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ABSTRACT 
A domain scaled turbine stage model is built to simulate 

the unsteady flow of the first stage of E
3
 turbine. Commercial 

flow package CFX is used to solve the unsteady RANS 

equations with two-step time marching and SST two-

equation turbulence closure. Results show the moving path 

of upstream stator passage vortex through rotor passage. Like 

stator airfoil wake, the passage vortex sweeps over rotor 

endwall surface. The boundary layer flow close to rotor 

endwall is disturbed periodically. The flow turbulent kinetic 

energy is pulsating to increase the heat transfer over endwall 

surface. Along its path through rotor passage, upstream stator 

passage vortex is lifted off the endwall surface and dissipated 

in the mixing with rotor main flow which is responsible to 

the extra flow loss in the rotor passage.  Heat transfer 

coefficient on rotor endwall is increased evidently close to 

the blade leading edge due to the dual vortex cores 

interaction. In the aft half section, endwall heat transfer show 

little difference in comparison with steady flow case. 

INTRODUCTION 

Fluid flow and heat transfer on the cascade endwall are 

two critical aspects in the design of high pressure turbine 

components. In HP turbine, blade aspect ratio is relatively 

low. Effects of endwall flow on the main flow become 

dominant. In low aspect blade row, endwall surface provide 

the flow area equivalent to the blade surface. One the other 

side, pre-mixing combustion has low radial temperature 

difference along span and uniforms the gas temperature 

profile close to endwall. Final result is that the heat load on 

endwall is increased evidently in advanced gas turbine.  

Cascade endwall flow is complex because of its special 

features of complicated vortex features. Heat transfer on the 

endwall is strongly connected with the endwall flow 

structures. Passage vortex is visualized in a turbine cascade 

(Herzig, Hansen, et al, 1953). Langston proposed a horse 

shoe vortices through turbine cascade (Langston et al, 1980) 

and developed into a series secondary vortices models  

(Sieverding and Van, 1983; Sharma and Butler,1987; 

Goldstein and Spores, 1988; Wang, Olsen to al,1997). Well 

known mechanism is that inlet boundary layer separates 

before the blade leading edge into two legs of counter 

rotating vortices. The pressure side leg vortex moves across 

the passage and develops into the passage vortex which is 

responsible for the enhanced heat transfer regions on the 

endwall (Graziani et al,1980). It is showed that enhancement 

is related with the loading and inlet flow conditions 

(Friedrichs,1997).  

Unsteadiness in the relative rotor-stator movement is 

another important inherent feature in rotating turbine flow. 

Non uniform exit flow of upstream blade row, e.g. wakes, 

generates stator and rotor interaction and affects downstream 

blade row flow with pulsating inlet flow conditions. It is 

confirmed that the time averaged heat transfer coefficient on 

downstream rotor surface can be 20% higher than that in 

steady flow. The importance of unsteady loss emphasized in 

a turbine stage flow rather than steady one-row cascade 

model (Denton and Pullan,2012). Pullan showed that 

unsteady flow loss was 10% higher than the steady one and 

was attributed to the unsteady inlet disturbance on the 

development of rotor surface boundary layer and endwall 

vortex structure (Pullan,2006). Non uniform inlet pressure 

and temperature profile are defined and showed increased 

unsteady heat transfer on rotor endwall (Ameri and El-

Gabry, 2009). Schneider et al showed the influence of guide 



 

vane exit flow on the development of downstream rotor 

vortex flow (Schneider et al, 2014).  

This paper intends to build a CFD model to simulate the 

unsteady flow in the first HP stage of  E

turbine stage is scaled down to 2 stator passages coupled 

with 3 rotor passages. Special attention is focused on the 

interaction between the stator endwall and the rotor endwall 

flows. The effects of oncoming wake of upstream secondary 

flow have been numerically visualized to understand the 

endwall heat transfer in reality.  

