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The tip leakage vortex structure and trajectory in an axial flow pump were inves-
tigated numerically and experimentally based on the modified shear stress trans-
port k-ω turbulence model. Numerical results were compared with the experi-
mental leakage vortex trajectories, and a good agreement was presented. The de-
tailed trajectories of tip leakage vortex show that the starting point of tip leakage 
vortex occurs near the leading edge at small flow rate, and it moves from leading 
edge to about 30% chord length at design flow rate. At larger flow rate condi-
tion, the starting point of tip leakage vortex shifts to the middle of chord. 
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Introduction 

The flow field of the rotating machinery is very complex, especially near the wall 
region. Tip leakage vortex (TLV) in axial flow pump is mainly caused by the leakage flow en-
training with the main flow of the blade suction side, which could cause severe effects on 
pump performance such as the blockage in flow passage [1], efficiency losses [2], noise gen-
eration [3], TLV cavitation [4, 5], and rotating stall [6]. The low pressure area of vortex core 
often induces noise, vibration and cavitation erosion on the end wall of the impeller. The nu-
merical method, such as Reynolds average Navier-Stokes and large eddy simulations, have 
been important ways to investigate the mechanisms of TLV. Jang et al. [7] found that the 
breakdown of TLV induces high-pressure fluctuations on rotor blades based on LES. 

In this paper, in order to investigate the flow structure and TLV trajectory in an axial 
flow pump at multi-conditions, a new method to identify the trajectory of tip leakage vortex 
was proposed, namely swirling strength method, and the characteristics of TLV trajectory is 
revealed numerically and experimentally based on the comparisons and analysis. 

Numerical method and pump geometry 

Modified shear stress transport k-ω turbulence model 

The modified turbulent model in discussion is based on shear stress transport (SST) 
k-ω equations, which is improved by adding random number generation (RNG) k-ω as correc-
tion terms using analogy. Preliminarily, SST model is established on the basis of transformed 
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standard k-ε and k-ω model. However, the inaccuracy on separation calculation of standard  
k-ε leads to the adding term of RNG k-ε in order to have a better prediction. The equation k in 
the new model is static, only being revised in accordance to the dissipation equation. The dis-
sipation equation of original RNG model is: 

 
2

1 2( ) ( )i k eff k
i i j

u C G C R
t x x x k kε ε ε

ε ε ερε ρε α µ ρ
⎛ ⎞∂ ∂ ∂ ∂

+ = + − −⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
 (1) 

Associate with / :C kµω ε=   

 2
1 3 3

3 2

( ) 1( ) (1 )2t
kU F k P R

t k ω
ω ω

µρω ωρ ω µ ω ρ ω α β ρω
σ σ

⎡ ⎤⎛ ⎞∂
+ ∇ = ∇ + ∇ + − ∇ ∇ + − −⎢ ⎥⎜ ⎟∂ ⎢ ⎥⎝ ⎠⎣ ⎦

(2) 

where 3 3 2
0{[ (1 / )]/(1 )} ,R Cε µ ρη η η βη ω= − +  η = Sk/ε,   η0 = 4.38,   β = 0.012,  µt = k/ω, 

and Cµ = 1. 
Then the dissipation equation in the modified SST model is obtained which would 

be applied in the following simulation. 

Pump geometry and meshing 

The axial flow pump model is 
presented in fig. 1. Its detailed ge-
ometrical parameters are: flow ra-
te Q = 392 m3/h, head H = 3.2 m, 
rotation speed n = 1450 rpm, im-
peller diameter D2 = 200 mm, 
impeller blade number is 4, guide 
vane number is 7. The casing of 
impeller and guide vane is made 
of transparent plexiglass to ob-
serve the TLV cavitation. This 
paper focuses on the studies of 
gap flow and TLV and separation 
flow field within wall boundary 
layers, thus the gap region re-
quire the high density mesh 
which is shown in fig. 2. 

