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Abstract: The effective control of the tip-leakage flow and loss is of great significance to improve the 

aerodynamic performance of the turbine. In this paper, the evolution mechanism of tip-leakage flow in a transonic 

high pressure turbine with a squealer tip is investigated with numerical simulation methods. The impacts of 

squealer geometric, such as the inclined pressure side rim and squealer rim width, on the vortex structure in the 

gap and tip-leakage loss are discussed. The results show that the scraping vortex inside the cavity plays the role of 

aero-labyrinth seal, and forms interlocking sealing labyrinth structure with the rims on both sides, which has an 

effective sealing effect on the tip-leakage flow. The inclined pressure side squealer rim inhibits the development 

of the pressure side squealer corner vortex, which is beneficial to expand the influence range of the scraping 

vortex and enhance the sealing effect on the tip-leakage flow. The increase of the suction side squealer rim width 

reduces the effective flow area at the gap exit, which is conducive to reduction of the tip-leakage flow rate and 

tip-leakage loss. However, the increase of the pressure side squealer rim width strengthens the pressure side 

squealer corner vortex and limits the development space of the scraping vortex, causing the adverse effects on the 

control of tip-leakage flow. 
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1. Introduction 

The tip-leakage flow of the rotor blade tip has adverse 
effects on the turbine in many ways, which are mainly 
reflected in five aspects: (1) the load on the rotor blade 
tip is reduced; (2) the flow loss of the rotor passage is 
increased; (3) the effective flow area of the rotor passage 
is reduced; (4) the inlet distortion of the downstream 
blade row is enhanced; (5) the thermal performance of 
the blade tip is deteriorated. Among these five major 
effects, the effect on the aerodynamic performance is 

particularly prominent, and related research [1] has 
shown that the loss raised by the tip-leakage flow can 
account for more than 30% of the total aerodynamic loss 
in the rotor passage. Therefore, the effective control of 
tip-leakage flow and tip-leakage loss is of great 
significance for improving aerodynamic performance of 
the turbine. 

The optimization design of blade tip airfoil [2, 3] and 
different tip shape designs, such as squealer tip and 
winglet tip [4–6], are one of the commonly used control 
methods for tip-leakage flow. Common squealer tips  
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Nomenclature   

C chord/m  density/kg·m–3 

H cavity height/m  gap height/m 

Ma Mach number Subscript 
m  mass flow rate/kg·s–1 2,exit rotor outlet 

N airfoil count inlet stator inlet 

P pressure/Pa inner inner of gap 

Re Reynolds number ((ρV)exitCμ
–1) leakage tip-leakage flow 

'''
,localgS  local entropy production rate/W·m–3·K–1 n normal to camber 

s entropy/J·K–1·kg–1 notip condition without tip 

T temperature/K outer outer of gap 

t squealer width/m p pressure side squealer 

V velocity/m·s–1 passage rotor passage 

Y leakage loss/J r relative 

Greek symbols s suction side squealer 

 efficiency t tangential to camber 

 dynamic viscosity/N·s·m–2 tip condition with tip 

 normalized leakage loss Superscript 

 total-to-total pressure ratio * stagnation parameter 

 
have three typical geometries, tips with a pressure side 
squealer, a suction side squealer and a double side 
squealer. The double side squealer tip, which is referred 
as “squealer tip” in this paper, has been proved to have 
excellent aerodynamic and heat transfer performance 
with the deepening of the research [7–12]. Earlier, Dey et 
al. [13] studied the single-squealer tips and found that the 
suction side squealer tips have a better blocking effect on 
tip-leakage flow. Sumanta et al. [14] studied a variety of 
single-squealer tips and double-squealers tips and found 
that the suction side squealer tips have the best 
aerothermal performance. However, researches by 
Krishnababu et al. [15] shown that, the double side 
squealer tips can play a better role in reducing the 
tip-leakage flow rate, because of the double-blocking 
effect on tip-leakage flow raised by the double side 
squealer. Zhou [16] found that the tip-leakage loss 
coefficient of the double side squealer tip was 
significantly lower than that of the flat tip through 
numerical simulation methods and plane cascade 
experiments, which proved that the double-blocking 
effect in the double side squealer tip is beneficial for 
reducing tip-leakage loss. 

