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ABSTRACT 

The flow leaking through the gap between the blade tips and the casing surface of a turbine rotor is an important source 

of aerodynamic loss. This paper presents a numerical study of the unsteadiness and instability of tip-leakage flow within 

the first stage rotor of the GE-E3 high-pressure turbine (HPT). Large-eddy simulation (LES) results show that the leakage 

flow entering the turbine passage rolls up and forms a winding surface vortex structure, in which the low-velocity vortex 

core is wrapped by the shear layer. The vortex core may break up and the flow speed in the vortex core drops to zero. The 

area of the vortex core expands rapidly and forms a reverse flow owing to the centrifugal instability. Further analysis 

suggests that the unsteadiness in the tip-leakage vortex is mainly caused by the Kelvin-Helmholtz (K-H) instability of the 

surface layer. Due to the K-H instability, K-H waving structure is formed on the surface of leakage vortex. Owing to the 

rolling up of the K-H wave, spanwise vorticity is generated, and a series of vortex joint structures is formed, which increases 

the dissipation within the leakage vortex. Moreover, the self-induced helical instability and oscillation of the vortex core 

breakdown are suggested as contributing factor for the additional low-frequency unsteadiness within the tip-leakage vortex.  

INTRODUCTION 

The gas turbine is a key component of a gas turbine power generation plant, and it is developed with a high-load 

design. Leakage flow has an significant effect on the turbine aerodynamic loss, heat transfer and unsteadiness of the 

downstream flow field. It accounts for about 1/3 of the aerodynamic loss of the entire stage (Booth, 1985; Denton, 1993; 

Sun, 2009). Moreover, the tip-leakage loss is inversely proportional to the blade aspect ratio and it increases with the flow 

turning angle. Therefore, the pursuit of high load and low aspect ratio in the design of modern turbines (Pullan et al., 2006) 

leads to severe tip-leakage flow and loss.  

Research on the tip-leakage flow mechanism of a tubine was originially conducted by Booth in 1982 in a water 

tunnel(Booth et al., 1982). Since then, turbine blade tip-leakage loss has attracted increasing attention. Several researchers 

(Denton, 1993; Sjolander, 1997; Yang et al., 2001) have conducted related studies. In particular, Bunker ( 2006) has 

reviewed the problem of turbine tip heat transfer.  

Recently, studies have found that the core of the turbine rotor leakage vortex is unstable and it undergoes unstable 

breakdown, leading to a sharp increase in the mixing loss. Li et al. ( 2008) applied the long-wave instability theory to the 

stability analysis of the turbine tip-leakage vortex and showed that it is unstable. Bindon( 1989) showed that the mixing 

loss of the tip-leakage vortex and main flow accounts for 48% of the overall loss in the tip region. Gao et al. ( 2014) found 

that the leakage loss after breakdown is significantly higher than that before breakdown. Huang et al. ( 2012) controlled 

the leakage loss by changing the pressure distribution on the blade surface, which suggested the importance of the 

breakdown of the tip-leakage vortex of the turbine. Further, because the unsteadiness of the tip-leakage vortex is related to 

the stable operation of compressor, most studies have mainly focused on the compressor (Zhang, 2010; Shahin et al., 2015; 

Gourdain, 2015; Su et al., 2019).  
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Although considerable effort has been devoted toward controlling the tip-leakage loss, including adjustment of the 

load of the tip profile (Huang et al., 2012), these studies have considered neither the control of the leakage loss from the 

perspective of the leakage vortex instability nor the importance of the leakage vortex instability. To suppress the instability 

of the tip-leakage vortex, Wei et al. ( 2018) adjusted the blade tip shape and effectively reduced the tip-leakage loss. Thus, 

the instability of the tip-leakage vortex has a significant impact on the tip-leakage loss, and controlling the vortex instability 

is an effective means to further reduce of the tip-leakage loss.  

However, most studies on the tip-leakage vortex instability have focus on the description of this phenomenon, where 

the unsteady features and instability mechanisms have not been examined in sufficient detail. The small scale of the 

instability flow of the leakage vortex, which is equivalent in size to the wake vortex, is the major obstacle in this regard.  

In this study, large-eddy Simulation (LES) techniques are adopted to solve the flow field of the GE-E3 high-pressure 

turbine (HPT). The main objective of this study is to investigate the characteristics of the instability and unsteadiness of 

the leakage vortex and obtain a further understanding of the instability mechanism.  