Results and discussion 

Tip leakage vortex structure 

According to the tip leakage 
vortex streamlines location, five 
sections were selected within 

blade passage which are close to impeller casing end wall, namely A, B, C, D, and E as 
shown in fig. 3(a). The streamlines of tip leakage flow in axial flow pump with tip clearance 
1.0 mm, the iso-surface of tip leakage vortex with swirling strength ISO surface (900 s–1) and 
swirling strength at five cross-sections were analyzed together. It is obvious that the tip leakage 

Figure 1. Cross-section of model pump 

  
Figure 2. Computational mesh 
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vortex is formed due to the pressure difference between blade pressure side (PS) and suction 
side (SS), and the relative motion between blade rim and impeller casing. Figure 3(b) shows 
that high-speed jet flow occurs in the tip gap which rolls up with mainstream within blade 
passage due to the high-speed rotation of impeller. The entraining direction of tip leakage vor-
tex is opposite to rotating direction. As shown in fig. 3(b), the velocity of tip leakage flow 
reaches the maximum value at 10% chord length, which is up to about 15 m/s, and the tip lea-
kage flow velocity is decreasing gradually from leading edge to trailing edge. As the pressure 
of blade suction surface increases gradually toward the trailing edge, the pressure difference 
decreases gradually, resulting in the decrease of the leakage vortex swirling strength. At about 
10% chord length, the starting point of tip leakage vortex occurs, and the vortex swirling 
strength is higher in this position. Vortex swirling strength dissipates gradually as the tip vor-
tex moves backward, and the diameter of core and the extent of passage are affected by the 
vortex movement and development. As shown in fig. 3(c), five sections all have the regions of 
maximum local swirling strength. It is obvious that the streamlines of TLV pass through cy-
lindrical region with maximum swirling strength of five sections in fig. 3(c). The swirling 
strength ISO surface (900 s–1) in fig. 3(d) indicates that tip leakage vortex trajectory coincides 
with the streamlines of TLV, so the trajectory of TLV can be described through swirling 
strength ISO surface accurately. The region with maximum swirling strength in the section is 
around the core of TLV in axial flow pump. 

Figure 3. Tip leakage vortex structure (for color image see journal web site) 

Tip leakage vortex trajectory 

The swirling strength in different sections was measured to identify the maximum 
point as the center of the TLV core, and then maximum value points were connected. So the 
curve is approximately regarded as the TLV core trajectory. As shown in fig. 4, numerical re-
sults show a good agreement with the high speed imaging results. It is proved that the swirl-
ing strength method could capture the TLV trajectory correctly, and the modified SST k-ω 
turbulence model is better for the TLV simulation. The starting point of TLV occurs near the 
leading edge at small flow rate (Q/Qopt = 0.8). However, it moves to about 30% chord length 
at design flow rate (Q/Qopt = 1.0). At the larger flow rate condition (Q/Qopt = 1.2), the starting 
point of TLV shifts to the middle of chord. The main reason is that the maximum pressure dif-
ference shifts at different operating conditions, and the starting point of tip leakage vortex 
moves accordingly. So it is proved that the operating condition of the axial flow pump has a 
large impact on the trajectory characteristics of tip leakage vortex.  

Conclusions 

Tip leakage vortex in an axial flow pump was simulated by the modified SST k-ω 
turbulence model successfully. Numerical and experimental results show that operating condi-
tion of axial-flow pump has a great effect on tip leakage vortex trajectory. The trajectories of 
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TLV show that the starting point of TLV occurs near the leading edge at small flow rate, and 
it moves from trailing edge to about 30% chord length at design flow rate. However, the start-
ing point of TLV shifts to the middle of chord length at larger flow rate condition. 

 
(a) Q/Qopt = 0.8 

 
(b) Q/Qopt = 1.0 

 
(c) Q/Qopt = 1.2 

Figure 4. Comparisons of simulation results and experimental results of TLV trajectory (■, ●, ▲) 
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