In the further study of the squealer tip, the flow 
mechanism of the squealer tip became the focus. Yang 
[17, 18], and Virdi et al. [19] found that the relative 
movement of the casing could account for a new vortex 
structure in the cavity. Mischo et al. [20] optimized the 
cavity geometry and improved the aero-thermal 
performance of the squealer tip through a detailed 

analysis of the flow field inside the cavity. And the 
research showed that there are three dominant flow 
characteristics in the cavity, which are scraping vortex 
(SV), the pressure side squealer corner vortex (PSCV) 
and the suction side squealer corner vortex (SSCV). 
Zhou [21] further confirmed this by studying the 
evolution of the flow field in the gap of the squealer tip. 
Shao [22] combined the theoretical analysis with 
numerical simulation to analyze the effects of many 
vortices inside the cavity on the tip-leakage flow, and 
proposed that the scraping vortex is the dominant flow 
structure that plays a critical role in blocking the 
tip-leakage flow. The Von Karman Institute for Fluid 
Dynamics (VKI) [23] performed a vortex identification 
study on its unique multi-cavity squealer-like tip, 
confirming the control effect of the complex vortex 
structure inside the cavity on the tip-leakage flow. 

In the research on the geometric optimization of 
squealer tips, Gao et al. [24] added rims with different 
directions in the squealer tip, and found that adding 
transverse rims into the cavity could enhance the 
separation of airflow and raise new vortex inside the 
cavity, increasing the blocking effect on the tip-leakage 
flow. Nikolay et al. [25, 26] studied the effects of 
squealer tip with rim cut-off at different positions on the 
tip-leakage flow. Studies have shown that the squealer 
tips with suction side squealer rim cut-off have higher 
stage efficiency. Zhou [27] and Senel et al. [28] studied 
the aero-thermal effects of the squealer width and height 
on the tip-leakage flow with numerical methods. Prakash 
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et al. [29] found that the squealer tip with inclined 
pressure side squealer rim could control the tip-leakage 
flow by increasing the blocking area at the gap inlet. 
Researchers at VKI [30–32] optimized the squealer-like 
tip with differential evolution optimization strategy and 
obtained the shape of the multi-cavity squealer-like tip 
with excellent aerodynamic performance. From the 
results of these studies, it is clear that the geometric 
optimization of squealer tips has achieved great results. 
However, the inter-relationship among squealer geometry, 
vortex structure, aerodynamic parameters of tip-leakage 
flow, and tip-leakage loss needs to be explored 
thoroughly in order to confirm the influence mechanism 
of squealer geometry on tip-leakage flow. 

In this paper, a single-stage transonic high pressure 
turbine with squealer tip is considered as the research 
object. The control mechanism of the squealer tip on 
tip-leakage flow is summarized by comparing the 
difference of flow structure in the gap and aerodynamic 
performance between turbine with flat tip and turbine 
with squealer tip. Further, the effects of squealer 
geometry, such as the inclination of the pressure side 
squealer rim and squealer width, on the tip-leakage loss 
and the aerodynamic performance are studied with the 
analysis of the vortex structure in the gap, the tip-leakage 
flow rate and momentum at the gap exit. 

2. Numerical Details 

2.1 Turbine in study 

The turbine geometry in this study is a transonic single 
stage high-pressure turbine. The main geometric 
parameters and the operation conditions of the turbine 
stage are listed in Table 1. 

 
Table 1  Turbine parameters and boundary conditions 

 N Aspect ratio τ/%span 

Stator 46 0.6 – 

Rotor 72 1.15 1.16% 

Blade passing frequency/HZ π Mar,exit

 
Reexit

17 610 4.08 1.11 1.12×106 

 
In order to study the influence of squealer geometry 

on tip-leakage flow, the flat tip (Case 1) of the turbine 
rotor blade is modified. Five kinds of squealer geometry 
with different squealer rim inclination and squealer width 
are obtained. With the exception of Case 1 and Case 2, 
the blade tip geometry in the other cases all have inclined 
pressure squealer. The geometric parameters are shown 
in Fig. 1. Cavity depth (H) of all the squealer tip cases is 
1.5τ. The geometric characteristics of Cases 2–6 are 
shown in Table 2. 

