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ABSTRACT 

In a previous series of open water tests for a certain marine 
propeller, we kept decreasing the advance coefficient and 
observed the propeller tip vortex going through a process from 
non-cavitating to cavitating and back to non-cavitating but  
micro-bubble-filled conditions. This process provides an 
excellent opportunity for investigating the flow structure and 
the turbulence associated with the tip vortex under different 
statuses of cavitation. Particle image velocimetry technique is 
used to measure the instantaneous velocity distributions at six 
experimental conditions parameterized with the advance 
coefficient and the cavitation number. The results show that the 
mean circulation (or mean kinetic energy) of either the 
cavitating or the micro-bubble-filled tip vortex is greater than 
that of the single-phase (liquid) counterpart, whereas the 
turbulent kinetic energy associated with the tip vortex has an 
opposite trend. These phenomena imply that extraordinary 
kinetic energy sources/transfers within the flow exist due to 
interactions between the vapor and the liquid phases of the tip 
vortex fluid. 

INTRODUCTION 
Our previous work (Chow et al. [1]) attempted to clarify 

the origin of the formation of “fog-like micro-bubble cluster” 
(FMBC) observed with a typical six-blade, NACA-profile 
propeller operating in a uniform flow. Figure 1 shows the 
dramatic change from a clear propeller tip vortex cavity (Fig. 
1a, at a higher advance coefficient) to a FMBC (Fig. 1b, at a 
lower advance coefficient). This phenomenon was at first 
speculated as a result of the tip vortex cavitation (TVC) 
bursting (see English [2]). However, by combining 
experimental (including flow visualization and particle image 
velocimetry, PIV), numerical, and theoretical approaches, 
Chow et al. [1] reached a quite different conclusion that the 
sheet cavitation, i.e., the attached cavitation on the suction side 
of the propeller, causes reduction of the pressure drop from the   
outside to the inside of the tip vortex and thus suppresses the 
TVC, and simultaneously generates the FMBC that later gets 

entrained into the tip vortex. This finding may have a 
significant impact on the concept of propeller design, which at 
the present stage doesn’t take into consideration the effect of 
sheet cavitation on the TVC.  

While the aforementioned work focuses on the mechanism 
of the FMBC phenomenon, the present study continues that 
effort but directs the attention to the flow structure and the 
turbulence of the tip vortex, which undergoes the vanishing 
process of TVC described in [1]. As a matter of fact, the flow in 
the wake of a propeller is complicated and turbulent (e.g., Lee 
et al. [3] and Calcagno et al. [4]). The major complexity of this 
flow is caused by the tip vortices and associated cavitations. 
For example, detailed measurements for a ducted rotor done by 
Chesnakas and Jessup [5] and Oweis and Ceccio [6] have 
shown interesting phenomena such as the vortex-vortex 
interactions and their effects. Therefore, it is crucial to 
accurately model and predict the characteristics of the tip 
vortex and TVC for propeller design purposes. Kim and Rhee 
[7] and Rhee and Joshi [8] pointed out that turbulence modeling 
is one of the two major issues in numerical simulations of the 
tip vortex flow (the other one is mesh generation). An example 
that numerically studied the turbulence and its modeling 
associated with tip vortex flows is Chen [9], who concluded 
that the Reynolds stresses in the tip vortex flows are difficult to 
predict using several popular turbulence models.  

 

  
(a)    (b) 

Figure 1: (a) Tip vortex cavitation, and (b) fog-like micro-
bubble cluster. 
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 In the present study, we perform PIV measurements of the 
tip vortex flow under different experimental conditions that will 
be explained in the next section: experimental setup. Then 
results, related analyses, and conclusions follow. 

 
EXPERIMENTAL SETUP 

As shown in Fig. 2, we perform PIV measurements of the 
propeller tip vortex in a cavitation tunnel. This cavitation tunnel 
is a close-loop, circulation type of water tunnel with pressure 
control capable of performing de-aeration processes. The cross-
sectional area of the test section is 0.5 m × 0.5 m. The 
maximum flow speed in this facility is 11.7 m/s, and the inflow 
uniformity can be maintained quite well with several flow 
straighteners along the loop. An adjustable inclined-shaft 
dynamometer is integrated with this tunnel. In the present 
experiment, we only use the dynamometer as the propeller shaft 
leveled horizontally with rotational speed control. 