NUMERICAL MODELING 

1. Computational Domain and Boundary Conditions 

The first-stage rotor of GE-E3 HPT is used as the research object. The detailed geometric and aerodynamic design 

parameters can be found in the NASA report (Timko, 1984). The axial blade chord length 𝐶𝑥 of the rotor blade is 28.7 

mm, the aspect ratio is 1.19 (based on the height at the blade trailing edge and the midspan chord length), the number of 

blades is 76, and the flow midspan turning angle is about 110°. The load factor 𝑍𝑤  = 1.02; hence, the rotor blade is a high-

load turbine blade with low aspect ratio and large flow turning angle.  

FIGURE 1 shows the computational domain, which contains a stationary domain and a rotating domain. The rotating 

domain contains a single rotor blade passage, and the rotational periodic boundary is set in the annular direction. The outlet 

boundary is 3.0 𝐶𝑥 downstream from the blade trailing edge. The casing and hub profiles of the meridional passage are 

straight lines. The tip gap is set as 1% of the passage height (0.4146 𝑚𝑚).  

 

FIGURE 1 Computational Domain 

Total temperature and total pressure with no perturbation are specified at the inlet of the stationary domain, and the 

flow direction is imposed. At the outlet of the rotating domain, the static pressure averaged over the whole outlet is 

specified. The surface of blade, blade tip, casing,and hub have non-slip, adiabatic, smooth solid wall boundaries. The walls 

of the blade and the hub connected to the rotor blade, including the surface of blade and tip, are set as rotating solid walls, 

while the other parts and the casing wall surface are set as stationary solid walls. The incoming flow of the stationary 

domain is uniform without a specified boundary layer. The Reynolds number of the cascade exit is approximately 5.7×105 

(based on the blade midspan chord length and relative exit velocity). The detailed parameters of the boundary conditions 

are listed in Table 1.  

Table 1 Boundary Condition Setting  

Parameters  Value 

Inlet Total Pressure (kPa)  1210.13 

Inlet Total Temperature (K)  1588 

Inlet Flow Angle (°) 

Hub 73.1 

Mean 74.2 

Shroud 75.4 

Outlet Static Pressure (kPa)  510.65 

Rotating Spreed (r/min)  12630 
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2. Solution Method and Computational Grid 

Sell et al. ( 1999) and Gao et al. ( 2014) suggested that the steady Reynolds-averaged Navier–Stokes (RANS) method 

can reliably capture the reverse flow caused by the tip-leakage vortex breakdown. However, it fails to capture the smaller 

time-resolved unsteady structures of the leakage vortex. Therefore, LES is performed to study the flow within the tip-

leakage vortex. The 3D filtered Navier-Stokes equations are solved using the commercial CFD solver ANSYS-CFX with 

the wall-adapted local eddy-viscosity (WALE) model (Nicoud and Ducros, 1999). The second order central-differencing 

scheme is employed for spatial discretization, and the second order implicit scheme is employed for time discretization. 

The computation convergence is accelerated by the multi-grid technique.  

The mesh is generated using ICEM-CFD software and the H-O-H topology is employed. In the blade tip gap, a grid 

combining an O-shaped grid and an unstructured hexahedral grid is used. The unstructured hexahedral grid is set at the 

outduct part near the trailing edge area of the suction surface, and the mesh is refined, as shown in FIGURE 2. Referring 

to the LES of Papadogiannis et al. ( 2014), where 17 layers were set in the tip clearance, the spanwise grid in the tip 

clearance is set as 25 layers. The normalized height of the first layer of the grid on the blade wall, blade tip, and endwall is 

about 20, the grid spacing in the flow direction 𝛥𝑥+ and its normal direction 𝛥𝑦+ in the tip region is 50-100, and the 

spanwise grid spacing 𝛥𝑧+ is about 100–150. Table 2 lists the typical grid spacings used by DNS and LES for turbulent 

boundary layer calculations by Papadogiannis et al. ( 2014). It can be seen that the wall function significantly reduces the 

grid requirements of LES. In addition, an axial extended grid is used to reduce numerical reflection from outlet boundary 

and its length is twice the axial chord length Cx, as shown in FIGURE 2.  

 

FIGURE 2 Computational Grid 

 

Table 2 Typical Grid Spacing Used by DNS and LES for Turbulent Boundary Layer Calculations 
(Papadogiannis et al., 2014) 

Direction 
Normalized 

Distance 
DNS Wall-resolved LES 

LES with wall 

model 
Current LES 

Streamwise ∆x+ 10–15 50–150 100–600 50–100 

Spanwise ∆z+ 5 10–40 100–300 100–150 

Wall-normal min(∆y+) 1 1 30–150 50–100 

Number of points  0<y+<10 3–5 3–5 – <20 

 

The grid independence analysis is carried out with three mesh sizes comprising of 10-, 21-, and 29-million cells. The 

different meshes are generated by refining the grid in the wall-normal direction while maintaining the spanwise grid count. 

