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Abstract. Tip leakage vortex cavitation is a concern for axial hydraulic turbines. Generally, 

cavitation may occur in the core of the TLV, often leading to erosion of the runner blades and 

the casing. The objective of this paper is to study the effects of this phenomenon on the 

hydrodynamics characteristics of a standard NACA0009 blade. Numerical simulations of the 

present study are carried out using the ANSYS CFX. The k–ω SST turbulence model and the 

Schnerr-Sauer cavitation model are respectively used for the modeling of turbulence and 

cavitation. In the first step of this study, the effect of considering cavitation phenomenon and 

transient state is investigated by monitoring the coordinate of the vortex core center and 

comparing them with the experimental data. The steady state simulation with cavitation 

modeling leads to acceptable prediction of vortex core center position and the unsteady cavitation 

modeling further improved the accuracy of the predictions. The influence of tip clearance, 

incidence angle and cavitation number on the hydrodynamics characteristics of the hydrofoil is 

further studied. The results demonstrate that incidence angle and cavitation number have more 

pronounced effects on improving the lift to drag ratio in comparison to the tip clearance. 

According to performance curves, the maximum lift coefficient is obtained by incidence angle 

of 12 degree in the cavitation number range of 1<σ<1.25. 

1.  Introduction 

In order to ensure blade rotation without rubbing, axial turbines require a small clearance, between the 

tip of the blades and the casing. The tip clearance is usually kept as small as possible within the limits 

of manufacturing constraints. In hydraulic machines, the tip clearance is typically 0.1% of the blade 

chord [1]. However, the tip leakage vortex is formed in this specific region and cavitation develops in 

the low-pressure region that prevails in the core of TLVs as well as in the clearance region. This 

phenomenon causes erosion, observed in the tip of the blades. Negative consequences of tip leakage 

flow cavitation and its influences on performance of turbomachines has been studied extensively in the 

literature. Subjects include efficiency losses [2, 3], rotating instabilities [4, 5, 6] and also cavitation in 

pump and inducers [7, 8]. Astolfi et al. [9] proposed an empirical equation to estimate minimum pressure 

value in the tip region. Recognition of minimum pressure value in tip region indicates the possibility of 

cavitation occurrence. Roussopoulos and Monkewitz [1], investigated the position and strength of the 

vortex on the suction side of a Kaplan-type turbine blade with various endings, using particle image 

velocimetry (PIV). They found that the greatest danger of cavitation erosion exists when the casing of 

the turbine is of the “semi-spherical” type. Drayer [10] studied the dynamics of TLV cavitation and the 

gap width effects on it comprehensively, using PIV and laser doppler velocimetry (LDV) instruments. 

He proposed some guides to displace the cavitation away from the blade. The results of this investigation 
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led to some new numerical investigations including Zhao et al. [11], Decaix et al. [12, 13], Gue et al. 

[14] and Zhang et al. [15]. Zhao et al. [11] proposed and utilized a new cavitation model for the 

computations of the developed tip leakage vortex cavitating flows. Compared with the conventional 

model, better agreement was observed between the new model and experiment. Decaix et al. [12, 13] 

and Gue et al. [14] studied the influence of turbulence models on accuracy of numerical predictions. 

They reported that the k-ω   SST model was the best turbulent model considering accuracy of the results 

and calculation costs. Zhang et al. [15] investigated the onset and development of TLV cavitation and 

its effects on characteristic curves in an axial flow pumps. Numerical results show that the TLV 

cavitation cloud in the axial flow pump mainly includes tip clearance cavitation, shear layer cavitation, 

and TLV cavitation. 

The subject of this paper is to emphasize on considering cavitation phenomenon and transient state 

while modeling TLV flow and demonstrate its influence on performance curves of a standard blade. For 

this purpose, the vortex is simulated for a NACA0009 blade in a water tunnel, while the tip clearance, 

incidence angle and cavitation number are varied. 

2.  Computational details  

2.1.  Test case 

 

The  test case investigated in the current paper is chosen based on the experiments of  Drayer [10]. The 

schematic of the computational domain, boundary conditions and details of dimensioning is 

demonstrated in figure 1. The test section is a water tunnel with a 150×150mm2 square cross-section 

and 750mm length. A NACA0009 hydrofoil with a chord of 100mm, the maximum thickness of 10mm 

is used and a clearance length is considered as a variable parameter. 

1
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Hydrofoil

Wall
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Figure 1. Top: Domain and boundary conditions. Bottom: Details of dimensioning.  