The PIV system we utilize consists of a 180 mJ/pulse 
double-head Nd:YAG laser, light-sheet generation optics,  a 
cross-correlation, 15Hz, 1600x1200 pixels, CCD camera 
(LaVision Image ProX), an image acquisition system capable of 
synchronization based on the trigger signal from the motor 
encoder, and hollow glass spheres with an average diameter of 
5μm as seeding particles. The light sheet position and the phase 
angle of the propeller are carefully adjusted for imaging the 
transverse section of the tip vortex. One thousand image pairs 
are acquired at a fixed phase for each experimental condition 
(details follow). PIV images obtained are analyzed using 
LaVision’s DaVis software to generate flow velocity vector 
maps. 

To evaluate the accuracy the analysis algorithms and 
procedures are able to achieve, we take several images acquired 
in the measurements and transform them by translation and 
rotation of known values (in pixel) to form semi-artificial PIV 
image pairs. Then we feed these manufactured image pairs to 
the analysis software and compare the outcomes with the 
known vector maps. The average difference between these two 
sets of values is found to be 0.6 pixel, which translates to 3% 
uncertainty in instantaneous velocity with the typical particle 
image displacement of 20 pixels. Other uncertainty contributors 
include rotational speed variation, inflow variation and optical 
misalignment, which are estimated to be almost one order of 
magnitude less than that incurred in the analysis algorithms and 
procedures as mentioned above, i.e., they are negligible.                

In Chow et al. [1] we used three model propellers: the first 
one has 5 New-Section blades whose purpose is to reduce the 
sheet cavitation; the second one has endplates on its five blade 
tips to suppress its tip vortices; the third one, also the one used 
in this study, is a six-blade, NACA-profile propeller that 
generates the FMBC phenomenon. As mentioned in the 
introduction section, we use this propeller to investigate the 
flow structure and the turbulence of the tip vortex associated 
with different statuses of TVC. The two experimental 
parameters that control the status of TVC are the advance 
coefficient, J, and the cavitation number, σ. Their definitions 
are: 
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where 50 U m/s is the inflow velocity to the propeller, 

3.26~2.22n  round/s is the propeller rotational speed, 
25.0D  m is the diameter of the propeller, 

rP  denotes the 

reference pressure of the tunnel, 
vP  denotes the vapor pressure 

of the liquid fluid (water), and   denotes the density of water. 

We focus on 90.0J , 0.78 and 0.76, and 
atm   

( rP atmospheric pressure) and 
5.2  ( 5.2 , and lower than 

atm ). TVC statuses under combinations of J’s and  ’s are 

listed in Table 1. 
 

 
 
Figure 2: Schematic of the integrated experimental setup. 

 
Table 1: TVC statuses under 6 experimental conditions. 
 

J\  90.0J  78.0J  76.0J  

atm   No TVC No TVC No TVC 

5.2   No TVC TVC FMBC 

 

RESULTS AND DISCUSSION 
1. Mean Flow Characteristics: 

Each mean flow velocity field is obtained by averaging 
1000 realizations at the same phase. Assuming the errors 
associated with the instantaneous velocities are random, the 
errors associated with the mean velocities can be estimated 
as %1.01000%3  , i.e., it is very small and can be 

neglected. This phase-averaging procedure also enables us to 
calculate the Reynolds stresses and related parameters of 
turbulence (details follow). Figure 3 shows the induced velocity 
vector maps of tip vortex flows under 6 experimental 
conditions described by Table 1. They are obtained by 
subtracting the mean velocity vector at the location where the 
mean vorticity peaks from the measured velocity vectors. 
Mean-flow velocity distributions of both cases of 90.0J  
being almost identical regardless of   (i.e., ambient pressure) 
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difference is expected since no TVC occurs for either case. At 
( 78.0J ,

5.2  ) TVC occurs, resulting in strong reflection 

of laser light during the experiment that overwhelms particle 
images close to the TVC area and hence no reliable data 
obtained in that area (Fig. 3d). It is clearly evident that the 
common characteristics of these mean flow structures are the 
non-uniformities caused by the propeller wake.  

In order to elucidate the major trends of the flow and 
turbulence, we circumferentially average all the variables as: 
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where  ,rf  is a mean variable and function of polar 

coordinates  ,r  whose origin is located at the vortex center. 