 
 

Fig. 1  Sketch of blade tip geometry with inclined pressure 
side squealer 

 
Table 2  The geometric characteristics of Cases 2–6 

Case number Case 2 Case 3 Case 4 Case 5 Case 6

Pressure side 
squealer rim 

width (tp) 
τ τ 7.2τ 4.1τ τ 

Suction side 
squealer rim 

width (ts) 
τ τ τ 4.1τ 7.2τ 

Pressure side 
squealer inclined

or not 
No Yes Yes Yes Yes 

2.2 Computational approach 

The numerical simulation in this study uses the 
software ANSYS CFX 12.0 to solve steady viscous 
Reynolds Averaged Navier-Stokes equations with the 
Shear Stress Transport (SST) turbulence model to close 
equations. The solver uses the time pursuing finite 
volume method, and the spatial discretization uses a 
second order upwind scheme. The computational domain 
consists of one stator channel and one rotor channel. 
Total temperature, total pressure and turbulence intensity 
are used as the inlet boundary conditions, and inflow 
direction is normal to boundary condition. As the outlet 
boundary condition, static pressure can be adjusted to 
make sure certain total-to-total pressure ratio. Both 
surfaces at the circumferential side of the stator and the 
rotor channels are set as periodic boundary conditions. 
And surface between stator and rotor is set as 
mixing-plane. All the wall faces are set as adiabatic with 
no slip. The numerical method has been validated in 
Ref. [33]. 

2.3 Grid independence validation 

The commercial software NUMECA Autogrid 5 is 
used to generate the stator domain computational grid, 
and the ICEM is used to generate the rotor domain 
computational grids. The mesh elements in both domains 
are hexahedrons. Local encryption is carried out near the 
shroud, the hub and the rotor blade. The wall distance of 
first mesh cell is set to 0.001 mm, and the average value 
of calculated y+ is about 3. To eliminate the influence of 
different grid topology on the numerical results, all the 
cases use the same stator domain computational grid and 
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the same topological structure is used in the rotor 
domains of all the cases. The grids are shown in Fig. 2. 

Considering that the grid density may affect the 
accuracy of the numerical results, grid independence 
validation is performed. A total of 11 grids are verified, 
among which the Grid 1–5 are used to verify the grid 
independence of main flow and the Grid 6–11 are used to 
verify the grid independence of gap flow. 

The grid number and the simulated turbine stage 
efficiency of Grid 1–5 are shown in Table 3. Fig. 3 shows 
the effect of grid number in main flow region on turbine 
stage efficiency. When the number of grids reaches 2.72 
million, the turbine stage efficiency no longer changes 
significantly with the increase of grid number. 
Considering the accuracy of simulation and the effective 
use of computing resources, the grid with 2.72 million 
(Grid 3) is selected. 

 

 
 

Fig. 2  Sketch of computational grid 
 

Table 3  Total numbers and simulation results of varied grid  

 Grid 1 Grid 2 Grid 3 

Total number/106 2.04 2.36 2.72 

Turbine stage efficiency 87.27% 87.25% 87.23% 

 Grid 4 Grid 5  

Total number/106 3.05 3.37  

Turbine stage efficiency 87.24% 87.23%  

 

 
 

Fig. 3  Influence of total grid number on turbine stage 
efficiency 

 

In addition, because the research object is mainly 
tip-leakage flow, the radial grid number in the rotor tip is 
analyzed and determined. The six cases of different gap 

grid density are calculated in the turbine with flat tip. The 
grid distribution of each case is shown in Table 4. 

A comparison of tip-leakage flow rate of Grid 6–11 is 
shown in Fig. 4. As the data show, with the increase of 
grid number, the difference of tip-leakage flow rate 
between two adjacent cases decreases gradually. When 
the number of radial grids in the gap is more than 31, the 
differences of tip-leakage flow rate are less than 0.06%, 
which can be ignored. Therefore, it can ensure the 
accuracy of the numerical results and save the 
computation cost as much as possible to determine the 
radial grid number in the gap as 31. 

