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ABSTRACT

Propeller cavitation is a main source of fluctuating pressure and noise induced by propellers, and the tip vortex cavitation 
is the principal source. The present study measures the flow fields near the blade tip using the 2D-PIV technique. The 
experimental setup and scheme are introduced. We monitor the process of generation and shedding of the propeller 
tip vortex in real time and analyse the dynamic structure of the tip vortex by testing the propeller wake field under 
different phases of the axial plane. The distribution characteristics of radial and axial velocity are also analysed. The 
influence range and the vorticity of the tip vortex and trailing vortex are obtained. All of the measured quantitative 
data are useful for future propeller design.
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INTRODUCTION

With the recent trend in shipping towards large-scale and 
high-speed vessels, the application of high-power and heavy-
load propellers is widely increasing. On the one hand, due to 
increased propeller load, easier propeller cavitation leads to 
many serious problems, including hull vibration and propeller 
noise. On the other hand, due to the higher requirements of 
tactics and technique indexes of the navigation and acoustic–
stealth performance of warships and underwater weapons, the 
key issue is still a combination of the performance of propeller 
hydrodynamics, cavitation, and noise.  [8] Thus, higher 
requirements are proposed for the design of the propeller. 
The evolution of the dynamic structure of the flow around 
propeller blades can affect hydrodynamics, radiated noise, 
and dynamic load of the propeller, which are the basis for the 
optimal design of propellers. Hence, it is significant to explore 
the generation, concentration, and shedding of free vortex 
and the micro-dynamic structure of flow around the propeller 
blades. In recent years, a lot of research on micro-dynamic 
structure and the propeller wake model have been carried out.

According to the propeller lifting line theory, free vortexes 
are formed by the cross flow around the blade tips. Free vortex 
shedding from the trailing edge is concentrated. A vortex 
flow rushes from the blade tip to the rear of the propeller. 
Due to the propeller rotation, the free vorticity at the tip is 
shed downstream as a spiral vortex line. [7] The propeller is 
usually installed at the rear of the hull. At the front of the 
propeller, the non-symmetrical hull, the various appendages, 
the propeller shaft, and the bracket cause uneven spatial and 
temporal distribution of flow on the propeller disk surface. 
These aggravate the complexity of the analysis of propeller 
turbulent flow.

Traditional methods for propeller performance analysis – 
such as the lifting line method, lifting surface method, and 
boundary element method – are based on potential flow 
theory, but they have some limitations around capturing flow 
field details [5] [11]. In recent years, the CFD method based on 
viscous flow theory has shown its superiority [2] [6] [19]. Liu 
et al. [4] simulated the cavitation of a rear propeller using the 
RANS solver combined with the SST k-ω turbulence model 
and Sauer cavitation model. Compared with test results in 
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a large circulating water channel, the dynamic behaviour of the 
propeller cavitation with spatial angle was in good agreement, 
although the blade tip vortex cavitation could not be captured 
due to the coarse grids. Pu et al. [10] employed a detached 
eddy simulation (DES) to simulate tip vortex in the propeller 
wake. In order to study the spatial shape of the propeller tip 
vortex, the ‘Q criterion’ of vortex core identification was used 
to define the isosurface of the propeller tip vortex. The results 
show that the numerical method can accurately predict the 
vortex distribution of the propeller wake field and the shape of 
the vortex core, which is in agreement with the experimental 
results. Although the CFD method has great advantages in 
the analysis of the microscopic flow field, the accuracy of 
CFD still needs experimental verification, and the model test 
of the propeller cannot be replaced completely [1] [16] [17].

Due to the characteristics of the high frequency pulsation 
of the propeller wake, it is difficult to measure the flow field 
of the propeller using traditional measuring instruments such 
as a pitot tube and hot wire anemometer. The development 
of laser Doppler velocimeter (LDV) and particle image 
velocimetry (PIV) technology has resulted in more advanced 
tools for measuring the flow field of rotating machines, such as 
propellers. The earliest application of LDV to the measurement 
of propeller flow field was by Min [12], who first used LDV to 
explore the microstructure of flow field around the propeller. 
Later, the LDV method matured to better measure propeller 
flow, making a significant contribution to the experimental 
study of the progress of wake flow and the flow structure 
of the blade tip. Jessup et al. [9] and Dong et al. [18] used 
LDV to measure the flow field of propeller wake in detail. 
Jessup analysed vortex distribution based on the velocity field 
obtained by LDV for a DTRC 4119 propeller. Shown in Fig. 1a, 
the magnitude of space occupied by the tip vortex can be 
observed. However, the vortex contour does not start from 
zero, so the distribution range of the tip vortex should be 
larger than that shown in Fig. 1a. The region of the tip vortex 
and trailing flow analysed based on velocity loss are shown 
in Fig. 1b, which shows the region of the tip vortex, ranging 
from 0.93R to 0.99R.