The mean, circumferentially-averaged circumferential velocity 
( V ) distributions of six  ,J  conditions are shown in Fig. 4, 

along with the radial velocities (
rV ) at 76.0J  as a 

demonstration that 
rV  is negligible in all cases.                            

It is evident that one may use an ideal vortex model to 
generally match the measured vortices. In other words, V  of 

the vortices shown here first increases almost linearly with 
radius like a forced vortex (viscous effect) and then decreases 
like a free vortex (potential effect). Burgers model (see Franc 
and Michel [10]), or Lamb-Oseen vortex (see Green [11]) can 
be used to fit the data (not shown): 
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where  is the circulation of the vortex and a is the radial 
location where  rV  is maximum. However, V  of the outer 

part of the vortex (the free-vortex part) decreases slower than a 
true free vortex, possibly due to the interaction with the 
propeller wake where excessive vorticity gets entrained to the 
outer part of the vortex. 

Figure 4a compares V  profiles at 90.0J , 0.78 and 0.76, 

and 
atm  . Due to the high ambient pressure, no TVC occurs 

in either case (Table 1). It is clearly evident that the maximum 

V  ( max
V ) and a of the vortex increases with decreasing J. 

Therefore,   of the vortex increases with decreasing J, 
conforming to the fact that the loading of the propeller 
increases with decreasing J. When 

5.2  , as shown in Fig. 

4b, not only the TVC status but also the trend of the V  profile 

changes. Between the cases of 78.0J  and 0.76 at 
5.2   , 

the trend of the V  profile with respect to max
V  reverses as 

opposed to the cases at 
atm   while a keeps increasing 

(much more) with decreasing J. This phenomenon implies the 
key role the other phase of the fluid (either TVC or FMBC) 
plays in altering the flow structure of the tip vortex. 

In order to elucidate this point, we rearrange the 
presentation of data of Fig. 4 and show the comparisons of V  

of the same J at different   in Fig. 5. At 78.0J , as shown in 

Fig. 5a, max
V  of the cavitating tip vortex (

5.2  ) is 

significantly less than that of the non-cavitating one (
atm  ), 

which somehow is expected due to the fact that the sheet 
cavitation attached to the propeller blade may cause unloading 
of the blade tip (Chow et al. [1]). Nevertheless, the cavitating 
tip vortex is much larger than the non-cavitating one while the 
diameter of the TVC is only about 0.2 ~ 0.3 mm, i.e., the 
volume expansion caused by the generation of the TVC doesn’t 
catch up with the size increase of the tip vortex. The reason 
why this is so may lie somewhere else. One may look at this 
problem in the perspective of vortex strength (kinetic energy) 
and calculate the circulation   according to: 
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where  r  is the mean, circumferentially-averaged vorticity.          

Notice that when calculating  for a cavitating vortex the area 
occupied by the cavitation should be taken out of consideration. 
The results are:   8.56,78.0 5.2  J  m2/s and  

  2.38,78.0  atmJ   m2/s, i.e., 

       
    atmJJ   ,78.0,78.0 5.2

  (6) 

 
This is an interesting result in that it seems to suggest that the 
cavitating tip vortex obtains extra energy from some source(s) 
other than the mechanical work done by the propeller. One 
likely source which provides extra energy to the tip vortex is 
the cavitation process, i.e., the vaporization of water that does 
work to the liquid water by vapor cavity expansion. To confirm 
this speculation, more theoretical analyses involving 
thermodynamics need to be done to prove or disprove this 
theory.         

Figure 5b shows the comparison between 
 5.2,76.0  JV  and  atmJV   ,76.0 . Similar to 

the cases of 78.0J  (Fig. 5a), at 76.0J   5.2
max  V  is 

significantly less than  atmV  max  and  5.2 a  is much 

greater than  atma   , resulting in   4.845.2    m2/s 

and    3.46 atm  m2/s, i.e., 

 
    atmJJ   ,76.0,76.0 5.2

  (7) 

 
This time no TVC (i.e., no vaporization of water) but FMBC 
(i.e., many micro bubbles) involves in “energizing” the tip 
vortex. This result appears to be connected with the 
phenomenon of bubble drag reduction (McCormick and 
Bhattacharyya [12]). The mechanism of bubble drag reduction 
is still inconclusive. However, a theory proposed by Lo, L'Vov, 
and Procaccia [13] that shows the oscillation of bubble is the 
key to the drag reduction may have some implications on the 
energy budget of the FMBC-filled tip vortex. Again, advanced 
theoretical analyses are required. 
 
