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ABSTRACT 

In an unshrouded high-pressure turbine, tip leakage flow 
causes a loss of efficiency. The loss mechanisms of tip leakage 
flow were investigated mostly with steady incoming flows in 
previous studies. This paper will investigate the aerodynamic 
performance of the tip leakage flow in a turbine stage by 
solving Unsteady Reynolds-Averaged Navier-Stokes 
(URANS) equations. The unsteady results are also compared 
with results obtained by the steady simulation. Cases without 
rotor tip clearances are also simulated to understand the entropy 
generation due to the tip leakage flows.  

The unsteady effects of the incoming vortex on the tip 
aerodynamic performance is found to be different from its 
effects on the hub region, where loss was considered to increase 
with incoming vortex. The tip leakage loss reduces due to the 
unsteady interaction of the incoming casing vortex and the flow 
near the rotor tip. In the steady calculation, tip leakage vortex 
breakdown occurs. The unsteady results show that the stator 
casing vortex tends to increase the minimum pressure at the 
center of the tip leakage loss core. As a result, the vortex 
interaction suppresses this vortex breakdown, thus reducing the 
loss. Without the tip clearance, vortex breakdown no longer 
occur near the tip with steady calculation. As a result, the 
unsteady effects of incoming vortex increases the loss. The 
time-averaged entropy generation of unsteady tip leakage 
vortex is 18% less than the loss in the steady case. 
 
INTRODUCTION 

In an unshrouded high pressure turbine, the pressure 
difference between the blade pressure side and the suction side 
drives the leakage flow across the tip gap between the rotor 
blade and the casing. The tip leakage flow is an important 
source of loss, which could account for as much as one-third of 
the losses in a turbine stage (Schaub et al. [1]). The pressure at 
the center of the tip leakage vortex is relatively low. Due to the 
adverse pressure gradient along the streamwise direction, the 
flow at the center of the vortex tends to reverse, which could 
lead to vortex breakdown. Vortex breakdown is considered as 
the detrimental loss of rotor tip leakage vortex (Huang et al. [2] 
and Gao et al. [3]). 

Many studies aims to reduce the tip leakage loss. However, 
most understanding of the tip leakage flow is based on models 
with the steady inlet conditions, e.g. Key [4], Schabowski[5], 
Camciet et al.[6], Zhou et al. [7] and Zhang et al. [8]. In a 
turbine, the upstream blade row passes periodically relative to 
the downstream blade row, so the flow is inherently unsteady. 
The understanding of the effects of periodic unsteadiness on the 
flow field can result in an improvement of the turbine design 
(Denton [9]). 

Quite a few studies investigates the effects of unsteadiness 
in the past two decades, e.g. Binder [10], Sharma et al. [11] and 
Dunn [12]. Based on the location, the effects of unsteadiness 
can be roughly classified as: 1. the region in the middle span 
blade surface where the blade-to-blade interaction and wake-
blade interaction accounts; 2. the region near the blade hub 
where hub corner vortex plays an important role; 3. the region 
near the tip and casing where tip leakage flow dominates.  

The effects of wake-blade interaction has been intensively 
investigated. Hodson [13] was among the first to utilize the 
upstream periodic wakes to control bypass transition and flow 
separations over the turbine blade. This mechanism can be used 
to increase the turbine loading with little aerodynamic penalty 
(Hodson and Howell [14]).  

The vortex interaction near the hub region was studies in 
many works like Jenny et al. [15] and Schlienger et al. [16]. 
Pullan[17] suggested that the flow patterns depended on the 
specific design of the turbine, and the vortex interaction could 
be different for different turbines. The incoming vortex from 
the upstream stator interacts with the hub corner vortex in the 
rotor periodically, which was found to increase the loss of 
turbine. The unsteady loss is generated due to the extra shear 
stress in the rotor passage. Chaluvadi et al. [18][19] and 
Yoon[20]showed that unsteadiness simulation resulted in 
higher loss than that of the steady calculation.  