FIGURE 3 shows the results of the grid independence analysis by the mean and standard deviation of the static pressure at 

the monitoring points on the 95% span, as presented in FIGURE 2. The pressure is normalized by the outlet static pressure 

(510.25 kPa). The standard deviation of the static pressure is computed as:  

 
n
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where p  is the transient static pressure of monitoring point, 0p  is the mean of p , expressed as 0

1

n

i
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 , and n  

is the total number of data. According to the data analysis, n  is taken as 10000. It can be observed that grid convergence 
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is obtained with the mesh of 21 million in the tip leakage vortex. Therefore, the results with this mesh size are used for 

further analysis.  

  

(a) Mean of monitored pressure (b) Standard deviation of monitored pressure 

FIGURE 3 Grid Independence Analysis  

The physical time step Δt is set as 10-6 s to ensure that the Courant number calculated in the LES calculation is about 

2, based on the average relative speed of the rotor outlet. With such a time step, the passing period of each rotor blade is 

resolved into nearly 64 steps. To attain the statistically stationary states rapidly, converged RANS solutions with the shear 

stress transport (SST) turbulence model are specified as the initial flow field. The calculations run for 20000 time steps to 

attain statistical convergence; then, the statistics are gathered by averaging over a further 2100 time steps (32 blade passing 

periods of the rotor). FIGURE 4 shows the statistical convergence of the calculation by the standard deviation of the static 

pressure of the monitoring points in the tip-leakage vortex. The statistical convergence can be observed beyond 8000 time 

steps.  

  

(a) Mean of static pressure (b) Standard deviation of static pressure 

FIGURE 4 Statistical convergence of calculation 

This RANS calculation uses the same blade geometry and nearly the same boundary conditions as perivious studies 

(Gao et al., 2014; Yang and Feng, 2007; Ameri et al., 1999), which have shown that the RANS method can predict the 

blade tip-leakage flow and heat transfer accurately. The results are in good agreement with the experimental results. Thus, 

the steady results in this study are reliable and can be used for the analysis of the blade tip-leakage flow and the casing 

passage vortex. However, the authors are seeking more direct data to ensure reliability, which will be a topic for further 

study.  

RESULTS AND DISCUSSION 

1. Vortex Breakdown 

The RANS result can be used to elucidate the mean flow of the tip-leakage vortex. FIGURE 5 shows the streamline 

of the tip-leakage vortex core and the contour of the shear stress on the blade surface. The shear stress distribution indicates 

that there is an obvious low shear stress zone in the tip-leakage flow region near (between 0.7𝐶𝑥 and 1.0𝐶𝑥) the blade 

trailing edge, which implies accumulation of low-energy fluid near the wall surface.  

It can be observed that the green streamlines in the vortex core center shown in this figure expand rapidly. Near 

0.86𝐶𝑥, reverse flow occurs in the vortex core, and there is a stagnation point with zero velocity. The chaos of the streamline 

(pink) shows a significant reverse flow zone within the vortex core. FIGURE 6 shows the local velocity u  on the 

streamline near the center of the leakage vortex core. The vortex core deceleration starts at 0.59𝐶𝑥, and the velocity reaches 
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nearly zero at 0.86𝐶𝑥, which is referred to as the stagnation point. The figure also shows the flow pattern of the vortex 

core streamline near the stagnation point. Thus, it indicates that the centrifugal instability of vortex occurs.  

  

FIGURE 5 Streamline of Tip-Leakage Vortex Core 
and Contour of Shear Stress on Blade Surface 

(RANS) 

FIGURE 6 Local Velocity Near Leakage Vortex 
Core Streamline (RANS) 

FIGURE 7 shows the longitudinal velocity and swirling velocity distribution near the trailing edge of the blade 

perpendicular to the flow direction plane (x/Cx = 0.85 on the suction surface). The longitudinal velocity is the velocity 

component normal to the plane, and the swirling velocity is the component projected on the plane. The blue area in FIGURE 

7(a) represents the location of the tip-leakage vortex core. It can be seen from the swirling velocity in FIGURE 7(b) that 

the leakage from the blade tip enters the blade passage in the form of a jet; it is then rolled up by the transverse pressure 

gradient of the passage to the blade surface; and a tip-leakage vortex is formed. The dense distribution of the velocity 

contour line around the tip-leakage vortex represents the high shear layer fluid curled in the leakage vortex; hence, the tip-

leakage vortex is rolled by the shear layer fluid. Therefore, the tip-leakage vortex can be regarded as ‘winding surface 

vortex’. As the tip-leakage vortex develops downstream, the shear layer formed by the leakage flow from the tip gap 

continuously flows into the outer layer of the leakage vortex; hence, the leakage vortex is formed by rolling up the shear 

layer. This indicates that the tip-leakage vortex is a rolled surface vortex formed by the rolling of a series of vortex layers 

(Wu et al., 1993); the previous leakage flow is gradually rolled up into the inner layer of the vortex and it becomes the 

vortex core.  