2. Turbulence Characteristics: 

The Reynolds stress (
ijr ) is defined as: 
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   jiij uurr ,   (8) 

 
where the over-bar denotes the phase-averaging operator, 

iu  
denotes the i-direction velocity fluctuation about the mean 
value, and i, j are indices that 1 represents the x-direction and 2 
represents the y-direction. According to Benedict and Gould 
[14], the uncertainty in 

ijr , 
ijr , can be estimated using 

 

 21222 ])1[(96.1 NuuCr jiijij    (9) 

 

where    21
22

jiijij uurC   and 1000N  is the ensemble size. 

Therefore, 
 

 %8.8]1000)11([96.1 212
22221111  rrrr   (10) 

 
     We also use Eq. (3) to obtain the circumferentially-averaged 
Reynolds stress  rRij

. And the circumferentially-averaged 

turbulent kinetic energy (k) is defined as:    
 

    22112

1
RRrk    (11) 

 
Figure 6a shows the k profiles of 90.0J , 0.78 and 0.76 at 

atm  . The k distributions peak at the vortex center (the 

small deviation shown in the curve of 76.0J  is possibly due 
to the resolution being not fine enough for this region). 
Interestingly, the k peak value (kmax) of 76.0J  is lower than 
that of 78.0J , despite the fact that the (mean) circulation of 

76.0J  is greater than that of 78.0J . When 
5.2   as 

shown in Fig. 6b, kmax of both 76.0J  and 0.78 become much 
lower than that of 90.0J , with kmax of 76.0J  being the 
lowest. This phenomenon suggests that the other phase of the 
fluid (either TVC or FMBC) influences not only the mean flow 
but also the turbulence. 

We rearrange Fig. 6 into Fig.7 to highlight the substantial 
differences between the cases of single-phase and multi-phase. 
Figs. 7a-b show almost 2/3 (67%) drop of kmax from single-
phase cases to multi-phase cases. These turbulent kinetic 
energies may have two ways to go: one is the regular cascading 
process (a larger eddy breaks into smaller eddies) that k is 
finally dissipated by viscosity; the other is the inverse 
cascading process (smaller eddies merge into a larger eddy) that 
k is finally injected back to the mean flow. The “energized” 
mean tip vortex flows discussed previously seem to imply that 
k takes the latter route to help augment the mean flow. 
Following this argument, the vapor phase in the form of either 
TVC or FMBC must serve as an effective agent to inversely 
transfer energy from turbulent motions to mean flows.  

CONCLUSION 
PIV measurements are performed on the propeller tip 

vortex flow undergoing the process from non-TVC to TVC to 

FMBC conditions (
5.2  ), as well as all-time non-TVC 

conditions (
atm  ). It is clearly evident from our results that 

the vapor phase of the fluid in the form of either TVC or FMBC 
“energizes” the flow of the liquid phase by directly doing work 
on the flow and/or serving as an agent to extract energy from 
the turbulence to the mean flow. Our future works includes 
performing more detailed measurements in order to obtain the 
kinetic energy spectra of the flow to identify the role the TVC 
or the FMBC plays in the flow processes. 
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(a)                                                                                       (b) 

      
(c)                                                                                       (d) 

      
(e)                                                                                       (f) 

 
Figure 3: Mean-flow induced velocity vector maps at conditions of (a) 90.0J  and 

atm  , (b) 90.0J  and 
5.2  ,  (c) 

78.0J  and 
atm  , (d) 78.0J  and 

5.2  , (e) 76.0J  and 
atm  , and (f) 76.0J  and 

5.2  . Contour plots indicates 

the velocity magnitudes. 
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(a)                                                                                       (b) 

Figure 4: Circumferential velocity distributions  rV  of varying J at conditions of (a) 
atm  , and (b) 

5.2  . 

           
(a)                                                                                       (b) 

Figure 5: Circumferential velocity distributions  rV  of varying   at conditions of (a) 78.0J , and (b) 76.0J . 

      
(a)                                                                                       (b) 

Figure 6: Turbulent kinetic energy distributions  rk  of varying J at conditions of (a) 
atm  , and (b) 

5.2  . 
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(a)                                                                                       (b) 

Figure 7: Turbulent kinetic energy distributions  rk  of varying   at conditions of (a) 78.0J , and (b) 76.0J . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