The effects of the periodic unsteady interaction between 
the incoming stator passage vortex and the downstream rotor 
tip leakage vortex are less studied. Such interaction can cause 
complex flow physics, which is not well understood. 
Zeschky[21] mentioned that tip leakage vortex was only 
slightly affected by the passing stator wakes. Volino et al. [22] 
used Particle Image Velocimetry (PIV) to investigate the effects 



 

 

of the upstream bar wake on the tip leakage flow in a cascade. 
They found that the effects of the unsteady wake were small. 
These studies actually investigated the wake-vortex interaction, 
which cannot represents the vortex-vortex interaction near the 
rotor tips. In Liu et al. [23], where the main focus is mainly on 
the unsteady effects on the tip heat transfer in a turbine stage, 
they found significant pressure variation at the 95% radial span 
of the blade. This shows that the vortex-vortex could result in 
noticeable effects on the flow physics of the tip leakage flow. 
However, it is still not clear the flow physics of the vortex-
vortex interaction in the tip region of the rotor tip and its loss 
mechanism.  

The current work aims to understand the effects of 
periodic unsteadiness on the aerodynamic performance of the 
tip leakage flow in a high-pressure turbine stage. The analysis 
focus on the flow physics due to the unsteady vortices 
interaction between the incoming stator casing vortex and the 
tip leakage vortex. Based on the flow physics, the loss 
mechanisms are discussed. 
 
NUMERICAL METHODS 
Geometry and Mesh  

The subsonic high-pressure turbine stage used in this 
study is shown in Fig. 1. The entire computational domain 
consists of a stator domain and a rotor domain. The ratio of 
stator blade number and rotor blade number is 1:2. The rotor 
blade is twisted and has a flat tip geometry. 
    The boundary condition for the turbine stage is 
representative for engine operation. The total to static pressure 
ratio for the stage is 2.95 and the relative Mach number at the 
rotor exit is 0.83. The Reynolds number based on the axial 
chord is 1.5×106. The tip gap between the rotor tip and the 
casing is 1% of span. The reduced frequency fr based on the 
rotor axial chord is 0.48. In the steady calculation, the mixing 
plane model is used on the interface between stator domain and 
rotor domain. For unsteady calculation, sliding mesh is adopted 
at the interface. Two setups with 24 and 48 time steps are used 
for one stator-passing period time . The difference of time-
averaged loss over one stator passing period between the two 
cases is less than 0.1%. The setup with 48 time steps will be 
used for analysis in this paper.  

The computational mesh is generated by commercial 
software ICEM CFD with hexahedron grids. O-grid is used 
around the blade surface. The averaged y+ on the blade surface 
is 1.6 and the maximum y+ on the wall surface is less than 5. 
The growing ratio of the mesh is less than 1.3.  

Mesh sensitivity is conducted with study RANS as shown 
in Fig. 2. The turbine stage efficiency changes less than 0.2% 
as the overall grid number changes from 7.2 million to 11.0 
million. The overall mesh size of 10.3 million is used for the 
following analysis. The mesh on the cut plane of 0.5Cx in the 
rotor domain is shown in Fig. 3. Within the tip clearance, 34 
grids are used. The mesh near the trailing edge is also shown in 
Fig. 3. 

The case is considered converged when the change of root 
mean square of entropy rise for extra 2000 iterations over the 
cut plane of 1.5Cx is less than 0.1% the steady calculation. For 
the unsteady calculation, the difference of the time-averaged 
entropy over the same cut plane for two continuous stator-
passing periods is less than 0.1% when the case is converged. 

 

 
Fig. 1 Computational Domain with a Rotor Flat Tip 

 

 
Fig. 2 Mesh Sensitivity Study 

 

 
Fig. 3 Mesh on the Cut Planes of 0.5Cx and Near Trailing 

Edge 
 
Turbulence Models and Validation 

The commercial solver FLUENT is used to solve the 
steady and unsteady RANS equations. The turbulence model 
used in the current study is a two-equation shear stress transport 
model (Mentor [24], Smith [25]). 2nd order scheme with 
implicit solution method is used for discretizing the URANS 
equations.  

Because there is no available unsteady experimental data 
of the current turbine, a transonic turbine cascade were 
simulated for the purpose of CFD validation. The experimental 
setup of Zhang et al. [26] is adopted. The exit Mach number 
equals 1.0 and the Reynolds number based on the axial chord 
is 1.27×106. The tip gap is 1.5% of the span. The isentropic 
Mach number is defined related to the static pressure.  

Fig. 5 shows that the predicted static pressure along the 
blade well agrees with the experiment. Fig. 6 shows the heat 



 

 

transfer coefficient on the tip surface shows similar effects of 
the flow physics within the tip gap.  