 

COMPUTATION METHOD 
Turbine model and mesh  

The first stage of E
3
 high pressure turbine 

is modeled to investigate the unsteady rotor endwall flow and 

heat transfer. The designed turbine is composed of 46 guide 

vanes and 76 blades. Domain scaling is used to reduce the 

unsteady flow computation cost. Numerical model is scaled 

to 2 guide vanes and 3 blades. To maintain the rotor solidity, 

the blade chord is enlarged by 76/69. In order to ensure 

computation convergence, computation domain is 

upstream one stator chord and two rotor chords downstream. 

Rotor-stator interface is located at the mid axial gap and 

specified with sliding mesh coupling condition. 

All blade rows are meshed with commercial softwar

AutoGrid5 and shown as in Figure 1. Combined grid 

topology of 4H-O meshing is used on each blade s

section and extended along span. The first grid size normal to 

solid wall is fixed as 10
-3

mm to ensure y
+
 <1. 

Figure 1 Computational mesh 
 

Numerical solution and Boundary conditions

Flow computation is completed with commercial CFD 

software ANSYS CFX. Unsteady Reynolds averaged Navier 

Stokes is solved with shear stress transportation turbulence 

closure (Menter, 1994). Actual experiment conditions are 

used to specify inlet and outlet boundary conditions. Inlet 

total pressure, total temperature and exit static pressure are 

344.74kPa, 709K and 149.8kPa respectively. Blade wall is 

defined as iso-thermal and given constant temperature of 

500K. For steady flow, rotor-stator interface is treated as 

pitch averaged while for unsteady flow, transient lo

conservative transfer from upstream to downstream. 
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The effects of oncoming wake of upstream secondary 

flow have been numerically visualized to understand the 
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heat transfer. The designed turbine is composed of 46 guide 
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ion and Boundary conditions 

Flow computation is completed with commercial CFD 

ANSYS CFX. Unsteady Reynolds averaged Navier 

sportation turbulence 

. Actual experiment conditions are 

used to specify inlet and outlet boundary conditions. Inlet 

and exit static pressure are 

respectively. Blade wall is 

thermal and given constant temperature of 

stator interface is treated as 

pitch averaged while for unsteady flow, transient local 

conservative transfer from upstream to downstream.  

Since turbine stator and rotor are domain scaled, the 

time of 3 rotor blades passing 2 guide vanes is taken as the 

cycle time T=3.14×10
-4

s.  

 

Validation  

Four different quality meshes are used to 

solution dependence on grid number. Variations of nozzle 

efficiency (ηv) and rotor torque

Table 1. As grid points increase, the 

Solutions of two fine meshes are same in quantities. All 

results presented hereafter are obtained from fine mesh. 

Computation results are also compared with available 

experiment measure data. Fig

Mach number profiles on stator surface. Except some small 

discrepancies may be observed at the mid 

surface and 80% chord of suction surface, overall quality of 

numerical results are satisfying. 

Table 1 Grid independence

 
Grid points 

Nozzle Blade

Coarse 363 253

Medium 625 527

Fine 1163 968

Excellent 1711 1505

Figure 2 Isentropic mach number on the blade at 
hub 

RESULTS AND DISCUSSION

Figure 3 The rotor positions relative to guide vanes

 

Unsteady flow in rotor passage is investigated. Fig

shows the rotor positions relative to guide vanes. Since 2 

vanes are coupled by 3 blades, each blade undergoes two 

sub-periodic cycles within one calculated physical time step. 
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Since turbine stator and rotor are domain scaled, the 

time of 3 rotor blades passing 2 guide vanes is taken as the 

Four different quality meshes are used to check the 

solution dependence on grid number. Variations of nozzle 

and rotor torque (M) are compared as listed in 

Table 1. As grid points increase, the difference decreases. 

Solutions of two fine meshes are same in quantities. All 

resented hereafter are obtained from fine mesh.  

Computation results are also compared with available 

experiment measure data. Figure 2 shows the isentropic 

Mach number profiles on stator surface. Except some small 

discrepancies may be observed at the mid chord of pressure 

surface and 80% chord of suction surface, overall quality of 

numerical results are satisfying.  