The structure can be divided into two parts: a low-velocity fluid constituting the vortex core and a shear layer 

surrounding the vortex core. Guirand and Zeytounian et al( 1979) considered two causes for the formation of the instability 

of the winding surface vortex: the instability of the concentrated vortex core and the instability of the multi-layered vortex. 

Qadri et al. ( 2013) also considered that two types of mechanisms for the spiral vortex breakdown, namely the conservation 

of angular momentum and the classical Kelvin–Helmholtz (K–H) mechanism.   

However, the leakage vortex is non-axisymmetric owing to the interaction with its casing passage vortex; hence, the 

instability for the leakage vortex requirs further analysis.  

  
(a) Longitudinal velocity (b) Swirling velocity 

FIGURE 7 Velocity Contour on Plane Near Trailing Edge Normal to Main Flow Direction 

（x/Cx = 0.85, RANS） 

2. Time Evolution of Vortical Structure 

FIGURE 8 shows the transient vortex structure in the tip zone displayed by the Q-criterion (Hunt et al., 1988). The 

surface color indicates the local axial vorticity, and the enlarged figure is viewed from the tip. The structure of the tip-

leakage vortex and passage vortex of the casing can be seen. The tip-leakage vortex is formed along the flow direction and 

is rolled up in a series of Ω-shaped structures like the vortex ring, which is referred to as the “vortex node” here.  

FIGURE 9 shows the axial vorticity at 95% span at four consecutive moments to illustrate the time evolution of the 

tip-leakage vortex. The time interval between adjacent moments is 6Δt (6 μs). It can bee observed that the tip-leakage 

vortex is not a simple rolled vortex at a transient moment. A series of vortex nodes is formed on the vortex tube along the 
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main flow direction, and it flows downstream. It can be observed that the nodes exhibit the feature of K-H waves. FIGURE 

9(b) shows that when the leakage vortex node A reaches about 0.85Cx, the cross-sectional area of the scrolling area of the 

vortex tube begins to increase rapidly. In FIGURE 9(d), it can be seen that when the vortex node reaches the trailing edge, 

the coiled scroll nodes are stretched owing to the expansion of vortex, and the shape becomes weak and chaotic.  

 
FIGURE 8 Vortical Structure and Ω-Shaped Structure of Vortex Node (Q-Criterion, LES) 

FIGURE 10 shows the instantaneous spanwise vorticity at 95% span at time t  corresponding to FIGURE 9(a). It can 

be observed that at 0.85 𝐶𝑥, the vortex node structure expands significantly, and its scale is much larger than that of the 

upstream vortex node. The distribution of the vorticity begins to become chaotic. Although the two vortex nodes 

downstream of A still maintain the vortex integrality, the vortex nodes no longer show concentrated area of obvious 

vorticity. These vortex nodes are composed of a series of smaller-scale vorticity regions, which suggests that the vortex 

cores have been broken into small vortices.  

The analysis presented above suggests that the tip-leakage vortex first evolves into a series of vortex nodes, which 

then break down and form a series of smaller vortices in the core of the leakage vortex.  

    
(a) t (b) t+6∆t (c) t+12∆t (d) t++18∆t 

FIGURE 9 Time Evolution Sequence of Instantaneous Axial Vorticity（95% Span, LES） 

 

 

FIGURE 10 Instantaneous Spanwise Vorticity at time t （95% Span, LES） 

3. Development of Fluctuation Level 

FIGURE 11 shows the contour of the standard deviation of the static pressure 𝑝𝑠𝑑𝑣  normalized by the local statistical 

mean pressure at 95% span, expressed as 𝑝𝑑 = 𝑝𝑠𝑑𝑣 𝑝𝑎𝑣𝑔⁄ . Its value can be used to characrize the unsteadiness within the 

tip-leakage vortex, and is related to vortex scale.  

A 
A 

A 
A 

A 
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After 0.6𝐶𝑥, there is a clear high disturbance zone in the area corresponding to the tip-leakage vortex. The disturbance 

level and area gradually increase along the flow direction. The disturbance level reaches the peak state after around 0.9 𝐶𝑥; 

however, the area of the subsequent disturbance continues to increase until the perturbation area behind the blade trailing 

edge decreases.  

