dimensional twisted
hydrofoil. Using geometry with rake towards pressure side can prevent the leading edge vortex
rolling into the local tip vortex and weaken the transverse flow around tip.

In this paper, the effects of propeller blade geometry, section thickness distribution, skew
and tip rake, on cavitation and noise were studied by model tests and numerical simulations.
Propeller model tests were carried out in SITU Cavitation Tunnel. Also the hydrodynamic
performances were simulated by solving the Reynolds-averaged Navier-Stokes (RANS)
equations using the Fluent software. Test results of open water performance, cavitation
inception and noise were compared. The boundary layer grids were set on blades. Numerical
results of open water performance, section pressure distribution and propeller wake flow field
were compared.

2  EXPERIMENTAL RESEARCH

2.1 Test facility and measuring equipments

Propeller model tests were carried out in the cavitation tunnel of Shanghai Jiao Tong
University (SJTU CT), as shown in Figure 1. The test section is 6.1m in length, and its cross
section is Imx1m with rounded corners. The axial flow velocity over the test section ranges
from 0.5m/s to 15.8m/s, and the static pressure at the centerline of the test section ranges from
25kPa to 300kPa. The non-uniformity of axial flow velocity is less than 1%.

Figure 2 shows the equipments used in the model tests. The measuring ranges of the single
propeller dynamometer are +3000N for thrust and £300Nm for torque, respectively. The
maximum rotating speed is 1750r/min. The propeller model was mounted upstream the
dynamometer. Propeller noise was measured by Briiel & Kjar 8103 hydrophone, which was
just below the propeller model, with a distance of 0.725m, fixed in the acoustic measurement
tank. The frequency response range of the hydrophone is 0.1Hz ~ 180Hz, and the sensitivity is
-211dB re 1V / pPa + 2dB.

L e i)

Figure 1: The cavitation tunnel of Shanghai Jiao Tong University

372



Xiao-Qian Dong, Qi Wang and Chen-Jun Yang

Single propeller dynamometer

Figure 2: The equipments used in propeller model tests

2.2 Propeller models

Five propeller models with different skew, tip rake and section thickness distribution are
used for model tests. The model diameter D is 250mm. DTMB 4381 propeller [/ was used as
the initial model, which is a five-blade propeller without skew. DTMB 4382 propeller, a five-
blade propeller with a linear skew of 36°, was used to study effect of skew angle. (Pitch and
camber of 4382 propeller are correct due to skew, the pitch distributions are shown in Figure
1.) Based on the 4382 propeller, another three propellers were designed. For the 4382-1
propeller, the maximum thickness of section profile is unchanged, but the thickness near leading
and trialing edges is increased, as shown in Figure 4. Comparing with 4382-1 propeller, a
balance skew distribution is used on 4382-2 propeller, as shown in Figure 5. Comparing with
4382-2 propeller, a tip rake of 2%D towards pressure side is used on 4382-3 propeller, as shown
in Figure 6. The pitch (Figure 1), camber and chord for these three propellers are same with
4382 propeller. Figure 7 shows the comparison of blade profiles, while Figure 8 give a 3D
viewer of the tip rake. Figure 9 shows the photos of five propeller models.

1.74 0.7 48+

——4381 ——4381, 4382 ——4381
167 4382, 4382-1, 4382-2. 4382-3 0.64----~ 4382-1, 4382-2, 4382-3 407----- 4382, 4382-1
5] 0s] 3p]----4382-2. 4382-3
ral T § 04 ) « 24
a - _Eo4] , .
T 131 < 0] < 161
1.24 B 84
1.1 021, . 03
1.0 0.1 8]
0.9 ——— 0.0+ 16 ———
02 03 04 05 06 07 08 09 1.0 0.0 0.1 02 03 04 0.5 0.6 0.7 08 0.9 1.0 02 03 04 05 06 07 08 09 1.0
r/R x r/R
Figure 3: Pitch distribution Figure 4: Section profile Figure 5: Skew distribution
3

373



Xiao-Qian Dong, Qi Wang and Chen-Jun Yang

0.025
0.020{""""" 4382-3

0.015

0.010+

rake/D

0.005+

0.000

-0.005 T T T T T T T ]
0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00
r/R

Figure 6: Tip rake Figure 7: Blade outline Figure 8: 3D view of tip rake
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Figure 9: Photos of propeller models
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2.3 Test results and analysis
- Open Water Performance

The open water test was carried out with a constant rotating speed of 20r/s. The Reynolds
number ranges from 7.5x10° to 8.7x10°, which is defined as

Corr\/VZ + (0.77nD)?
v

Re = (1

where Co.7z is the chord length at 0.7R, V4 is the advance velocity, n is propeller rotating speed
and v is the kinematic viscosity of water.

Figure 10 shows the comparison of SJITU CT test results and DTNSRDC test results [*!. For
the SJTU CT test results, thrust and torque are larger at most J conditions. One possible reason
is that the test results in SJTU CT is not corrected with blockage effect of cavitation tunnel and
dynamometer.