Grid independence 

 (k) 
ηv 

M 

(N·m) Blade 

253 0.9571 26.3169 

527 0.9577 26.3658 

968 0.9586 26.3835 

1505 0.9588 26.3805 

 

mach number on the blade at 

AND DISCUSSION 

3 The rotor positions relative to guide vanes 

Unsteady flow in rotor passage is investigated. Figure 3 

shows the rotor positions relative to guide vanes. Since 2 

vanes are coupled by 3 blades, each blade undergoes two 

periodic cycles within one calculated physical time step. 
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One rotor blade (R1) moves from stator vane 1 

(S2), flow between R1 and R2 is visualized for analysis. 

 
Stator exit flow 

Flow pattern at the exit of stator trailing edge is the 

precondition to analyze the unsteady flow in rotor passage. 

The non-uniform flow field downstream of stator passage is 

the generating source of the unsteady rotor flow. Fig

shows the colored contour of total pressure loss downstream 

of stator at z/Cax,S=1.1 obtained at both steady and unsteady 

conditions. It is observed the blade wake from surface 

boundary layer and passage vortex core in the hub

corner. In Figure 4 also drew is the stream wise vorticity in 

dashed lines. Although the flow in stator is to some extend 

disturbed by the movement of downstream rotor, it i

potential interaction which has limited effect on upstream 

flow field. Steady flow solution is the same as the time 

averaged unsteady one except the passage vortex is lifted a 

small distance further from the hub wall.  

 

(a) steady (b) time

Figure 4 Total pressure loss downstream of 
stator at z/Cax,S=1.1 
 
Rotor inside flow 

Unsteady Flow field in rotor passage is extracted at 

several fractional time steps to demonstrate the variation due 

to the relative movement of rotor and stator. Fig

the turbulent kinetic energy (TKE) in colored contours and 

streamwise vorticity at three fractional periodic time steps . 

Three planes are inserted to show the flow at 

0.8Cax,R and 1.1Cax,R respectively. Dashed lines stand for 

negative vorticity and solid ones for the positive one. 

In this paper, the field it concentrates 

hub. The strength of passage vortex centre depicted by 

values is higher in time averaged unsteady solution than that 

of steady flow calculation. The increase component is 

regarded as the remaining of stator passage vortex entering 

rotor passage from the leading edge and suction side corner. 

It can be also observed in Figure 5(c) (d) (e) at time intervals 

that the passage vortex varies in TKE stren

way. At a time point t=0/6T, compared to the others, 

passage vortex approaches suction surface closer 

z=0.5Cax,R. It is caused by the incoming

vortex. As time passes by, the stator passage 
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One rotor blade (R1) moves from stator vane 1 (S1) to vane 2 

, flow between R1 and R2 is visualized for analysis.  

Flow pattern at the exit of stator trailing edge is the 

precondition to analyze the unsteady flow in rotor passage. 

m flow field downstream of stator passage is 

the generating source of the unsteady rotor flow. Figure 4 

shows the colored contour of total pressure loss downstream 

=1.1 obtained at both steady and unsteady 

blade wake from surface 

boundary layer and passage vortex core in the hub-suction 

4 also drew is the stream wise vorticity in 

dashed lines. Although the flow in stator is to some extend 

disturbed by the movement of downstream rotor, it is 

limited effect on upstream 

flow field. Steady flow solution is the same as the time 

averaged unsteady one except the passage vortex is lifted a 

 
time-averaged 

otal pressure loss downstream of 

Unsteady Flow field in rotor passage is extracted at 

several fractional time steps to demonstrate the variation due 

to the relative movement of rotor and stator. Figure 5 shows 

) in colored contours and 

streamwise vorticity at three fractional periodic time steps . 

Three planes are inserted to show the flow at z=0.5Cax,R, 

respectively. Dashed lines stand for 

vorticity and solid ones for the positive one.  

 on is the side of 

depicted by TKE 

values is higher in time averaged unsteady solution than that 

The increase component is 

regarded as the remaining of stator passage vortex entering 

rotor passage from the leading edge and suction side corner. 

5(c) (d) (e) at time intervals 

strength in periodic 

compared to the others, the 

approaches suction surface closer at 

is caused by the incoming stator passage 

the stator passage vortex flows 

downstream in the rotor passage. 

vortex at z=0.8Cax,R has moving far from endwall at 

compared to the previous time point. 

downstream of rotor at z=1.1

and wake are observed. It is 

passage vortex expand when the time goes to 2

TKE in the wake region varies during this time interval.