According to the previous analysis, the centrifugal instability of the vortex core occurs at 0.85 𝐶𝑥. Thus, it can be 

inferred that the leakage vortex breaks down owing to the sudden expansion of the vortex core region, and the rolled leakage 

vortex tube is stretched owing to such expansion. According to Stokes's theorem, a decrease in the cross-sectional area of 

the vortex tube leads to an increase in the angular velocity of the vortex tube, a corresponding increase in the flow 

dissipation, and a subsequent weakening of the vortex tube. Therefore, the perturbation level decreases. In addition, it can 

be seen from FIGURE 11 that there are two obvious perturbation peaks (red area) in these vortex regions. Analysis shows 

that the two regions are located on both sides of the tip-leakage vortex core.  

  

FIGURE 11 Contour of Normalized Static 

Pressure Standard Deviation（95% Span, LES） 

FIGURE 12 Development of dp  on the 

Statistical Streamline near the Center and 
Surface of Leakage Vortex (LES) 

FIGURE 12 shows the development of dp  on the statistical streamlines near the center and surface of the leakage 

vortex. The statistical streamline is derived from the statistical velocity. The black solid line that represents the distribution 

in the vortex core suddenly appears at 0.48 𝐶𝑥 suggests that the core of tip-leakge vortex begins to form here. Its value 

peaks around 0.85 𝐶𝑥 and then decreases. The rapid decrease in dp  indicates that the large scale vortex is breaking up. 

The red dashed line shows purterbation on the streamline around the leakage vortex core. The distribution can be divided 

into two regions along the axial direction: between 0.5𝐶𝑥 adn 0.85 𝐶𝑥 (region 1) and after 0.85 𝐶𝑥 (region 2). The two 

regions represent to the flow before and after the breakdown. Moreover, it can be observed that the peaks at certain axial 

positions correspond to the swirling motion of the leakage vortex, instead of the location of vortex nodes. This is due to 

the time-averaged rotating movement of the tip-leakage vortex.  

4. Unsteadiness and Instability Mechanism 

Mornitoring points at 95% span in the two zones of high perturbation are presented in FIGURE 11 to study the 

unsteadiness. The axial position of P1 is 0.85 𝐶𝑥 after the peak of the high perturbation on the side away from the suction 

surface; the axial positions of P12 and P22 are 0.88Cx and 0.93 𝐶𝑥, respectively, after the disturbance peak on the side 

close to the wall.  

The power spectral density (PSD) of the pressure perturbation at the trailing edge monitoring point P2 (45% span, 1.0 

𝐶𝑥) and the tip-leakage flow monitoring point P1 (95% span, 0.85 𝐶𝑥) is shown in FIGURE 13 (a) and (b), respectively. 

The static pressure is normalized by the standard atmospheric pressure (101325 Pa). The maximum frequency of the 

disturbance shown in FIGURE 13 (a) is approximately 70.9 kHz. The numerical results indicate that the wake thickness at 

the trailing edge is about 2.2 times the thickness of the trailing edge of the blade. According, the Strouhal number 

corresponding to the maximum frequency is calculated:  

𝑆𝑟 = 𝑓𝐷 𝑈𝑚⁄ = 0.249  (2) 

From the theory of flow around a cylinder(Wu et al., 1993), this frequency is the vortex shedding frequency behind 

the blade trailing edge. It corresponds to the trailing edge shedding frequency (63.7 kHz) at the blade tip in FIGURE 13 

(b). The difference between the two frequencies is due to the difference between the local mainstream speeds.  

In FIGURE 13 (b), the maximum frequency of the disturbance is approximately 50.12 kHz. After the tip-leakage flow 

leaves the tip clearance, it enters the passage as a jet. The spiral velocity distribution in the cross-section of the tip-leakage 

flow at 0.8 Cx is shown in FIGURE 14. It can be seen that the physical thickness 𝛿 of the jet shear layer is 1.013 mm, the 

relative displacement thickness is 0.48605 mm, and the momentum thickness θ is 0.16205 mm. The Strouhal number 



8 

corresponding to this main frequency is given by:  

𝑆𝑟 = 𝑓1𝜃 𝑈𝑚⁄ = 0.0162  (3) 

where 𝑈𝑚 is the peak velocity. This is in line with the characteristic Strouhal number corresponding to the maximum 

magnification frequency reported by Ho and Huerre ( 1984) for plane free shear layer flow (𝑆𝑟 = 0.016) and Luo ( 2010) 

for laminar boundary layer separation transition flow (𝑆𝑟 = 0.012). The magnitude is about half of the theoretical value of 

0.032, which is related to the definition of the shear thickness in FIGURE 15 in the theoretical derivation. Hence, the K-H 

instability dominates the unsteady flow generation mechanism of the vortex layer around the tip-leakage vortex.  

