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Abstract: In the present paper, the Vortex Identified Zwart-Gerber-Belamri (VIZGB) cavitation model coupled with the SST-CC 

turbulence model is used to investigate the unsteady tip-leakage cavitating flow induced by a NACA0009 hydrofoil. A qualitative 

comparison between the numerical and experimental results is made. In order to quantitatively evaluate the reliability of the numerical 

data, the verification and validation (V&V) procedures are used in the present paper. Errors of numerical results are estimated with 

seven error estimators based on the Richardson extrapolation method. It is shown that though a strict validation cannot be achieved, a 

reasonable prediction of the gross characteristics of the tip-leakage cavitating flow can be obtained. Based on the numerical results, the 

influence of the cavitation on the tip-leakage vortex (TLV) is discussed, which indicates that the cavitation accelerates the fusion of the 

TLV and the tip-separation vortex (TSV). Moreover, the trajectory of the TLV, when the cavitation occurs, is close to the side wall. 
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The cavitation induced by the low pressure in the 

core of the tip-leakage vortex (TLV) is prevalent in 

axial hydraulic machines
[1]

, which is often accom- 

panied with vibration, instability and performance 

loss
[2-6]

. Therefore, a better understanding of this 

unsteady multiphase flow phenomenon is urgently 

needed. 

    In the past decades, many experimental investi- 

gations were conducted to obtain an insight on the 

behaviors of the TLV
[7-9]

. Lakshminarayana et al.
[10]

 

measured the components of the relative velocity in 

the tip region of an axial flow compressor. Recently, a 

series of PIV measurements and flow visualizations 

for the tip-leakage cavitating flow were conducted by 
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Dreyer et al.
[11]

 The structure and the trajectory of a 

TLV induced by a NACA0009 hydrofoil of different 

confinements and flow parameters were measured and 

investigated in detail. The experimental data indicated 

that the trajectory and the intensity of the TLV were 

significantly influenced by the wall proximity. At the 

same time, quite a number of numerical simulations 

were also conducted. You et al.
[12]

 numerically studied 

the incompressible flow in a rotor-tip clearance and 

pointed out that the velocity gradients in the vicinity 

of the gap were responsible for the viscous losses in 

the gap. Based on the numerical results, Guo et al.
[13]

 

analyzed the influence of various gap widths on the 

evolution of the TLV and suggested that the tip- 

separation vortex (TSV) induced by the flow separa- 

tion might affect both TLV’s shape and intensity. 

Wang et al.
[14]

 reviewed the numerical models of 

various cavitating flows around hydrofoils and dis- 

cussed the TLV cavitation in detail. With a non-linear 

turbulence model, the tip-leakage flow around a 

NACA0009 foil with various gap sizes was simulated. 

They suggested that it was an important but challen- 

ging task to predict the TLV cavitation with a high 

accuracy. The remarkable progress of the TLV cavi- 

tation suggests that the numerical simulation is a 
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promising method in studying the TLV cavitation. 

However, little attention was paid on the verification 

and validation (V&V) of the numerical results
[15, 16]

, 

especially for the cavitation simulations. Long et al.
[17]

 

studied the feasibility of seven uncertainty estimators 

in the simulations of the cavitating flow around a 

Clark-Y hydrofoil and suggested that the factor of 

safety (FS) and its modified version (FS1) and grid 

convergence index (GCI) showed a better feasibility 

and applicability to be used for the cavitating flow 

around a hydrofoil. Their work also indicated the 

importance of the V&V in a numerical investigation 

of cavitation. However, due to the special flow chara- 

cteristics of the TLV cavitation, the V&V investiga- 

tions of the tip-leakage cavitating flow were few. 

    Inspired by the previous studies, the present 

paper investigates the TLV cavitation numerically 

with the SST-CC turbulence model and the VIZGB 

cavitation model
[18]

.The numerical results are com- 

pared with the available experimental data
[11]

 and 

checked carefully using the V&V procedures. The 

feasibility and the applicability of seven uncertainty 

estimators, including the correction factor (CF) 

method, the FS and the FS1, the GCI and its modified 

versions (the GCI-OR, the GCI-LN, and the GCI-R) 

in the simulation of the TLV cavitation are studied in 

the quantitative evaluations of the numerical errors. 

Finally, with the numerical results, the influence of 

the cavitation on the behaviors of the TLV is 

discussed. 