Compared with single-point LDV, PIV has a  greater 
advantage for instantaneous and full-field measurement. Thus, 
it is good at measuring the complex structure of wake flow 
field around the propeller. Cotrooni [3] and Lee [14] have 
used PIV to measure the propeller wake field successfully. Paik 

et al. [15] used PIV to study the effects of a free surface on 
the wake behind a rotating propeller at a rather low Reynolds 
number. Lee et al. [13] employed PIV to investigate the flow 
characteristics of the hull wake behind a container ship model 
under different loading conditions. Most of the previous works 
using PIV pay attention to the evolution of the tip vortex in 
the wake. Results show that the tip vortex is a Rankine vortex, 
which forms a spiral vortex line behind the propeller, moves 
down along the trailing flow, and contracts steadily. The pitch 
angle of the tip vortex line increases gradually until the tip 
vortex line oscillates and disappears far downstream. These 
results have improved the Kelvin vortex model. However, there 
is little research on the evolutionary process – from free vortex 
concentration, to the formation of the tip vortex, to vortex 
shedding – which play an important role in the improvement 
of numerical models based on propeller circulation theory.

The present paper uses the advanced PIV system to study 
the characteristics of tip flow field of a DTMB-P4119 propeller 
in a large cavitation tunnel, focusing on the process of the 
concentration of free vortex into the formation and shedding 
of the tip vortex, the structure of the tip vortex, and the 
evolution of the tip vortex in the wake of flow fields. We 
hope that the present work can give insights into the design 
and optimization of propellers.

EXPERIMENTAL SETUP

The large cavitation tunnel of the China Ship Scientific 
Research Center has a  test section length of 3.2 m and 
diameter of 0.8 m. The flow speed range is from 3 to 20 m/s. 
We chose the DTMB-P4119 propeller as the test object, 
which is a right-handed propeller with three blades and hub 
diameter ratio of 0.2. The propeller does not skew or rake. 
The design load of the propeller is J = 0.833 and the diameter 
is 250 mm. The experiments were carried out under two test 
conditions, as shown in Table 1. The dynamometer installed 
on the shaft has a maximum rotational speed of 4500 rpm, 
a maximum range of thrust of 4000 N, a maximum range 
of torque of 500 N.m, and a minimum cavitation number 
of 0.5. The control parameters of this experiment are velocity 
and pressure of water, and rotational speed of propeller. The 
velocity of water and pressure are measured by the differential 
pressure transmitter through the test holes. The rotational 

Fig. 1a. Vortex strength distribution of DTRC 4119 tip vortex Fig. 1b. Velocity contour curves of the trailing vortex and tip vortex
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The present work uses a two-dimensional testing technology 
to measure three-dimensional motion; hence, there is an 
error. The error may originate from the PIV system, such as 
the laser, tracing particle, delay generator, or the camera. The 
light sheet emitted by the laser should be thin enough and the 
concentration of tracing particles in the measurement domain 
should reach a certain level to extract correct velocity vectors. 
To reduce the measurement uncertainty with respect to the two 
factors to an acceptable level, a sheet-light thickness of 1.5 mm 
and a particle diameter of about 40 μm were chosen. According 
to the principle of PIV measurement, a cross-section velocity 
field was obtained which required two camera exposures. The 
exposure time interval in test was set to 100 μs and, during the 
exposure period, the average displacement of particles in the 
two adjacent particle images was about 4–5 pixels. Taking the 
propeller speed as 23.67 rps, the propeller blades rotated 0.85° 
in the time interval of 100 μs, so that the phase resolution of 
the test was high enough compared with the angular spacing of 
120° between two adjacent blades. Other measurement errors, 
such as propeller speed and incoming flow velocity, affected 
the test results. In order to minimize measurement uncertainty, 
the value of the velocity field at the same phase was the average 
of the experimental data from 100 measurements.

ANALYSIS OF DATA

Before PIV measurement for flow fields in test conditions 
of J = 0.6, 0.833, the thrust of the propeller in the cavitation 
tunnel was measured at the advance ratio J = 0.6-1.09. Fig. 4 

speed is measured by a 1024-line grating encoder mounted 
on the shaft. The control accuracy of velocity and pressure 
is 0.5% and the rotational speed is 0.1%.