Figure 11 compares the open water performance of five propellers, and Kr, Kp and 7 at
design condition J=0.889 are presented in table 1. The performances of five propellers are close
at most J conditions, the relative differences of Kr, Ko and 79 between each propeller are within
3.9%, 4.5% and 1.2%, respectively, at design condition J=0.889 It can be approximately
considered that performances of the five propellers are the same under design condition.
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Figure 10 Comparison of open water performance test results with DTNSRDC
(Left: 4381 propeller, Right: 4382 propeller)
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Figure 11: Comparison of open water performance of the five propellers

Table 1: The open water performance at design condition (J=0.889)

4381 4382 4382-1 4382-2 4382-3

Kr 0.226 0.230 0.228 0.235 0.235
10Kq 0.455 0.464 0.457 0.476 0.473
o 0.701 0.700 0.706 0.698 0.703

- Cavitation Inception

The cavitation inception test was carried out with a constant rotating speed of 20r/s. At each
advance coefficient J, the cavitation test was conducted by starting from a noncavitating
condition and reducing the cavitation tunnel pressure until one kind of cavitation appeared. The
cavitation number is defined as
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o = Py —h
n—1 2
%anDZ 2)

where Py is the static pressure at the propeller shaft, P, is the vapor pressure of water, and p is
the density of water. Figure 12 shows the comparison of cavitation inception curves of the five
propellers.

Compared with 4381 propeller, the cavity bucket of 4382 propeller (with a linear skew of
36°) became much wider. Both of the suction side and pressure side cavitation inceptions were
delayed a lot. Also the tip vortex cavitation inception was delayed, which is more obvious at
low advance coefficients.

Compared with 4382 propeller, the suction side and pressure side cavitation inceptions of
4382-1 propeller (with a section profile thickened near leading and trailing edges) were delayed
slightly. The tip vortex inception was only delayed near design condition. And during cavitation
test, it was seen that inception of sheet cavitation on 4381 and 4382 propeller was highly
unstable, the inception pressure in each decompression cannot repeat well, which was much
better on 4382-1 propeller.

Compared with 4382-1 propeller, using a balanced skew distribution made the cavitation
inception of 4382-2 propeller delay further. Delay of tip vortex inception was very obvious at
low advance coefficients, which was similar to the delay of tip vortex cavitation between 4381
and 4382 propeller. Using the balanced skew distribution corresponds to increasing the skew at
outer radius.

Compared with 4382-2 propeller, by using tip rake (towards pressure side), the tip vortex
cavitation inception of 4382-3 propeller was delayed significantly. On the suction side, the
cavitation inception was delayed at low advance coefficients; while tip rake had little effect on
the pressure side cavitation inception.

In summary, increasing skew can delay tip vortex cavitation, suction side cavitation and
pressure side cavitation inception significantly, and increasing skew near blade tip can delay tip
vortex cavitation inception further at low advance coefficients; thickening the section profile
near leading edge can delay the suction side and pressure side cavitation inception, and make
cavitation stable when cavitation incepts; tip rake can delay the tip vortex cavitation inception
significantly.
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Figure 12: Cavitation inception test results

- Noise
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Propeller noise measurements were conducted under J=0.5 and ¢,=5.73. The background
noise was also measured under the same condition.

Figure 13 shows the cavity patterns on the five propellers under the noise test condition.
Sheet cavitation was seen on 4381, 4382, 4382-1 propeller, and the cavitation area decreased
along radial and chordwise directions one by one. Stable and strong tip vortex cavitation was
observed on these three propeller. Cavitation on 4382-2 and 4382-3 propeller were much
weaker, both of the sheet and tip vortex cavitation appears intermittently, and the tip vortex
cavitation on 4382-3 propeller was weaker due to the tip rake.

Figure 14 shows the sound pressure level of five propellers. Increasing skew can decrease
the sound pressure level, at high frequency, larger than 10kHz, based on comparison of 4381
and 4382 propeller, as well as 4382-1 and 4382-2 propeller. At low frequency, between 300Hz
to 2000Hz, two peaks appeared in the noise spectrum of 4381 propeller, at about 600Hz and
1000Hz; noise spectrum of 4382 had the same shape but lower peak value; from 4382-1
propeller to 4382-3 propeller, noise spectrum at low frequency became smooth one by one, and
the maximum sound pressure level decreased correspondingly.

Figure 13: Comparison of cavity patterns of five propellers (J=0.5, 6,=5.73)
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Figure 14: Comparison of sound pressure level of five propellers (J=0.5, 6,=5.73)
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3 NUMERICAL SIMULATION

3.1 Modeling

Since flow in open water is assumed to be steady and periodic for all blades in the coordinate
system fixed to the propeller, a single blade passage suffices for the simulation. As illustrated
in Figure 15, the computational domain is a portion of the cylinder which is coaxial with the
propeller shaft. It is bounded by a pair of periodic surfaces which pass through the shaft axis
and make an angle of 360/Z degrees, where Z is the number of blades, and here Z=5. The inlet
and outlet of the domain are 5D upstream and 10D downstream of the propeller. The radial size
of the domain is 5D. As shown in Figure 16, the periodic boundary surfaces pass through the
leading and trailing edges of adjacent blades, hence the back and face of the adjacent blades,
instead of the same blade, become boundaries of the domain. By doing so, prism layer grids of
high quality can be generated easily on blade surfaces, as shown in Figure 17. Using the SST
k- model for turbulence closure, the boundary layer flow is resolved down to the viscous sub-
layer. The wall distance averaged over blade surfaces, y+, and total number of cells are
presented in table 2. All the boundary surfaces are discretized via triangular grids, while the
space outside the prism layers is discretized via tetrahedral cells.