 
 

(a) Point P2 (45% Span, 1.0 𝐶𝑥, LES) (b) Point P1 (95% Span, 0.85 𝐶𝑥, LES) 

FIGURE 13 Power Spectrum of Pressure Perturbation at Trailing Edge Monitoring Point 

In addition, according to the K-H instability theory of shear layer flow, the wave number 𝛼 corresponding to the 

maximum amplification frequency of the disturbance is given by:  

𝛼 = 0.8892 𝛿⁄ = 877 𝑚−1  (4) 

The corresponding flow direction wavelength is given by:  

𝜆 = 2𝜋 𝛼⁄ = 7.16 𝑚𝑚  (5) 

The spatial distance between adjacent vortex tubes outside the tip-leakage vortex is about 7.3 mm, as shown in 

FIGURE 9. This value is similar to the theoretically calculated wavelength. It also implies that the formation of the vortex 

structure in FIGURE 9 is dominated by the K-H instability.  

  

FIGURE 14 Swirling Velocity Distribution in Cross 
Section of Tip-Leakage Vortex (0.8Cx, LES) 

FIGURE 15 Definition of Theoretical Shear 
Layer Thickness 

The PSD distributions of the pressure perturbation at the monitoring points P12 and P22 are shown in FIGURE 16. 

Compared with FIGURE 13 (b), it is found that, in addition to the maximum amplification frequency of the K-H instability 

and the frequency of the blade wake disturbance, the peak frequencies in the frequency band region are 15.26 kHz and 

15.06 kHz. Considering that the frequency resolution here is 0.333 kHz, these two frequencies are regarded as the same 

frequency, and the average value is 15.16 kHz. The perturbation frequency is significantly lower than the corresponding 

K-H instability main frequency, and the dimensionless frequency corresponding to this frequency is 𝑓3𝑐 𝑈𝑚⁄ = 1.08. Here, 

𝑐 is the mean chord length of the rotor blade (35.7 mm).  

Menke et al ( 1999) summarized the unsteady fluctuation spectrum of the delta wing in their study of the unsteady 

characteristics of the vortex breakdown on the delta wing surface, as shown in FIGURE 17. By comparison, it is found that 

the main frequency is located in the frequency range of the spiral mode instability (helical mode instability), as shown by 

the solid red line in the figure. Owing to the similarity between the tip-leakage vortex and the detached vortex on the upper 

surface of the delta wing, combined with the analysis of the tip-leakage vortex, it is inferred that the peak of the fluctuation 

frequency is the spiral-type unstable frequency of the tip-leakage vortex core. Owing to the cross pressure gradient in the 

turbine passage, the tip vortex core moves near the suction surface, however, the vortex core is spirally unstable under the 

action of perturbation and reverses the pressure gradient in the flow direction. The vortex core spirals along the blade tip 

and flows downstream. The dimensionless frequency of the vortex node of point P1 is also shown in FIGURE 17 by dashed 
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red line. It is in line with the K-H instability region, although the value is slightly smaller because of the differences between 

the delta wing and this rotor blade.  

  
(a) Point P12 (95% span, 0.88𝐶𝑥) (b) Point P22 (95% span, 0.93𝐶𝑥) 

FIGURE 16 Power Spectrum of Pressure Perturbation at Leakage Flow Monitoring Point 

In addition, a significant peak with a frequency of 1.752 kHz appears in the low-frequency region of FIGURE 16, and 

the corresponding dimensionless frequency is 𝑓𝑐 𝑈𝑚⁄ = 0.0984, shown by the position of the solid blue line in FIGURE 

17. It arises from the oscillations of the breakdown location of the delta wing. Hence, it is inferred that this low frequency 

occurs because of is caused by the swing of the blade tip-leakage vortex breakdown position.  

The unsteadiness and instability schematic of the tip-leakage vortex are schematically shown in FIGURE 18. The 

vortex node structure is formed by the K-H instability and the self-induced spiral structure of the vortex core/tube, which 

suddenly expands under the centrifugal instability of rotating motion and the vortex core is pulled. The vortex core area 

produces local reverse flow and small-scale vortex, which results in the breakdown of the tip-leakage vortex. The 

centrifugal instability mechanism plays a dominant role in the fragmentation of the leakage vortex. However, even if the 

tip-leakage vortex does not break down, it still shows considerable unsteadiness owing to the K-H instability and the self-

induced instability of the vortex core.  

 

  

FIGURE 17 Spectral Distribution of Unsteady 
Fluctuations in a Delta Wing (Menke et al., 1999) 

FIGURE 18 Unsteadiness and Instability 
Schematic of Tip-Leakage Vortex 

CONCLUSION  

This paper decribed LES-based investigations of the unsteadiness and instability of the tip-leakage vortex of a turbine 

rotor. Combined with the RANS result, the numerical results showed that the leakage flow entering the turbine passage 

rolls up and forms a winding surface vortex structure, in which the low-velocity vortex core is wrapped by the shear layer. 