 
Table 4  Cases of varied mesh allocation 

 
Axial×Tangential×Radial Total Number

/106 stator Rotor (gap) 

Grid 6 

156×40×56

214×43×90 (13) 2.39 

Grid 7 214×43×96 (19) 2.57 

Grid 8 214×43×102 (25) 2.74 

Grid 9 214×43×108 (31) 2.92 

Grid 10 214×43×114 (37) 3.10 

Grid 11 214×43×120 (43) 3.28 

 

 
 

Fig. 4  Influence of local grid density of blade tip on 
tip-leakage flow rate 

3. Results and Discussion 

3.1 Evaluation and comparison of aerodynamic 
performance 

In this study, the tip-leakage loss is estimated by the 
difference between the entropy increase in the rotor 
passage under the gap condition and the gapless 
condition. Tip-leakage loss is composed of the mixing 
loss outside the gap and the internal loss of the gap 
measured by the entropy increase at the inlet and exit of 
the gap. The loss of each part can be expressed as: 

tip passage 2 passage_notip 2_notip notipY m T s m T s        (1) 

tip_inner leakage tip tipY m T s            (2) 
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tip_outer tip tip_innerY Y Y            (3) 

The dimensionless loss coefficient , which is used for 
comparison, is defined as the ratio of the loss to the total 
loss of the rotor passage without gap. The aerodynamic 
performance parameters of each case are shown in Table 5. 

 

Table 5  Comparison of aerodynamic performance parameter 

Number  
leakage

passage

m

m




 tip_inner tip_outer tip 

Case 1 87.23% 2.36% 3.20% 26.30% 29.5%

Case 2 87.49% 2.03% 3.76% 21.26% 25.0%

Case 3 87.57% 1.92% 3.90% 19.96% 23.9%

Case 4 87.59% 2.05% 4.02% 19.79% 23.8%

Case 5 87.56% 2.09% 3.75% 20.75% 24.5%

Case 6 87.67% 1.93% 4.15% 18.61% 22.8%

 
The difference in turbine stage efficiency of each case 

in Table 5 shows that the squealer tip can improve the 
turbine stage efficiency by 0.26% compared to the flat tip. 
However, the turbine stage efficiency increase caused by 
the geometric optimization based on the conventional 
squealer tip is smaller. Both the inclined pressure side 
squealer rim and the widened suction side squealer rim 
can increase the turbine stage efficiency by about 0.1%. 
According to the loss components of Case 1, Case 2, 
Case 3, and Case 6, it can be found that as the turbine 
stage efficiency increases, the internal loss of the gap 
gradually increases, while the external loss of the gap 
decreases, and the total tip-leakage loss shows a 
downward trend. It can be seen that the squealer tip 
reduces the mixing loss between tip-leakage flow and the 
mainstream by increasing the mixing inside the gap. 

3.2 Influence of inclined pressure side squealer rim on 
tip-leakage flow 

Omega method is very helpful to capture both strong 
and weak vortices and analyze the vortex structures in 

turbine rotor passage comprehensively [34]. Fig. 5 shows 
the vortex structures of Cases 1–3 inside the cavity 
identified by the Omega method [35], and the vortex 
structures are colored with the streamwise vorticity (the 
component of vorticity along the flow direction). The 
evolution of vortex structures, such as SV and PSCV, of 
the squealer tips (Case 2 and Case 3) are similar. 
However, there is only a less obvious scraping vortex 
structure in the flat tip. Compared with Case 2, the size 
of the SV in Case 3 is larger, and this phenomenon is 
especially obvious near the trailing. In addition, the 
PSCV in Case 3 has been significantly suppressed, which 
is conducive to obtaining greater development space for 
the SV. 

Based on the previous work of our research team [22], 
the flow structures of squealer tip inside the cavity can be 
summarized into four typical two-dimensional flow 
topologic structures, as shown in Fig. 6(b). The effective 
control of the squealer tip on the tip-leakage flow mainly 
depends on the B & C-type flow topologic structures. 
The blocking effect of C-type flow structure on 
tip-leakage flow is particularly prominent. In the range of 
C-type flow structure, the SSCV gradually disappears, 
and the range of the PSCV gradually expands. The SV, 
which plays the role of aero-labyrinth seal, moves to the 
suction side squealer rim (SSSR), resulting in the effect 
similar to reduction of the gap between the teeth of the 
labyrinth sealed structure, thereby better blocking the 
tip-leakage flow. 