The ratio of clearance between the hydrofoil tip and the water tunnel wall to the hydrofoil thickness 

(h) is the normalized gap width (𝜏) which varies between 0.2 and 2 in the experiment. In addition, four 

incidence angles of 𝛼 = 3𝑜, 𝛼 = 5𝑜, 𝛼 = 7𝑜 and 𝛼 = 10𝑜 are chosen in the experiment. The third 
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variable parameter is cavitation number 𝜎 =
𝑃∞−𝑃𝑣
1

2
𝜌𝑈∞

2
, which vary between 0.25 and 3. It should be noted 

that, in this work cavitation number is adjusted by varying the outlet pressure 𝑃∞. 

2.2.  Numerical method and boundary conditions 

In this work, the numerical predictions are obtained using ANSYS CFX. The Reynolds-averaged 

Navier-Stokes (RANS) in conjunction with the 𝑘 − 𝜔  SST turbulence model are employed for the 

computations. In addition, the Schnerr-Sauer model was applied as cavitation model and the high 

resolution scheme is used for the approximation on nonlinear convection terms in all transport equations. 

Convergence is specified as RMS residuals of 10-5. 

According to the experimental conditions, a uniform velocity 𝑊∞ = 10 𝑚/𝑠  is set as inlet and the 

static pressure is adjusted as outlet. The hydrofoil and water tunnel are considered as solid wall with no 

slip condition. 

2.3.  Computational Grid 

The computational grid consists of hexahedral cells is generated using ANSYS ICEM with a relatively 

high mesh resolution near the TLV region, leading edge and trailing edge of the blade. With reference 

to Zhao et al. [11], a computational grid with 70 nodes in the gap region is employed for the  numerical 

simulations. Moreover, in this paper several grid dependency studies have been performed to ensure that 

the numerical predictions in this paper do no depend to the mesh size. In the following a sample of such 

studies is provided. Considering the condition of 𝜏 = 1, 𝛼 = 10° and 𝜎 = 1, the predicted y-coordinate 

of the vortex center using different meshes in a z-plane (i.e. 𝑧/𝑐 = 1 downstream of the hydrofoil shown 

in figure 2. is displayed in figure 3. As can be observed, a fine computational mesh with  2.5 × 106 cells 

is fine enough to yield-independent results. The numerical results presented in the subsequent sections 

of this paper are obtained with this mesh size. Figure 4. indicates the computational mesh for two 

important regions of the field. 
 

 

Figure 2. Position of plane z/c = 1 in the computational domain. 
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Figure 3. Grid sensitivity study for the: left: vortex center vertical position at plane 𝑧/𝑐 = 1. Right: 

Grid 𝑌+ at tip region. 
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Figure 4. a) Boundary layer mesh around hydrofoil. b) Tip mesh. 

3.  Results and discussion  

In the following, first the numerical predictions are compared with the reported experimental. Then, the 

effects of clearance size, incidence angle and cavitation number are presented and discussed.  

3.1.  Comparison of numerical results with the experimental data 

In the current paper, the numerical simulations are performed in three steps. In the first step, only a 

steady state and non-cavitating simulation is conducted.  In the second stage, the steady state 

computation by considering the cavitation is carried out. Finally, in the third step, unsteady calculations 

by taking into account the cavitation phenomenon are accomplished. The objective is to understand how 

considering these physical features can improve the numerical predictions. For this propose, the 

influence of considering cavitation phenomenon is first investigated by comparing the results of steps 1 

and 2. Then, the numerical results of steps 2 and 3 are compared.  

It is expected that neglecting the cavitation in a flow yields less accurate results. To assess this natural 

expectation, in figure 5. the steady-state predictions of y-coordinate of the vortex center for cavitating 

and non-cavitating flows are compared with the measurements. Computations were carried out for two 

angle of incidences of 𝛼 = 7° (left figure) and  10° (right figure) and normalized gap widths of 𝜏 =
0.2, 0.3, 0.4, 0.5, 0.7, 1, 1.5 and 2. Consistent with the experiment conditions, the ambient pressure and 

fluid velocity are respectively set at 𝑃∞ = 1 𝑎𝑡𝑚 and 𝑊∞ = 10 𝑚/𝑠 in the simulations. The 

measurements show that by increasing the gap width the center of vortex shifts downward but a reverse 

trend occurs by increasing the angle of incidence. It is noted that both sets of computations reproduced 

the trend of experimental data. However, as can be observed, computations of non-cavitation flow 

largely overestimates the vertical coordinate of the vortex center. On the other hand, considering 

cavitation phenomenon in the computations leads to significant improvements in the numerical 

predictions at both angles of incidence especially at 𝛼 = 7°. As a physical point of view, it is clear that 

the improvement of numerical predictions is a result of considering the cavitation cloud at vortex core 

which affect the vortex structure significantly. The existence of vapor at vortex center could alter the 

physical properties of the fluid, which in turn leads to more accurate numerical results. 
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Figure 5. Comparison of numerical results of vortex vertical center position for steps 1 and 2 with 

experimental results (Drayer [10]). Left: 𝛼 = 7°. Right: 𝛼 = 10°. 