The vortex core may break up and the flow speed in the vortex core drops to zero. Owing to the centrifugal instability of 

vortex, the area of the vortex core expands rapidly and forms a reverse flow. Further analysis suggested that the 

unsteadiness in the tip-leakage vortex is mainly caused by the K-H instability of the surface layer wrapped around the 

vortex core. Owing to the instability mode, a K-H waving structure is formed in the tip-leakage vortex and spanwise 

vorticity is generated in the tip-leakage vortex. The surface layer and vortex core are rolled up to form a series of vortex 

node structures, which increase the dissipation in the tip-leakage vortex. Moreover, the self-induced helical instability and 

oscillation of the vortex core breakdown are suggested as contributing factors for the additional low frequency unsteadiness 

of the tip-leakage vortex.  
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NOMENCLATURE 

xC   axial chord 

C    chord 

y
  non-dimensional distance of the first node next to the wall surface  

, ,x y z     normalized distance in the streamwise, normal, and spanwise direction, respectively  

t    physical time step of transient simulation  

s     direction of the vortex core  

su     average vortex swirling velocity  

su     swirling velocity  

u     local flow velocity  

mU   peak velocity  

dp   normalized static pressure standard deviation value  

sdvp   static pressure standard deviation value  

avap   local statistic-averaged static pressure  

PSD  power spectral density  

D     wake thickness  

     physical thickness of the jet shear layer  

     momentum thickness of the jet shear layer 

f     frequency  

rS     Strouhal number  

     wavenumber  

     wavelength  

SUBSCRIPTS 

avg  mass-averaged 

sdv  standard deviation value 

x    axial direction 

max   peak value 

ACKNOWLEDGMENTS 

This work was supported by the Basic and Applied Basic Research Foundation of Guangdong Province, China (Grant 

No. 2019A1515110450), and the Science and Technology Innovation Com-mittee Foundation of Shenzhen (Grant No. 

JCYJ20200109141403840). The authors also would like to thank the support by Center for Computational Science and 

Engineering of Southern University of Science and Technology (SUSTech).  

 

  
REFERENCES 
Ameri, A. A., Steinthorsson, E. & Rigby, D. L. (1999), "Effects of Tip Clearance and Casing Recess on Heat Transfer and 

Stage Efficiency in Axial Turbines", Journal of Turbomachinery, Vol. 121 No. 4, pp. 683-693. 
Bindon, J. P. (1989), "The measurement and formation of tip clearance loss", Journal of Turbomachinery, Vol. 111 No. 4, 

pp. 257-263. 
Booth, T. C. (1985) Importance of Tip Clearance Flows in Turbine Design. Tip Clearance Effects in Axial Turbomachines. 

Sint-Genesius-Rode, Belgium, Von Karman Institute for Fluid Dynamics. 
Booth, T. C., Dodge, P. & Hepworth, H. K. (1982), "Rotor-Tip Leakage: Part 1-Basic Methodology", ASME Journal of 

Engineering for Power, Vol. 104 No. 1, pp. 154-161. 
Bunker, R. S. (2006), "Axial Turbine Blade Tips: Function, Design, and Durability", Journal of Propulsion and Power, 

Vol. 22 No. 2, pp. 271-285. 
Denton, J. D. (1993), "The 1993 IGTI Scholar Lecture: Loss Mechanisms in Turbomachines", Journal of Turbomachinery, 

Vol. 115 No. 4, pp. 621-656. 
Gao, J., Zheng, Q., Xu, T. & Zhang, Z. (2014), "Effect of Tip Leakage Vortex Breakdown on Losses in Axial Turbines", 

Chinese Journal of Aeronautica, Vol. 35 No. 5, pp. 1257-1264. 
Gourdain, N. (2015), "Prediction of the unsteady turbulent flow in an axial compressor stage. Part 1: Comparison of 

unsteady RANS and LES with experiments", Computers & Fluids, Vol. 106119-129. 
Guiraud, J. P. & Zeytounian, R. K. (1979), "A note on the viscous diffusion of rolled vortex sheets", Journal of Fluid 

Mechanics, Vol. 90 No. 01, pp. 197-201. 