The velocity vectors and Mach number distributions at 
the sections of 83% and 90% streamwise position in the 
Case 2 and Case 3 are shown in Fig. 7. At the 83% 
streamwise position, the PSCV of the conventional 
squealer tip occupies most of the space inside the cavity, 
which caused the size of the SV to be suppressed and 
forced the SV to move to the SSSR. Therefore, the flow 
topologic structure tends to be C-type. Different from 
Case 2, the PSCV of Case 3 is smaller, and the SV is 
located in the middle of the cavity, and the flow topologic  

 

 
 

Fig. 5  Comparison of vortex structures in the gap 
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Fig. 6  Vortex structures and topologic structures inside the cavity 
 

 
 

Fig. 7  Mach number and velocity vector distribution ((a) Case 2; (b) Case 3) 
 

structure tends to be B-type. As the vortex structures 
develop downstream, the SV of the conventional squealer 
tip has disappeared at 90% streamwise position, and the 
flow topologic structure is D-type, which means that the 
blocking effect of the vortex structure inside the cavity 
on the tip-leakage flow is weakened sharply. However, 
the SV in Case 3 is right next to the SSSR, and the flow 
topologic structure is C-type. It is clear that the 
evolutionary difference of the SV in Case 2 and Case 3 is 
affected by the evolution of PSCV. 

Another significant flow characteristic in Case 3 is 
that the separation bubble at the top of the pressure side 
squealer rim (PSSR) becomes larger. At the two sections 
of different streamwise positions shown in Fig. 7, the 
incident of the airflow at the gap inlet in Case 3 is 
significantly larger than that in Case 2, and a larger 
separation bubble is formed, which causes the tip-leakage 
flow to flow into the cavity at a larger incident, and the 
PSCV is weakened accordingly. Therefore, the inclined 
pressure side squealer rim enhances the blocking effect 
on the tip-leakage flow by increasing the incident of the 
tip-leakage flow at the inlet of the gap, suppressing the 
PSCV, and expanding the development space of the SV. 

The blocking effect of the vortex structure in the gap 

on the tip-leakage flow will be reflected in the 
distribution of the aerodynamic parameters of the  
tip-leakage flow at the gap exit, and finally affects the 
mixing loss caused by tip-leakage flow and main flow. 
According to the previous work of our research team [22], 
the mixing loss between tip-leakage flow and main flow 
can be estimated by: 

   22leakage
n t passage

passage

0
m

T s V V V
m

       




   (4) 

The influence of the leakage flow rate and the velocity 
on mixing loss are comprehensively represented by 
momentum. Therefore, Fig. 8 shows the tip-leakage flow 
rate and momentum distributions along the streamwise 
direction at the gap exit. There are clear valleys in the 
tip-leakage flow rate and momentum distributions of the 
squealer tip at the 85%–95% streamwise position, and 
the location of the valley in Case 3 is slightly 
downstream than that of Case 2. The valley is caused by 
the sharp decrease in the blocking effect of the vortex 
structures inside the cavity on the tip-leakage flow due to 
the SV flowing out of the gap. The backward shift of the 
valley means that the position of the outflow gap of the 
SV in Case 3 moves slightly downstream, and the range 
of the SV exerting its blocking effect is relatively large. 
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Fig. 8  Comparison of aerodynamic parameters distribution at the gap exit along the streamwise direction 
 

 
 

Fig. 9  Distribution of local entropy production in Case 2 and Case 3 
 

The local loss can be measured by the local entropy 
production which can be expressed as [36]: 

''' t
,local 2 2

2

g
i i i i

ij ij

T T T T
S

x x x xT T

s s k

T T

 


 

   
 

   

 



      (5) 

where λ is the thermal conductivity; αt and α represent 
the turbulent thermal diffusivity and the thermal 
diffusivity respectively; ω is the turbulent eddy 
frequency; k is the turbulent energy, and β=0.09. 

The local entropy production distributions for Case 2 
and Case 3 are shown in Fig. 9. The local entropy 
production caused by the mixing between tip-leakage 
flow and the mainstream in Case 2 and Case 3 are 
significantly different in zone A, which corresponds to the 
position of the difference in the aerodynamic parameters 
of the tip-leakage flow at the gap exit. It can be seen that 
Case 3 can effectively reduce the tip-leakage loss by 
strengthening the blocking effect on the leakage flow. 

3.3 Influence of squealer width on tip-leakage flow 

As shown in Table 5, compared with Case 3, the 
aerodynamic performance of the turbine stage in Case 4 
and Case 5 have no significant change, while the turbine 

isentropic efficiency of Case 6 has improved by 0.1%. 
After the SSSR are widened, the internal gap loss 
coefficient is increased by 0.25% compared to Case 3, 
while the external mixing loss is reduced by 1.35%. 