A BigSky-190 pulse laser with a maximum pulse energy of 
325 mJ/pulse and a maximum pulse repetition rate of 10 Hz 
was chosen. We adapted the laser to make sheet lighting from 
the side windows of the tunnel. The sheet-light spread along 
the horizontal axis of the tunnel, with a thickness of 1.5 mm. 
A TSI PowerView 4M camera with a resolution of 2048*2048 
pixels was used to take pictures from the observation window 
on the bottom surface of the tunnel. The test surface for taking 
pictures was 110 mm*110 mm, as shown in Fig. 2. Pine pollen 
were the chosen tracing particles, with a diameter of about 
40 μm and a density of 0.95 g/cm3. In the test, an equal phase 
signal sent by the processor of a shaft encoder was received by 
the synchronous controller, which was delayed to control the 
laser and camera. Each experiment group only took photos 
of the particles in the same phase. We set the direction of 
the flow as a positive X axis and vertical direction through 
the centre of the propeller disk as the positive Z axis. The Y 
axis was determined by the right-hand rule. The test area of 
z/R ranged from 0.37 to 1.23, and x/R from 0.28 to 0.57. As 
shown in Fig. 3, the propeller reference line was regarded as the 
zero degree of the moving coordinate system. The horizontal 
meridian plane was considered to be the zero degree of the 
stationary coordinate system. The rotation direction of the 
propeller was defined as the positive direction. The axial and 
radial velocity field of the propeller wake field within phase 
from 0° to 120° were measured every 5 degrees. The interval 
was more intensive in some regimes. The image analysis of PIV 
uses INSIGHT 3G software developed by the TSI company. 
The size of the diagnostic window was 42*42 pixels and the 
imaging coefficient was 0.053; hence, the real size was about 
2.2 mm*2.2 mm. 

Fig. 2. Measurement planes Fig. 4. Comparisons of thrust coefficient

Table 1. Test Conditions

Fig. 3. Schematics of PIV measurements for the propeller

water velocity  
(m/s)

rotational speed of 
propeller (rps)

advance ratio 
 J

1 3.544 23.67 0.600

2 3.544 17.06 0.833
a) b)
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shows the comparisons of thrust coefficient between present 
results and the open water test results [11] .These results reveal 
that the propeller thrusts in the cavitation tunnel test were 
a bit smaller than in open water when J<1.0.

In the flow field, U is the incoming flow velocity, u the axial 
velocity, v the radial velocity, and ω the vorticity. For all the 
results shown, the values of horizontal and vertical coordinates 
are the non-dimensional results by the radius of the propeller. 
Fig. 5 is the vector plot of the tip vortex flow field based on 
the experimental data. It can be seen that there is a clear spiral 
flow around the tip vortex, and the fluid is rolled-up into the 
tip vortex. We can also clearly observe from Fig. 5 that the 
propeller load is heavier, the tip vortex vector graphic becomes 
clearer, and the induced velocity is larger. 

Fig. 6 shows distribution of the axial and radial velocities 
at the phase angles defined in Fig. 3 from φ = 90° to φ = 110° 
of the cross-section x/R = 0.55, in which a tip vortex is 
captured at a phase plane of about 100°. In the range for the 
radius between r/R = 0.4 and r/R = 0.75, there is a negligible 
difference between the velocities of every phase. However, 
for 0.75<r/R<1.0, the axial and radial velocities of each phase 
are apparently different. The axial velocity of each phase at 
the tip vortex reduces sharply due to the loss of the axial 
velocity. The distribution of radial velocity near the tip 
vortex is related to the rotational direction of the vortex 
along the circumferential direction. Farther away from 
the vortex core, the mutation of induced radial velocity is 
much larger. When r/R>1.0, the velocity distribution for 

each phase gradually tends to relax. The loss of axial velocity 
slowly disappears. Axial velocity increases gradually to 
that of the incoming flow velocity, and the radial velocity 
decreases slowly to zero.