11 

Ho, C. M. & Huerre, P. (1984), "Perturbed Free Shear Layers", Annual Review of Fluid Mechanics, Vol. 16 No. 1, pp. 365-

422. 
Huang, A. C., Greitzer, E. M., Tan, C. S., Clemens, E. F., Gegg, S. G. & Turner, E. R. (2012) Blade Loading Effects on 

Axial Turbine Tip Leakage Vortex Dynamics and Loss. Proceedings of ASME Turbo Expo 2012. June 11-15, 2012, 

Copenhagen, Denmark, ASME. 
Hunt, J. C., Wary, A. A. & Moin, P. (1988) Eddies, stream, and convergence zones in turbulent flows., Center for 

Turbulence Research Report. 
Li, W., Qiao, W. Y. & Xu, K. F. (2008), "Unsteadiness of tip clearance vortex in turbine", Journal of Propulsion 

Technology, Vol. 29 No. 2, pp. 204-207. 
Luo, H. L. (2010) Numerical and Experimental Investigation on Aerodynamic Issues of Highly-Loaded Blading Design in 

Low-Pressure Turbine. Xi'an, China, Northwestern Polytechnical University. 
Menke, M., Yang, H. & Gursul, I. (1999), "Experiments on the unsteady nature of vortex breakdown over delta wings", 

Experiments in Fluids, Vol. 27 No. 3, pp. 262-272. 
Nicoud, F. & Ducros, F. (1999), "Subgrid-Scale Stress Modelling Based on the Square of the Velocity Gradient Tensor", 

Flow, Turbulence and Combustion, Vol. 62 No. 3, pp. 183-200. 
Papadogiannis, D., Duchaine, F., Sicot, F., Gicquel, L., Wang, G. & Moreau, S. (2014) Large Eddy Simulation of a High 

Pressure Turbine Stage: Effects of Sub-Grid Scale Modeling and Mesh Resolution. Proceedings of ASME Turbo Expo 

2014: Turbine Technical Conference and Exposition. June 16 – 20, 2014, Düsseldorf, Germany, ASME. 
Pullan, G., Denton, J. & Curtis, E. (2006), "Improving the Performance of a Turbine With Low Aspect Ratio Stators by 

Aft-Loading", Journal Of Turbomachinery, Vol. 128 No. 3, pp. 492-499. 
Qadri, U. A., Mistry, D. & Juniper, M. P. (2013), "Structural sensitivity of spiral vortex breakdown", Journal of Fluid 

Mechanics, Vol. 720558-581. 
Sell, M., Treiber, M., Casciaro, C. & Gyarmathy, G. (1999), "Tip-clearance-affected flow fields in a turbine blade row", 

Proceedings of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy, Vol. 213 No. 4, pp. 309-

318. 
Sjolander, S. A. (1997), "Overview of tip-clearance effects in axial turbines", Lecture series-van Kareman Institute (VKI) 

for fluid dynamics, Vol. 1A1-A30. 
Su, X., Ren, X., Li, X. & Gu, C. (2019), "Unsteadiness of Tip Leakage Flow in the Detached-Eddy Simulation on a 

Transonic Rotor with Vortex Breakdown Phenomenon", Energies, Vol. 12 No. 5, pp. 
Sun, D. W. (2009) The investigation of secondary flow mechanism, loss model and control technique for high pressure 

turbine. Xi'an, China, Northwestern Polytechnical University. 
Timko, L. P. (1984) Energy Efficient Engine: High Pressure Turbine Component test Performance Report. Cincinnati, 

Ohio, General Electric Company, Aircraft Engine Group. 
Wei, Z., Duan, W., Qiao, W., Liu, J. & Han, P. (2018), "Analysis and control of tip-leakage vortex core stability of turbine 

rotor", Journal of Aerospace Power, Vol. 33 No. 9, pp. 2139-2149. 
Wu, J., Ma, H. & Zhou, M. (1993), Introduction to Vorticity and Vortex Theory, Beijing, China, china higher education 

press. 
Yang, C., Ma, C., Wang, Y. & Lao, D. (2001), "A Review of Studies on Turbomachinery Tip Gap Leakage Flow", 

Advances in Mechanics, Vol. 31 No. 1, pp. 70-83. 
Yang, D. L. & Feng, Z. P. (2007) Tip Leakage Flow and Heat Transfer Predictions for Turbine Blades. ASME Turbo Expo 

2007: Power for Land, Sea and Air. May 14-17, 2007, Montreal, Canada, ASME Paper. 
Zhang, Y. (2010) Investigation of Endwall Flow Behaviour and Its Control Strategies in Highly-Loaded Compressor. Xi'an, 

China, NorthWest Polytechnical University. 
  
 


	Abstract
	INTRODUCTION
	NUMERICAL modeling
	1. Computational Domain and Boundary Conditions
	2. Solution Method and Computational Grid

	RESULTS and discussion
	1. Vortex Breakdown
	2. Time Evolution of Vortical Structure
	3. Development of Fluctuation Level
	4. Unsteadiness and Instability Mechanism

	Conclusion
	Nomenclature
	Subscripts
	Acknowledgments