The ability of CFD tool in prediction the unsteady flow 
physics is also validated based on the detailed unsteady 
measurement of T106C cascade, which can be found in Zhou 
[27]. The CFD tool can well simulate the unsteady flow 
physics, such as the transportation of the wakes and the 
development of turbulence kinetic energy. 

 

 
Fig. 4 Isentropic Mach Number Distribution along the 

Blade Middle Span and Near the Tip Region 
(Experimental Data from Zhang et al. [26]) 

 

 
(a) Experiment           (b) CFD 

Fig. 5 Heat Transfer Coefficient (W/m2K) on the Blade Tip 
by (a) Experiment (from Zhang et al.[26]) and (b) CFD 

 
RESULTS AND DISCUSSION 
Steady Results 

The loss is expressed in terms of entropy, which is defined 
as:  

ln( ) ln( )ref p
in in

T p
s s s c R

T p
     	 	 Eq. 1 

Fig. 6 shows the entropy increase across the stage obtained 
with steady RANS method (SF) and Unsteady RANS method 
(UF). The magnitude of the entropy increase is normalized by 
the entropy increase when the flow exit the rotor of SF case is 
mixed-out. The red line represents the time-averaged unsteady 
entropy increase of UF along the axial chord. The variation of 
the local entropy is also indicated for the unsteady results. The 
entropy increase in the stator passage is similar for the steady 
and the unsteady simulation. For the unsteady simulation, a 
sudden increase of the entropy does not occur on the domain 
interface because the upstream flow passes smoothly across this 
interface. The time-averaged entropy generation in the 
unsteady calculation is lower than that in steady calculation 

across the rotor domain, which indicates that the unsteady 
interaction suppresses the loss developed in the rotor domain. 

For the unsteady results, Fig. 6 shows that the variation of 
the entropy with time is small across the stator domain. In the 
gap between the stator and the rotor, the entropy varies due to 
the unsteady pressure distribution as the blade passes 
periodically. As suggested by Binder [10], the effects of the 
pressure field decays quickly downstream of rotor leading 
edge.  

From the 0.3Cx to downstream, the unsteady loss 
variation is significant, mainly due to the transportation of the 
incoming vortices (including wakes) and its interaction within 
the rotor passage. The tip leakage flow and the endwall 
secondary flow have a large effect on the flow field. The 
following paper will focus on unsteady interaction of the flow 
near the rotor tip region. 

 

 
Fig. 6 Entropy Variation along Axial Direction for ‘SF’ 

and ‘UF’, Normalized by the Mixed Out Entropy in ‘SF’ 
 

In the SF case, the limiting streamline on the rotor suction 
surface is shown in Fig. 7(a). The distribution of entropy are 
shown on four cut planes, which are perpendicular to the 
suction surface as SP60, SP65, SP75 and SP85. Only the area 
with entropy higher than 60 Jkg-1K-1 is shown. The tip leakage 
flow cause an area of high entropy. The low kinetic energy flow 
in the boundary layer on the casing is driven by the pressure 
gradient in the blade passage and rolls up forming the 
secondary passage vortex. Due to the scraping effect of the 
casing motion, the shear stress also contributes the secondary 
flow. The separation line ‘A’ and reattachment line ‘B’ are 
shown in Fig. 7(a). When the main flow convects downstream, 
the tip leakage flow develops and entropy rises. In the center of 
vortex core, the pressure induced by the streamwise vortex 
reduces so that the flow suffers adverse pressure gradient, 
which decelerates flow. On planes of SP65, SP75 and SP85, 
negative velocity along the streamwise direction occurs as 
circled by the black lines. On SP65, the flow at the center of the 
tip leakage vortex starts to reverse, which causes vortex 
breakdown. The reversed flow region significantly enhances 
flow mixing, thus increasing loss. When the vortex convects 
downstream, the area of vortex breakdown increases because 
of the adverse pressure gradient as the main flow diffuses.  

Fig. 7(b) shows the case of SNC, where the size of the tip 
gap is set as zero. For the SNC, only the secondary passage 
vortex loss can be identified near the tip, which is smaller than 
that in the SF case. This suggests that near the tip, the passage 



 

 

vortex and the tip leakage vortex induce and enhance each 
other.  

The streamwise vorticity overlaid by vortex breakdown 
region is shown in Fig. 8. The vorticity magnitude of the 
passage vortex in the SF case is much larger than that of the 

SNC. The strong positive vorticity at the center of the tip 
leakage vortex coincides with high entropy rise. However, at 
the SP75, the vorticity magnitude is lower than that at the SP65. 
This is because the large vortex structure breaks down into 
small scales to balance the adverse pressure gradient.  