Far boundary
(Velocity Inlet)

Pressure side,;

Pressure h oundary
Outlet g

Velocity

Inlet ‘ )

Periodical boundaries Suction side

(Rotational Periodical Faces)
Figure 16: Geometry of the sub-
Figure 15: The computational domain domain enclosing the back and

face of adjacent blades

Figure 17: Zoom-up view of blade-surface prism layer grids
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Table 2: Wall distance averaged over blade surfaces (y+) and total cells number

4381 4382 4382-1 4382-2 4382-3
y+ 1.41 1.47 1.19 1.16 1.38
Total cells number (million) 5.31 5.40 5.45 6.57 5.93

The blade, hub, and shaft surfaces are set as stationary no-slip walls in the rotating frame.
As shown in Figure 15, the inlet and far boundary are set as velocity inlets, while the outlet as
the pressure outlet. For a fixed rotation speed of the propeller, the inlet velocity is specified
according to the desired value of J, the advance coefficient.The convection terms in all the
governing equations are discretized with 2nd-order upwind schemes. The SIMPLE scheme is
employed for velocity-pressure coupling.

3.2 Numerical results and analysis

Figure 18 compares the numerical results of the open water performance for five propellers,
and K7, Kp and 7o at design condition J=0.889 are presented in table 3. The numerical results
that the performances of five propellers are close except low advance coefficient, the relative
differences of K7, Kp and 79 between each propeller are within 3.0%, 3.3% and 1.3% at design
condition, respectively.
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Figure 18: Numerical results of open water performance of the five propellers

Table 3: Numerical results of open water performance at design condition (J=0.889)

4381 4382 4382-1 4382-2 4382-3

Kt 0.202 0.202 0.200 0.206 0.203

10Kq 0.422 0.423 0.416 0.429 0.430
"o 0.675 0.677 0.678 0.678 0.669

Figure 19 and 20 shows the section pressure coefficient distribution along the chord of 0.75R
and 0.97R at J=0.7 and J=0.889. The horizontal axis is dimensionless chordwise coordinate x/C,
and x/C=0 at leading edge, x/C=1 at trailing edge. The peak of negative pressure near leading
edge decreases from 4381 propeller to 4382-2 propeller at 0.75R under J=0.7 and J=0.889,
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which agrees with the cavitation test that the radial range of sheet cavitation decreases from
4381 propeller to 4382-2 propeller. And for 4382-3 propeller, the tip rake affects little at 0.75R.
Comparing 4382-2 and 4382-3 propeller, the load on tip is reduced due to the tip rake. At 0.97R,
comparing 4382-1 and 4382-2 propeller, increasing skew at outer radius reduces the pressure
difference between the suction and pressure side near the leading edge at J=0.7, which can
explain the reason of tip vortex inception delay with balance skew distribution at low advance
coefficients.

Figure 19 and 20 shows the pressure coefficient contour of the plane perpendicular to the
shaft axis, 0.1D downstream from the blade tip, at J/=0.7 and J=0.889. It is seen that the strength
of tip vortex decreases in turn from 4381 propeller to 4382-3 propeller, which coincides with
the test results of tip vortex cavitation inception.
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Figure 19: Section pressure at 0.75R and 0.97R (J=0.7)
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Figure 20: Section pressure at 0.75R and 0.97R (J=0.889)
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Figure 21: Pressure fields in the cross section 0.1D downstream of the tip (J=0.7)
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Figure 22: Pressure fields in the cross section 0.1D downstream of the tip (J=0.889)

4 CONCLUSIONS

In this paper, the effects of propeller blade geometry, section thickness distribution, skew

and tip rake, on cavitation and noise were studied by model tests and numerical simulations.
Propeller model tests were carried out in SITU Cavitation Tunnel. Also the hydrodynamic
performances were simulated by solving the Reynolds-averaged Navier-Stokes (RANS)
equations using the Fluent software. According to the test and numerical results, the following
conclusions are drawn,

Increasing skew can delay tip vortex cavitation, suction side cavitation and pressure side
cavitation inception significantly. Increasing skew near blade tip can delay tip vortex
cavitation inception further at low advance coefficients. After the cavitation occurs,
increasing skew can reduce the area of the sheet cavitation, and decrease the sound pressure
level at high frequency.

Thickening the section profile near leading edge can delay the suction side and pressure
side cavitation inception, and make cavitation stable when cavitation incepts.

Both of skew and section thickening at leading edge can decrease the peak of negative
pressure near leading edge.

Tip rake can reduce the strength of tip vortex, and delay the tip vortex cavitation inception
significantly.
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