Having discussed the steady state predictions, attention is now focused on unsteady computations. 

In figure 6, unsteady predictions for vertical position (YC) of vortex center in plane 𝑧/𝑐 = 1 are 

compared with the experimental data of Drayer [10].  The steady state predictions are also included for 

comparison. As can be seen for the smaller angle of incidence, differences between steady and unsteady 

results are minor and both steady and unsteady results are in excellent accord with the experimental 

data. For the larger angle of incidence, the difference between steady and unsteady results are higher 

and the unsteady results are in closer agreement with the measured data. It is worth mentioning that Gue 

et al. [14] has shown that considering the flow unsteadiness in TLV cavitation modeling does not 

significantly improve the numerical predictions. 
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Figure 6. Comparison of numerical results of vortex vertical center position for steps 2 and 3 with 

experimental results (Drayer [10]). Left: 𝛼 = 7°. Right: 𝛼 = 10°. 

In figure 7. the measured and computed vorticity contours and streamlines for three incidence angles 

of  5°, 7°and 10° are compared. Comparisons are presented in a square region of 40×40 mm2 surrounding 

the TLV generated by the hydrofoil in planes 𝑧/𝑐 = 1, 1.2 and 1.5. As can be observed, the angle of 

incidence has a pronounced impact on the TLV characteristics and structure. While the vortex structures 

for incidence angles of  5° and 7° are more or less similar, the incidence angle of 10° appears to generate 

a more complex vortex structure. For the 10° incidence angle vortex deforms helically as the particles 

roll up into the vortex. It is noted that the numerical predictions of TLV characteristics are qualitatively 

similar to those measured. The intensity of vorticity at the center of the TLV is somewhat underpredicted 

by the computations.     
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Figure 7. Comparison of CFD simulations and experimental results (Drayer [10]) for 3D Streamlines 

and contours of the streamwise vorticity, for three z-planes z/c=1, 1.2, 1.5. 

3.2.   Effects of clearance size, incidence angle and Cavitation number   

Tip leakage vortex cavitation formation and development depends on several parameters such as tip 

clearance size, the incidence angle and the Cavitation number which will be further investigated in this 

subsection. As described by Drayer [10], the clearance size plays a key role in TLV cavitation unset and 

development. More specifically, a wider clearance causes a greater flow leakage and thus drops of the 

performance. On the other hand, tight clearance may result in direct contact of rotor blades and casing 

a well as friction problems in the tip of the blade. To examine, the effects of gap clearance on the 

hydrodynamics performance, simulations were carried out for conditions given in Table 1.  

Table 1. Conditions considered for investigating the effect of tip clearance.  

Operating pressure 0.7 atm 

Incidence angle(𝜶) 3°, 5°, 7°, 10° 

Tip clearance(𝝉) 0.2, 0.3, 0.4, 0.5, 0.7, 1, 1.5, 2 

The variation of lift coefficient (𝐶𝐿 = 𝐹𝐿/
1

2
𝜌𝐴𝑊∞

2) versus clearance size for different incidence 

angles is plotted in figure 8. In general, at first the lift coefficient is slightly decreases with the gap size. 

However, for large clearances (i.e. 𝜏 > 0.7) the lift coefficient does not change with the clearance size 

at all angles of incidence. As expected, the lift coefficient is increased with increase in incidence angle. 
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Figure 8. a) Lift coefficient. b) Average vorticity at plane z/c=1, in terms of clearance size for 

different incidence angles. 

In addition to the lift coefficient, the clearance size will affect the flow field kinematic quantities. 

figure 8.b. shows the average vorticity at plane z/c=1 against the clearance width. It is clear that 

increasing the tip clearance causes a stronger swirling flow downstream of the hydrofoil. It is noted that 

for 𝜏 ≥ 1 increasing in gap does not affect the average vorticity in all incidence angles except 𝛼 = 10°.  

As already shown in figure 7, another important parameter which has a pronounced impact on the 

TLV characteristics is incidence angle. To study the effects of incidence on the aerodynamic 

performance of the blade, simulations with different conditions (given in Table 2) were carried out. Two 

important hydrodynamics performance quantities namely; the lift coefficient and the drag coefficient 

(𝐶𝐷 = 𝐹𝐷/
1

2
𝜌𝐴𝑊∞

2) are calculated for each case. Figure 10. and figure 11. show the distribution of these 

quantities versus incidence angle for different operating pressures. 

Table 2. Conditions considered for investigating the effect of incidence angle.  