 

 
(a) SF case                 (b) SNC case 

Fig. 7 Limiting Streamlines on Suction Surface and Entropy Rise (Jkg-1k-1) for ‘SF’ and ‘SNC’ 
 

         
(a) SF case                 (b) SNC case 

Fig. 8 Limiting Streamlines on Suction Surface and Streamwise Vorticity for ‘SF’ and ‘SNC’ 
 

The leakage loss is defined as the difference of the integral 
entropy over the same cut plane between the SF and SNC cases. 
The entropy rate of tip leakage loss is then defined as the 
entropy generation per unit length along the axial direction, as 
shown in Fig. 9. It increases rapidly downstream of 0.7Cx 
where the vortex breakdown just occurs. The maximum of loss 
rate occurs at 0.88Cx plan where the largest turbulent shear 
stress occurs.  Axial cut plane surfaces are divided at middle 
span to access the loss near the tip (Half Casing) and the hub 
(Half Hub). Near the rotor hub, Fig. 10(a) shows that both the 
SF case and SNC case have the similar loss rate distribution. In 
Fig. 10(b), the SF case has the larger entropy rate from 0.5Cx 
and the sharp peak loss rate near the trailing edge than that of 
the SNC. This large entropy rate is caused by the tip leakage 
vortex breakdown from 0.7Cx to trailing edge.   

Fig. 9 Tip Leakage Loss per Unit Length (JK-1) Along 
Axial Direction 

 



 

 

 
(a) Half Hub          (b) Half Casing 

Fig. 10 Entropy Rise Rate (JK-1) for Two Passages 
 
Unsteady Results 

The analysis with steady simulation shows that the tip 
leakage vortex breakdown significantly increases the entropy 
generation. The following analysis based on the unsteady 
simulation will show and explain that the unsteady vortex 
interaction suppress the vortex breakdown, which is 
aerodynamically beneficial. 

Fig. 11 shows entropy contour at six equal time spaced 
instants. The surfaces from the upstream to downstream are 
SP60, SP65, SP70, SP75, SP80 and SP85, which are 
perpendicular to the suction surface side. Only the entropy 
contour above 60 Jkg-1K-1 is shown. The dark lines circle the 
regions with negative streamwise velocity representing the 
reversed flow. The loss associated with the tip leakage flow 
varies significantly when the upstream stator passage vortex 
passes. 

In the steady case SF, the vortex breakdown occurs at the 
SP65. But in the unsteady case UF, vortex breakdown was 
pushed downstream due to the unsteady vortex interaction. At 
/ =2/48, the upstream stator casing passage vortex starts to 

interacts with the tip leakage vortex at the plane SP60. This 
reduces the entropy generation in the tip leakage vortex at this 

plane. Meanwhile, at / =2/48, the occurrence of vortex 
breakdown appears at the SP75.  

At the next time instant of / =10/48, the stator passage 
vortex convects downstream to SP70, and the entropy 
generation of the tip leakage vortex reduces. The vortex 
breakdown is pushed further downstream to the SP85. The 
effects of incoming vortex is similar at the next time instant of 
/ =18/48. 

After / =26/48, the vortex originates from the stator 
travels to a location downstream of SP85, and its effect on the 
suppression of the tip leakage vortex breakdown reduces. The 
tip leakage vortex grows stronger and the vortex breakdown 
occurs at the SP70. At and / =34/48 and / =42/48, the 
vortex breakdown phenomena is similar to that obtained based 
on the steady simulation.  

In this entire period, the incoming vortex suppresses the 
tip leakage vortex breakdown for more than half of the period, 
which reduces the loss.  

In order to explore the mechanism for the suppression of 
the vortex breakdown, the flow pattern on the cut plane of 95% 
span at two typical time instants are presented in Fig. 12 and 
Fig. 13. Fig. 12 shows the entropy distribution, which is used 
to identify the location of the upstream vortices. This cut plane 
cuts across the center of the tip leakage vortex at 0.8Cx. At 
/ =10/48, the first incoming vortices passes across the cut 

plane of 0.8Cx, as shown by ‘1’. At time / =34/48, the first 
vortices convects downstream and the second vortices is still 
far away from the cut plane of 0.8Cx. 