Fig. 7 shows the axial and radial velocity curves against 
the phase angle for the various radii of the cross-section at 
x/R = 0.343, which are close to the tip. The velocity jumps 
sharply on the circumference of the radii of r/R = 0.833, 0.851, 
and 0.869 during a rotation period of the propeller, caused 
by the test surface which passes through the trailing 
vortex. Comparing the axial and radial velocity curves of 
r/R = 0.833 and r/R = 0.941, there are two velocity jumps on 
the circumference during a rotation period; one is upward 
and the other is downward. At r/R = 0.851, the second upward 
protrusion begins to appear, and the protrusion becomes 
larger as the radius increases. After r/R = 0.905, the second 
protrusion quickly turns downward. With the increase of 
radius, the first protrusion becomes smaller and smaller until 
r/R = 0.941, where the first protrusion disappears. The tip 
vortex does not overlap with the trailing vortex sheet shedding 
from the blade. The measured surface passes through the 
trailing vortex sheet and the tip vortex successively, so there 
are two velocity jumps in the measurement, which is the 
cause of the occurrence of the two protrusions of velocity 
curves. [1] Based on above discussion, the influence range of 
the tip vortex can be roughly estimated by the distribution 
of double protrusions, of which the diameter is about 
d = |r0.932 – r0.0.869| = 0.063R. 

Fig. 5. Vector of tip vortex

Fig. 6. Variation of axial and radial velocities at different phases at the cross-section of x/R = 0.55

a) J = 0.833, φ = 40° b) J = 0.6, φ = 40° c) Enlargement of b
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In the experiment, we only measured the axial and radial 
velocities of the propeller wake field, and the vorticity 
component in the Z direction can be calculated as follows:

ω2 =  –        (1)

Fig. 8 shows the computed contour of vorticity. Fig. 9 
presents the vorticity contour of the tip vortex. Fig. 10 
shows part of the trailing vortex sheet. It can be seen 
from Figs. 8 and 9 that the vorticity of a trailing vortex 
increases with propeller load. At J = 0.833, the vorticity of 
the tip vortex core is 230, and at J = 0.6 increases to 270. 
The trailing vortex shedding form of the propeller trailing 
edge is obviously composed of two layers. This is primarily 
due to the existence of the boundary layer on the blade. 
The free vortex is separated into two layers with opposite 
directions. The positive vorticity extends from the blade 
tip to the propeller shaft along the trailing vortex sheet, 
and the intensity decreases gradually. The negative vorticity 
extends upward from the propeller shaft along the trailing 
vortex sheet, and the intensity decreases gradually too. At 
a certain radius, the vorticity values of both the positive 
and negative layers are equal (as shown in Fig. 9), and 

the rate change (ΔΓ · Δr–1) of the circulation along radial 
direction is at a minimum. It is in agreement with the radial 
distribution of the circulation in design theory. With changes 
in circulation, the free vortex discharges and forms a spiral 
trailing vortex surface. The discharged free vortex intensity is  
ΓFREE_VORTEX =   dr. Closer to the outer radius, 
there is a larger rate of change in the circulation along the 
radial direction and a greater intensity of the discharged free 
vortex. At the tip of the blade, the free vortex intensity reaches 
a maximum and tip vortex shedding occurs. Fig. 11 shows 
the process clearly. At phase φ = 70° and blade trailing edge 
r/R = 0.82, it can be clearly seen that a positive free vortex 
cluster begins to gather. It can also be observed that the 
free vortex slowly climbs along the blade and the intensity 
increases gradually. At phase φ = 120° and blade trailing 
edge r/R=0.97, the free vortex drops off along the blade edge 
and forms the tip vortex. Repeating again and again, the 
continuous shedding of the tip vortex forms a spiral line. 
Fig. 12 shows the distribution of the radial coordinate of 
a vortex line in the flow wake. As shown in Fig. 12, data 
points of the tip vortex between –0.1<x/R<0.1 are a little 
discrete in the shedding process. This means that the tip 
vortex fluctuates violently during the process.

Fig. 7. Velocity at different radii in cross-section of x/R = 0.343

Fig. 8. Computed contour of vorticity which shows the trailing vortex

a) Axial velocity u b) Radial velocity v

J = 0.833 J = 0.6
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CONCLUSION

Detailed measurements of the flow structure and shedding 
process of a propeller tip vortex in a cavitation tunnel were 
carried out in the present work and substantial flow field 
information was obtained. Although the analysis of the 
vorticity in the test area was only based on the axial and 
radial velocity fields, a number of characteristics of the flow 
field were obtained. The present study shows that the tip 
vortex sheds at blade trailing edge 0.97R. The influential 
range of a tip vortex in the wake is a sphere with a diameter 
of about 0.06R. The trailing vortex sheet is composed of two 
layers (positive and negative vorticity). Under the design 
load, the absolute vorticity of the positive and negative layers 
near 0.7R is equal. The quantitative data obtained from these 
experiments are useful for future propeller design.
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