 

(a) steady 

(c) t = 0/6T 

(e) t = 2/6T 

Figure 5 The turbulent kinetic energy and stream
wise vorticity at three axial planes

 

Endwall friction coefficient
The endwall friction coefficient depends

of velocity, and thus the friction 

extent, can reflect the structure of vortices. Figure 6 shows 

0 2 4

x

in the rotor passage. For this reason, the passage 

moving far from endwall at t=1/6T 

the previous time point. At the plane 

1.1Cax,R, regions of passage vortex 

. It is obvious that the scope of 

when the time goes to 2/6T. Besides, 

varies during this time interval.  

(b) time-averaged 

(d) t = 1/6T 

 

 

The turbulent kinetic energy and stream-
at three axial planes 

oefficient 
coefficient depends on the gradient 

of velocity, and thus the friction coefficient, to a certain 

extent, can reflect the structure of vortices. Figure 6 shows 
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the friction coefficient distributions on the hub for steady and 

unsteady condition. There are three regions this paper 

focuses on: saddle point region (Region Ⅰ), corner region 

upstream of suction surface (Region Ⅱ) and downstream of 

lift-off line (Region Ⅲ). 

 

 
(a) steady 

 
(b) time-averaged 

 
(c) t = 0/6T 

 
(d) t = 1/6T 

 
(e) t = 2/6T 

Figure 6 The distributions of friction coefficient on 
the hub 

 

The time-averaged result presents that the wall friction 

coefficient are lower than the steady case in Region Ⅰ and 

Region Ⅱ , as seen in Figure 6(a) and (b). It imply that the 

vortices influence on the hub get weaker in unsteady 

condition, which means that the rotor vortices around 

endwall develop far from the hub. Correspond with the 

analysis before, it is regarded as the interaction between 

stator passage vortex and rotor vortices. Figure 6(c) (d) and 

(e) show the friction coefficient on the hub at three time 

points. As time pass by, for a result of the rotor 

circumferential motion relative the stator and the stator 

passage vortex affects the flow structure around saddle point, 

the shape of Region Ⅰdeforms periodically. Meanwhile, the 

stator passage vortex travels downstream the rotor passage, 

and its effects on Region Ⅱgoes fading, so the friction 

coefficient in this region increases gradually. For the same 

reason, the friction coefficient in Region Ⅲ decreases first, 

and then increases.  

 

 
(a) z = 0.1Cax 

 
(b) z = 0.3Cax 

Figure 7 The circumferential distributions of 

friction coefficient at different axial position 

 

Figure 7 shows the circumferential distributions of 

friction coefficient at different axial position, z=0.1Cax and 

0.3Cax. The origin of the abscissa x/Sz=0.0 locates at the side 

of the suction surface, and the point of x/Sz=1.0 locates at the 

side of the pressure surface. At the axial position of z=0.1Cax, 

there is a high friction coefficient region at x/Sz=0.0~0.2 

caused by the complex structure of vortices, like the suction 

side leg horse vortex and the corner vortex. Besides, a local 

high friction coefficient region appears at the region 

x/Sz=0.7~0.9. It is located at the lift-off line region. At the 

axial position of z=0.3Cax, the high friction coefficient region 

appear in the middle of the passage, and the peak of friction 

coefficient varies periodically along the time. 
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Endwall heat transfer 

The heat transfer on the enwall is closely related to 

structure of secondary flow vortices. Figure 8 shows the 

distributions of Stanton number (St) on the hub. There are 

three high Stanton number regions influenced considerably 

by stator passage vortex on the hub:  upstream passage 

vortex region (UPVR), leading edge region (LER) and lift-

off line region (LLR), which shown in Figure 8(b).  