 

 

 

 

 

 

 

 
 

Fig. 1 Computational domain and boundary conditions 
 

    Figure 1 shows the computational domain and 

the boundary conditions. = 0.1mC  is the chord of 

the hydrofoil. The gap size is set as 0.1C  and the 

attack angle   is 10. The inlet static pressure is 10
5
 Pa 

and the outlet velocity is set to 10 m/s. Three sets of 

systematically refined meshes are generated with the 

same topology and the constant refinement ratio of 

2 . Detailed parameters of these meshes are listed in 

Table 1. Figure 2 shows a typical configuration of the 

computational mesh around the hydrofoil. For these 

meshes, the first layer thickness around the foil is set 

as a constant. The cavitation simulations are initia- 

lized from the steady state results using fully wetted 

models with the SST-CC turbulence model. The 

VIZGB model combined with the unsteady solver is 

then switched on for the unsteady cavitation flow 

simulations. 

 

 

 

 

 

 

 

 

 
 

Fig. 2 Typical configuration of the computational mesh around  

     hydrofoil 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 (Color online) Time-averaged predicted TLV cavitations  
    with M1-M3 

 
Table 1 Mesh parameters 

Mesh Node number 

M1 19 913 250 

M2 6 958 692 

M3 2 493 184 

 

    In the present paper, qualitative comparisons 

between the numerical results and the experimental 

data are made. Figure 3 shows the time-averaged TLV 

cavitation (iso-surface of v  with the value of 0.1) 

predicted with M1-M3, in which the influence of the 

mesh resolution on the numerical results can be 

observed clearly. For M1, M2, with a quite fine 

resolution in the vicinity of the gap, the development 

of the TLV cavitation is well predicted.  The length 

of the predicted TLV cavitation is much shorter with 

M3. The reasonable agreement between the predicted 

TLV cavitation with M1, M2 suggests that M2 is 

sufficient to capture the characteristics of the tip- 

leakage cavitating flow and a further refinement is not 

necessary. Figure 4 shows the distributions of the 

time-averaged streamwise velocity on the measured 

plane, / =1x C , in which the numerical results are 

obtained with M2. Moreover, the numerical result of 

Guo et al.
[18]

 is also shown. Although the streamwise 

velocity in the core of the TLV obtained with M2 is 

underestimated slightly, mainly due to the lack of the 

SST-CC model, the location of the TLV core is 

predicted better than the result of Guo et al.
[18]

. The 
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TLV cavitation predicted with M2 (displayed by the 

iso-surface of v  with the value of 0.1) is compared 

with the experimental picture
[11]

 in Fig. 5. A quite 

good agreement between the numerical and experi- 

mental results is obtained. The satisfactory agreement 

between the numerical and experimental results 

suggests that the numerical data obtained with M2 

enjoy a reasonable accuracy. 

 

 

 

 

 

 

 

 

 
 

Fig. 4 (Color online) Comparison of distributions of time-  

     averaged streamwise velocity 

 

 

 

 

 

 

 
Fig. 5 (Color online) Comparison of the time-averaged numeri-  

     cal and experimental TLV cavitations 
 

 

 

 

 

 

 
Fig. 6 (Color online) Locations of monitoring points 
 

    It should be noted that the comparisons between 

numerical and experimental results conducted above 

are just qualitative. Therefore, the V&V procedures 

are utilized to provide a quantitative error estimation 

of the numerical results obtained with M2. In the 

following discussion, the time-averaged dimensionless 

velocity V and pressure P at three monitoring points 

(see Fig. 6) obtained with M1-M3 are used for the 

V&V procedures. All time-averaged data are obtained 

after at least 10 000 time steps, which is sufficient for 

a statistical analysis in the current case. As mentioned 

above, the feasibility and the applicability of uncer- 

tainty estimators are still an open question for the TLV 

cavitation simulation. Therefore, in the present paper, 

all seven uncertainty estimators are used to estimate 

the numerical errors comprehensively. A detailed 

introduction of these uncertainty estimators can be 

found in the publication by Long et al.
[17]

, Xing and 

Stern
[15]

. Table 2 shows the uncertainty of the 

time-averaged velocity and pressure at three 

monitoring points, in which 1 3-V V  and 1 3-P P  

represent the uncertainty of the time-averaged velocity 

and pressure at Point 1-Point 3, respectively. It can be 

found that the uncertainty estimated by most of these 

methods is quite low, except FS1, one of the modified 

version of FS. It suggests that the influence of the 

mesh resolution on the numerical results is not so 

apparent and a further refinement for M2 is not 

necessary. Table 3 shows the numerical errors and the 

total uncertainty of the velocity at the monitoring 

points, in which 1 3-E E  represent the difference 

between the numerical and experimental results. 