Operating pressure 0.5, 1, 1.5 atm 

Incidence angle(𝜶) 3°, 4°, 5°, 6°, 7°, 8°, 9°, 10°, 11°, 12°, 13°, 14°, 15° 

Tip clearance(𝝉) 1.5 

 

Figure 9.a. shows the lift coefficient against incidence angle of the blade. It is clear that all three 

curves have a peak value at incidence angle of  𝛼 = 12° and variation in operating pressure does not 

affect it. Moreover, for a fixed incidence angle, the maximum lift coefficient is obtained for the operating 

pressure of 𝑃∞ = 1 atm as will be shown in figure 11. profoundly. 
(a) (b)
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Figure 9. a) Lift coefficient b) Drag coefficient, versus incidence angle for three operating pressures. 
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Figure 9.b. illustrates the calculated drag coefficient against the incidence angle of the blade. 

According to this graph, for all three operating pressures, the rise in incidence angle results in an increase 

in the drag coefficient. It is noted that the maximum drag coefficient occurs at the operating pressure of  

𝑃∞ = 1.5 atm for each incidence angle.    

Cavitation number is the most important parameter in cavitating flows which determines the 

possibility of occurrence of cavitation. On the other hand, cavitation occurrence will affect the 

aerodynamic performance of the blade. The influence of cavitation number on the performance of the 

blade is investigated by varying the Cavitation number between 0.25 and 3 as indicated in Table 3.  

Table 3. Conditions considered for investigating the effect of Cavitation number.  

Inlet velocity (𝑾∞) 10 m/s 

Cavitation number (𝝈) 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3 

Incidence angle (𝜶) 10° 

Tip clearance (𝝉) 1 

Figure 10. shows how cavitation number will affect the lift coefficient of the blade. According to this 

figure, the maximum lift coefficient will be obtained for 𝜎 = 1 and for lower Cavitation numbers, the 

lift coefficient is quickly dropped. For 𝜎 > 1.25 the lift coefficient is slowly decreased.  
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Figure 10. Lift coefficient versus cavitation number. 

In order to reach a deeper understanding about the effect of cavitation number it is necessary to 

examine pressure distribution around the hydrofoil which is demonstrated in figure 11.a. at tip of the 

hydrofoil. As it shown, cavitation number plays a key role on pressure distribution. Therefore, it can be 

concluded that the lift coefficient is affected consequently. According to this figure for 𝜎 = 0.5 and 0.75 

the pressure distributions at leading edge are different. In fact cavitation onset at leading edge causes a 

significant pressure drop in this region. This feature is more pronounced at the middle of the hydrofoil 

(figure 11.b.). Of course in this region the pressure distribution is affected by another cavitation mode 

which is known as leading edge cavitation (Drayer [10]) and is not mentioned in this paper. 
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Figure 11. Pressure distribution around hydrofoil for two different section. a) at Tip. b) in the middle 

Figure 12. demonstrates the effect of cavitation number on the drag coefficient of the blade. As 

shown, the drag coefficient is increased by an increase in Cavitation number. It is noted that for 0.75 <
𝜎 < 1.25 the drag coefficient remains constant. To reach a final conclusion, it is interesting to focus on 

the behavior of lift to drag ratio against Cavitation number curve as shown in figure 12. From the results 

shown in this figure, it can concluded that 1 < 𝜎 < 1.25 is the most appropriate range for Cavitation 

number. 
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Figure 12 Blade performance for different cavitation numbers. Left: drag coefficient. Right: lift to 

drag coefficient. 

4.  Conclusion 

In this study, calculations of the tip leakage vortex cavitation around the tip of a standard NACA0009 

hydrofoil are performed. It is shown that for accurate prediction of investigated flow, it is necessary to 

carry out unsteady simulations and more importantly take into account the cavitation phenomena’s in 

the simulations. In addition, the effects of three important parameters tip clearance size, incidence angle 

and cavitation number on the hydrodynamics characteristics are investigated. Based on the 

computations, the following conclusions can be drawn: 

 The lift coefficient slightly decreases with the gap size. However, for larger clearances (i.e. 𝜏 >
0.7) the lift coefficient does not change with the clearance size. Similarly, for the same range of 

clearance size, this parameter does not affect the average vorticity at plane z/c=1. 

 Incidence angle has the most pronounced effect on TLV cavitation formation and performance 

of the blade. The numerical results show that the formation of tip leakage vortex is significantly 
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affected by incidence angle. In addition, according to performance curves, the lift coefficient 

has a maximum value for incidence angle of 𝛼 = 12° and variation in operating pressure does 

not affect it. Moreover, the increase in incidence angle results in an increase the drag coefficient. 

 Finally, the effect of cavitation number on performance of the blade is investigated. The 

simulations were carried out for a range of cavitation number 0.25 ≤ 𝜎 ≤ 3. According to 

figure 11, pressure distribution around the hydrofoil is influenced by cavitation number and 

consequently the performance of the blade is affected. In general, it can be concluded that 1 ≤
𝜎 ≤ 1.25 is the most appropriate range for cavitation number. 
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