Fig. 10 shows the evolution of the SV inside the gap in 
four cases with different squealer width. Changes in the 
squealer width lead to corresponding changes in the 
cavity width, and the evolution of the vortex structures 
inside the cavity is more obviously limited by the 
circumferential space. In Fig. 10(a), the SV bifurcates and 
merges in the middle and rear sections of the cavity. From 
the distribution of the streamwise vorticity, the strength 
of the branch near the SSSR of the SV is relatively small, 
and its entrainment effect on the tip-leakage flow is 
weaker. With the increase of the squealer rim width, the 
bifurcation of the SV becomes less obvious, and the SV 
is closer to the SSSR. It can be seen from Fig. 10(b)–(c) 
that with the increase of the PSSR width, the separation 
bubble at the top of the PSSR increases. In addition, the 
SV is far from the PSSR, and the position of the SV 
outflow the gap is shifted upstream, and the ranges of the 
B&C-type flow topologic structures that can effectively 
block the tip-leakage flow are limited. Different from 
Case 4 and Case 5, as the SSSR widen, the distance 
between the SV and the PSSR in Case 6 has no significant 
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change. Therefore, although the cavity width is reduced, 
the SV still has sufficient circumferential development 
space near the trailing edge of the cavity, which also 
ensures that the SV has a larger range in the streamwise 
direction. In addition, the SV in Case 6 is stronger, to a 
certain extent, which is conducive to enhancing the 
entrainment effect of the SV on the tip-leakage flow, and 
the leakage flow can be blocked better. 

Fig. 11 shows the tip-leakage flow rate and 
momentum distributions along streamwise direction with 
varied squealer width conditions. There are valleys in the 
tip-leakage flow rate and momentum distributions of 
Case 3 and Case 6 near the 90% streamwise position, 
while the valley of Case 5 is located near the 83% 
streamwise position. In order to analyze the cause of the 
valleys formation in depth, Fig. 12 shows the tangential 
velocity vector and Mach number distributions at the 
83% and 90% streamwise positions. The Omega contours 
without band, which are conducive to analyzing the 
evolution of the vortex structures such as the SV, the 
PSCV and the SSCV, are also given in Fig. 12. 

It can be seen from Fig. 11(a) that at the 83% 
streamwise position, the tip-leakage flow rate of Case 5 

drops sharply, and then rises sharply at a slightly 
downstream position. In conjunction with Fig. 12(a), it 
can be found that there is no cavity in Case 5 at the 83% 
streamwise position, but there is a low Mach number area 
near the gap exit. This is because the cavity in Case 5 
ends near the 83% streamwise position and the 
low-energy fluid with low velocity in the cavity flows out 
from the suction side close to the top of the blade. At the 
slightly downstream position, the tip-leakage flow is 
mainly the flow from the pressure side to the suction side 
with large speed, and the tip-leakage flow rate rises 
rapidly. At the 83% streamwise position, there are also 
obvious SV in the cavities of the other three cases. The 
SV in Case 4 is about to flow out of the gap, and the 
PSCV occupies most of the space inside the cavity. 
Comparing with Case 3, it can be found that the flow 
separation at the top of the PSSR in Case 4 is changed 
from open separation to closed separation. The incident 
of the tip-leakage flow into the cavity is small, and it is 
easy to form a larger size PSCV. The size of the SV in 
Case 6 is larger in the circumferential and radial 
directions, which has a stronger entrainment and blocking 
effect on the tip-leakage flow compared with Case 3. 

 

 
 

Fig. 10  Comparison of SV in cases with different squealer width 
 

 
 

Fig. 11  Distributions of parameters at the gap exit along the streamwise direction 
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The Omega contours without band at the 90% 
streamwise position indicate that there is no longer a SV 
in the gap of Case 5, and the blocking effect on the 
tip-leakage flow has dropped sharply. With reference to 
Fig. 10(a) and Fig. 12(b), it can be known that the SV 
inside the cavity still maintains large and strong in Case 3 
benefitting from the large cavity width. Therefore, at this 
streamwise position, Case 3 can still maintain good 
sealing performance and effective block effect on the 
tip-leakage flow. There is a small-sized SV with high 
intensity inside the cavity of Case 6. The SV and the 
double side squealer rims make up an interlocking 
labyrinth sealing structure, which is conducive to the 
formation of the open separation at the top of the SSSR, 
and the reduction of the effective flow area at the gap exit, 
and thus reduce the tip-leakage flow rate. 