The static pressure coefficient distributions at the same 
time instances are shown in Fig. 13. At / =10/48 (Fig. 13b), 
when the first upstream vortices is located near the cut plane of 
0.8Cx, the pressure in the tip leakage vortex is higher than the 
situation at time / =34/48 (Fig. 13b). In other word, the 
stator vortex reduces the streamwise adverse pressure gradient. 
So, the vortex breakdown due to the adverse pressure is 
suppressed.  

 
 

 



 

 

 
Fig. 11 Unsteady Resolutions of Entropy (Jkg-1K-1) in ‘SF’ on Six Planes: SP60, SP65, SP70, SP75, SP80 and SP85 
 

Unsteady simulation was also run for the case without tip 
clearance. The entropy different between the case with tip 
clearance gap and without tip clearance gap is used to indicate 
the loss due to the tip leakage flow. Fig. 15 shows the 
normalized entropy generation due to tip leakage flow. With 
periodic incoming flow, the entropy generation at the exit of 
the rotor varies significantly. The maximum entropy 
generation with unsteady flows is slightly higher than that of 
the steady case. The minimum entropy generation with 
unsteady incoming flow is about half of that with steady flows. 
The loss of tip leakage flow reduced by 18% due to the 
unsteady vortex interaction. 

 
(a) / =10/48  (b) / =34/48 

Fig. 12 Entropy (Jkg-1K-1) on the Cut Plane of 95% Span 
for Two Time Instants 

 
(a) / =10/48   (b) / =34/48 

Fig. 13 Static Pressure Coefficient on the Cut Plane of 
95% Span for Two Time Instants	

 
(a) / =10/48           (b) / =34/48 

Fig. 14 Streamwise Vorticity (s-1) on the Cut Plane of 
0.8Cx for Two Time Instants 

 

 
Fig. 15 Unsteady Tip Leakage Generation, Normalized by 

Mixed Out Entropy Generation in ‘SF’ Case 
 
 
CONCLUSIONS 

The current study investigates the unsteady effects of 
incoming stator vortex on the aerodynamic performance of the 
tip leakage in a high-pressure turbine stage. Both Reynolds-
Averaged Navier-Stokes (RANS) and Unsteady Reynolds-
Averaged Navier-Stokes (URANS) methods are used.  

The results obtained by the steady simulations show that 
the tip leakage vortex and the passage vortex induce and 
enhance each other in the rotor passage. Tip leakage vortex 
breakdown occurs as the main flow diffuses, which 
significantly increases the loss. 

The results of unsteady simulations shows that the 
upstream stator casing vortex suppresses the tip leakage vortex 
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breakdown. The incoming vortices increases the pressure 
within the tip leakage vortex core and reduces the streamwise 
adverse pressure gradient. When the stator vortex interacts 
with the tip leakage vortex, the tip leakage vortex breakdown 
is pushed further downstream and generates less entropy. On 
average, the tip leakage loss is reduced by 18% due to the 
effect of unsteady incoming vortex. 

The above conclusions is obtained based on the current 
turbine stage design. The results clearly shown that the 
unsteady vortex interaction can reduce the rotor tip leakage 
loss. In the future, turbines with better aerodynamic 
performance can be design by using the mechanism of vortex 
interaction.  
 
 
NOMENCLATURE  
Cx Rotor axial chord [m] 
Cp Static pressure coefficient [-] 
Cp0 Stagnation pressure coefficient [-] 
fr Reduced frequency,	fr f ∗ C /U ,  [-] 
m Mass flow rate per time[kg] 
p Static pressure [pa] 
P0 Total pressure [pa] 
R Gas constant [Jkg-1K-1] 
S Pitch [m] 
t Time [s] 
T Temperature [K] 
x Coordinate in x direction [m] 

Greek Symbols 
Δs Specific entropy [Jkg-1K-1] 

 Stator or bar passing period [s] 
  Entropy rise of tip leakage loss [JK-1] 

  Vorticity [s-1] 

Subscripts 
0 Stagnation parameter 
1 Inlet of domain 
2 Exit of domain 
in Inlet of stator domain 
s Streamwise direction 
x Axial direction 

Abbreviations 
SP60   Streamwise perpendicular surface located at 60%Cx 

at the suction surface side 
SF Steady case with Flat tip 
SNC Steady case with No tip Clearance 
TLV Tip leakage vortex 
UF Unsteady case with Flat tip 
UNC Unsteady case with No tip Clearance 
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