1 3-v vU U  represent the total uncertainty, which 

consists of two parts of uncertainty, the numerical 

uncertainty listed in Table 2 and the experimental 

uncertainty. In the current paper, the experimental 

uncertainty of the time-averaged velocity is estimated 

as 2.5% of the inlet velocity
[11]

. It should be noted that 

because the measured pressure data are not available, 

only the numerical errors and the total uncertainty of 

the time-averaged velocity at the monitoring points 

are listed in Table 3. According to Long et al.
[17]

 and 

Xing and Stern
[15]

, the validation is achieved at the 

U  level if <E U . Table 3 shows that the validation 

can be achieved only at Point 2 and Point 3 with FS1, 

at the level of 0.3206 and 0.5913, respectively. The 

lack of the SST-CC model, which is a kind of RANS 

model essentially, should be responsible for that 

problem. Although the location of the vortex core is 

well predicted by the SST-CC model, the velocity in 

the vortex core is underestimated, which induces great 

numerical errors and further prevents the validation. 
 

Table 2 Uncertainty of time-averaged velocity and pressure 

Estimators 1V  1P  2V  2P  3V  3P  

CFU  0.0231 0.0626 0.0214 0.0702 0.0776 0.0465 

FSU  0.0376 0.1813 0.0340 0.2278 0.2528 0.1101 

FS1U  0.3402 0.5649 0.3192 0.5385 0.5907 0.0961 

GCIU  0.0358 0.1028 0.0331 0.1192 0.1319 0.1271 

GCI_ORU  0.0358 0.1028 0.0331 0.1192 0.1319 0.0530 

GCI_LNU  0.0149 0.0428 0.0138 0.0497 0.0550 0.0530 

GCI_RU  0.0358 0.1028 0.0331 0.1192 0.1319 0.0530 

 

    Overall, the numerical results obtained with M2 

provide a satisfactory prediction of the gross 

characteristics of the TLV cavitation with a reasonable 

accuracy and a further mesh refinement cannot reduce 

the numerical errors significantly due to the lack of 

the RANS model, but might induce a huge increase of 

the cost of the computational resources. Therefore, 

M2 is a good choice for a RANS simulation with a 

balance between accuracy and computational cost, 
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especially for the investigation of the TLV trajectory. 
 

Table 3 Numerical errors and total uncertainty of velocity 

Estimators 1E  v1U  2E  v2U  3E  v3U  

CFU  0.3690 0.0397 0.3013 0.0369 0.3047 0.0820 

FSU  0.3690 0.0495 0.3013 0.0454 0.3047 0.2542 

FS1U  0.3690 0.3418 0.3013 0.3206 0.3047 0.5913 

GCIU  0.3690 0.0481 0.3013 0.0447 0.3047 0.1346 

GCI_ORU  0.3690 0.0481 0.3013 0.0447 0.3047 0.1346 

GCI_LNU  0.3690 0.0355 0.3013 0.0331 0.3047 0.0611 

GCI_RU  0.3690 0.0481 0.3013 0.0447 0.3047 0.1346 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7 (Color online) Influence of cavitation on the fusion of  

     TLV and TSV 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8 (Color online) Influence of cavitation on TLV trajectory 
 

    Cavitation will influence the behavior of TLV. In 

Fig. 7, the fusion locations of the TLV and the TSV in 

both cases are marked, which indicates that cavitation 

tends to accelerate the fusion of the TLV and the TSV 

slightly. It can be attributed to the narrower passage- 

way in the case with cavitation, leading to a higher 

velocity component from the pressure side to the 

suction side, as is favorable to the fusion of the TLV 

and the TSV. Figure 8 further reveals the influence of 

the cavitation on the TLV trajectory. Compared with 

the case of the non-cavitating flow, the TLV trajectory 

in the case with cavitation sees a lower pitchwise 

location and is closer to the gap wall, which may 

induce a more serious cavitation erosion. 
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