The entropy increase characterizes the local losses and 
losses transported from upstream to local and can be 
expressed as: 

ref ref

ln lnp
T p

s C R
T p

             (6) 

where Cp is the specific heat capacity at constant pressure, 
and the mass-weighted average pressure and temperature 
at the rotor inlet are taken for reference pressure pref and 
reference temperature Tref, respectively. 

Fig. 13 shows the distribution of limiting streamlines 
and the entropy increase caused by tip leakage vortex. At 
the 80% of axial chord, there is no significant difference 
among the entropy increase distributions of four cases, 
which indicates that the difference in the tip-leakage flow 
aerodynamic parameters upstream of the 80% of axial 
chord has not significantly affected the loss. At the 90%  

 

 
 

Fig. 12  Comparison of Mach number and velocity vector distribution (the contours without band: vortex structures identified by 
Omega method ) 

 

 
 

Fig. 13  Comparison of skin friction lines and entropy increase distribution 
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of axial chord, the entropy increase of Case 6 is 
significantly smaller than that of other examples, while 
the entropy increase of Case 4 and Case 5 is slightly 
higher than that of Case 3. According to the parameters 
distributions of the tip-leakage flow of each case in Fig. 
11, it is clear that the reduction of the tip-leakage flow 
rate and momentum near the trailing edge can effectively 
reduce the entropy increase caused by tip leakage vortex. 

In summary, the increase of the PSSR width will 
decrease the incidence angle of the tip-leakage flow 
when it enters the cavity, enhancing the PSCV, and 
suppressing the development space of the SV, which is 
not conducive to blocking the tip-leakage flow. The 
increase of the SSSR width will not have a significant 
effect on the PSCV, but will push the SV closer to the 
SSSR, which can expand the range of the C-type flow 
structure, suppress the tip-leakage flow and reduce the 
tip-leakage loss. 

4. Conclusion 

In this paper, a single-stage transonic high pressure 
turbine with squealer tip is taken as the research object. 
The influence of squealer geometry parameters, such as 
the inclined pressure side rim and squealer rim width, on 
tip-leakage flow is studied. Based on the analysis of the 
vortex structure evolution in the gap, the distribution of 
aerodynamic parameter at the gap exit and the 
aerodynamic performance parameter of the turbine, the 
influence mechanism of these geometric parameters on 
the tip-leakage flow are summarized. The main 
conclusions are as follows: 

(1) The C-type flow structure and the open separation 
at the top of the suction side squealer rim are the key 
structure to reduce tip-leakage flow rate and momentum. 
The scraping vortex plays the role of aero-labyrinth seal, 
and forms interlocking sealing labyrinth structure with 
the rims on both sides. The scraping vortex is close to the 
suction side squealer rim, which leads to the formation of 
the C-type flow structure. Similarly, the gap between the 
teeth of the labyrinth sealed structure is reduced and the 
sealing effect is stronger. The open separation 
phenomenon at the top of the suction side squealer rim is 
also formed under the influence of the C-type flow 
structure, which can reduce the effective flow area at the 
gap exit and thus control the tip-leakage flow rate.  

(2) The inclined pressure side squealer rim can 
effectively increase the size of the scraping vortex by 
suppressing the pressure side squealer corner vortex, 
thereby increasing its blocking effect on the tip-leakage 
flow. The inclined pressure side squealer rim increases 
the incident of the tip-leakage flow at the gap inlet, and 
the pressure side squealer corner vortex is suppressed. 

Development space of the scraping vortex is expanded, 
and the position of the scraping vortex out of the gap is 
moved to downstream, which expand the control range of 
the C-type flow structure, thereby effectively enhancing 
to its blocking effect. 

(3) The increase of the suction side squealer rim width 
can effectively reduce the tip-leakage loss, while the 
increase of the pressure side squealer rim width has no 
obvious influence on the aerodynamic performance of the 
turbine. The suction side squealer rim enhances the 
blocking effect of the flow structure C on the tip-leakage 
flow by reducing the cavity width. The increase of the 
pressure side squealer rim width makes the open 
separation evolve into a closed separation at the top of 
the rim, increasing the size of the pressure side squealer 
corner vortex, reducing the circumferential and radial 
dimensions of the scraping vortex, and reducing the 
control range of the scraping vortex. 
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