 

 
(a) steady 

 
(b) time-averaged 

 
(c) t = 0/6T 

 
(d) t = 1/6T 

 
(e) t = 2/6T 

Figure 8 The distributions of Stanton number on 
the hub 

Figure 8(a) and (b) show the steady and time-averaged 

Stanton number distributions on the hub. Since rotor-stator 

interface is treated as pitch averaged for steady case, there 

are no stator passage vortex enter in rotor passage, and the 

value of Stanton number in UPVR is lower than time-

averaged result. In the other two regions, LER and LLR, the 

maximum Stanton number in steady condition is greater than 

time-averaged result. Figure 8(c) (d) and (e) show the 

alteration of Stanton number distributions on the hub along 

time advancing. As time passes from t=0 to t=2/6T, the high 

Stanton number region shape in UPVR varies due to the 

interaction between the stator passage vortex and the leading 

edge of rotors. Meanwhile, the high Stanton number region 

shape of LER of blade R2 deform and stretch into the 

passage, and the peak value decreases. As a result of it, the 

scope of the high Stanton number region in LLR has 

expanding. 

 

 
(c) z = 0.1Cax 

 
(d) z = 0.3Cax 

Figure 9 The circumferential distributions of 
Stanton number at different axial position 

 

Figure 9 shows the circumferential distributions of 

Stanton number at different axial position, z=0.1Cax and 

0.3Cax. The direction and coordinates of the abscissa is the 

same as Figure 7. At the axial position of z=0.1Cax, the 

Stanton number of the heat transfer region near suction 

surface and pressure surface is higher than mid passage 

region. Along the time advancing, the peak near x/Sz=1.0 

moves toward the mid of the passage, and the peak value 

decreases. Compared to the Stanton number distribution for 

steady condition, the time-averaged result presents smaller 

fluctuation. At the axial position of z=0.3Cax, the peak of 
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Stanton number appear at the middle region of passage. And 

the circumferential fluctuation of Stanton number of time-

averaged result is also smaller. These results suggest that the 

non-uniform of heat transfer on the hub for the unsteady case 

is better than the steady one. 

 

CONCLUSIONS 
Based on steady and unsteady simulation of a turbine 

stage，the paper reports results of different conditions.  The 

effects of the interaction between the stator passage vortex 

and rotor vortices on the characteristics of flow and heat 

transfer are discussed. Three conclusions have summarized 

as following. 

(1) Time-averaged results reveal that the passage vortex 

at stator exit plane is lifted a small distance far from the hub 

wall due to the relative movement of downstream rotor. Total 

pressure loss of the flow inside stator passage is also 

increased.  

(2) Oncoming stator passage vortex moves into the rotor 

passage. It displaces and accelerates the rotor passage vortex 

towards to the suction surface. The turbulent kinetic energy 

in the rotor passage is higher than the steady case because of 

the interaction of the stator and rotor vortices. It is the main 

reason that the loss is higher in rotor passage for unsteady 

case.  

(3) The rotor-stator interaction has obvious effects on 

the characteristics of flow and heat transfer in the rotor. With 

unsteady flow conditions, friction coefficients are high in the 

hub and suction corner close to leading edge and downstream 

of lift-off line and vary periodically due to the sweeping of 

the oncoming vortices. Time averaged endwall heat transfer 

coefficients get increased. But non uniformity of heat 

transfer is alleviated. 
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NOMENCLATURE 

Cax axial chord length 

Cf wall surface friction factor 

2

35.0 v
C w

f
ρ

τ
=  

cp specific heat capacity 

Cpt stator total pressure loss coefficient 

2

1

0,

5.0 v

PP
C

tt

pt
ρ

−
=  

M rotor torque 

P pitch 

Pt total pressure 

q wall heat flux 

S arc length 

St Stanton number 

2,2, )( vcTT

q
St

pwee ρ⋅−
=  

T duration of a cycle 

Te temperature 

TKE turbulent kinetic energy 

v velocity 

(absolute one in stator, relative one in 

rotor) 

z axial direction 

Greek  

ηv nozzle efficiency 

ρ density 

τw wall surface shear stress 

ω vorticity 

ωs streamwise vorticity 

v

v
s

rr
⋅

=
ω

ω  

Subscripts  

0,1,2,3 stator inlet and outlet, rotor inlet and outlet 

R rotor 

S stator 

w solid wall 
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