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ABSTRACT 

In aeronautical gas turbines, entropy waves commonly 

exist at the outlet of the combustion chamber, which may 

affect the heat and flow environment in the downstream 

turbine stages. In this work, an analysis of heat transfer and 

flow characteristics around a turbine guide vane (LS89) is 

evaluated for two configurations: one with a steady inflow and 

one with an unsteady flow, where an entropy wave at a given 

frequency is set at the inlet. Two different turbulence models 

(𝑘 − 𝜔 and SAS model) are used and each one is coupled 

with Menter's 𝛾 − 𝑅𝑒𝜃 transition model. In the steady case, 

the 𝑘 − 𝜔 model misses the laminar-to-turbulent transition 

of the boundary layer on the suction side, while the SAS model 

shows a good capability in describing flow structures such as 

the vortex shedding, the boundary-layer transition and 

reflected waves at the throat. The forced results indicate that 

the wall heat transfer appears as a periodic variation as the 

entropy wave passing through. The instantaneous maximum 

heat transfer coefficient at the leading edge is nearly doubled 

compared to the steady case while the minimum coefficient 

remains small. Besides, after imposing the entropy wave, 

other variables like the torque on the vane and the largest 

Mach number in the flow field are also modified. Moreover, 

the transition of the boundary layer is delayed by the inlet 

entropy wave. 

INTRODUCTION 

Turbine guide vanes are essential components of gas 

turbines. They are located directly at the exit of the 

combustion chamber, experiencing a complex flow and harsh 

heat environment, such as various turbulence intensity, 

different scales of vortices, entropy waves generated by 

unsteady combustion, etc. Besides, complex geometry like 

cooling holes and different wall roughness make the analysis 

of the aerothermal conditions in the turbine stages more 

difficult, especially for the wall heat transfer on turbine guide 

vanes. 

(Wheeler et al., 2016) used direct numerical simulations 

(DNS) to investigate the influence of free stream turbulence 

intensity on the surface flow physics and heat transfer. They 

found that free stream turbulence tends to induce near-wall 

streaks and increase the surface heat transfer. (Morata et al., 

2012) predicted the wall heat transfer of a high pressure 

turbine blade by Large Eddy Simulation (LES), and proved 

that the increasing free-stream turbulence will enhance the 

heat transfer on the vane surface. (Wang et al., 2018) 

simulated the conjugate heat transfer on a turbine guide vane 

subjected to inlet swirl and hot streaks by unsteady Reynolds-

Averaged Navier-Stokes (URANS) simulations, and found 

that the clocking positions of hot streak coming from the 

combustion chamber as well as swirl will change the heat 

transfer of the vane.  

In practice, the influence of entropy waves on the 

downstream turbine guide vanes has also been observed and 

studied. (Cumpsty and Marble, 1977) proposed a theory for 

the interaction of entropy, vorticity and acoustic waves with 

compact vanes. The work of (Papadogiannis et al., 2015) and 

(Wang et al., 2016) evaluated the propagation mechanisms of 

the indirect combustion noise generated by entropy plane 

waves in the Oxford MT1 High_Pressure (HP) stage, and 
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revealed the variation of the upstream and downstream 

entropy noise in the turbine guide vanes and blades. 

(Bauerheim et al., 2016) also discussed the transmission and 

reflection of entropy plane waves through a complete 2D 

turbine stage. More recently, (Becerril et al., 2018)considered 

the interaction of an actual temperature or entropy spot with 

the MT1 HP stage. In all cases, the limit of the above compact 

theory was evaluated and a correction based on the diffusion 

of the entropy waves in each row has been proposed. As the 

diffusion of entropy waves in turbine stages also induce wall 

temperature fluctuations, it may be an important factor for the 

wall heat transfer on turbine guide vanes. But little attention 

has been paid to this aerothermal aspect yet. 

In this work, both wall heat transfer coefficient and 

torque on the vane have been calculated based on an 

experimental case named MUR129 as the baseline case. The 

numerical test cases were analysed by imposing an entropy 

wave at a given frequency (1000Hz) and a certain amplitude 

(100K) located at the inlet. Besides, the variation of the 

turbulent boundary-layer transition and wall heat flux on the 

vane surface were evaluated. The paper is arranged as follows. 

The numerical methods are displayed in the next section. The 

Computational domain and mesh grid as well as the boundary 

conditions are then described. The results of all simulations 

are consequently given and discussed. Finally, main 

conclusions are drawn. 

GOVERNING EQUATIONS 

The governing equations can be expressed as: 
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where  is density, ui  is velocity, p is pressure; h is total 

enthalpy, T is temperature, 𝜆  is the thermal conductivity 

coefficient; 𝜏𝑖𝑗 is the viscosity tensor, given as 
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For the RANS simulations, =t

ij i ju u    is the Reynolds 

stresses which is given by the selected turbulence model.  

The simulations have been performed with ANSYS CFX 

version 14.5. For the advection term, high-resolution second 

order central difference scheme has been used. For heat 

transfer, the total energy model has been applied including the 

viscous term. In this work, two different turbulence models are 

used. One is the 𝑘 − 𝜔 model which solves the 𝑘 equation 

(for the turbulent kinetic energy) and the 𝜔 equation (for the 

turbulent frequency) to close the RANS equations. The other 

is the SAS model developed by (Egorov and Menter, 2008) 

which includes an additional SAS source term 𝑄𝑆𝐴𝑆  in the 

transport equation for the turbulence eddy frequency 𝜔.  

In order to handle the boundary layer transition, the 

(Menter et al., 2006) Re   is employed in both models. 

Two other transport equations (one for the intermittency and 

one for the transition onset criteria) are adopted. The transport 

equation for the intermittency   is defined as: 
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where: P  represents the transition sources. 

The transport equation for the transition momentum thickness 

Reynolds number tRe  is: 
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t
P  stands for the source term which forces the transported 

scalar to match the local value of 
t

Re  calculated from an 

empirical correlation outside the boundary layer. 

NUMERICAL SETUP 

The experimental results of this work is from a well-

known turbine guide vane named LS89 (Arts et al., 1990) 

which is shown in Fig.1. The sketch of the computational 

domain is displayed in Fig.2 (a) which extends up to 0.7C 

upstream and 1.5C downstream the vane to limit the 

dependency of the solution to the inlet/outlet positions. The 

chord of the vane is 67.647 mm and the pitch/chord ratio is 

0.85. The vane is mounted in a linear cascade, made of five 

profiles. In order to guarantee the periodic condition of 

velocity distributions and the convective heat transfer during 

the tests, only the central one is used in measurements. More 

details of the test rig can be found in (Consigny and Richards, 

1982).  

 

Figure 1 Experimental facility investigated by Arts 

Fig.2 (b) shows the unstructured mesh for the simulations. 

The total number of elements is about 12.0 millions. The 

number of prisms in the boundary layer is 12. The first mesh 

layer thickness is 0.001 mm with a stretching ratio of 1.2, 

which leads to the y+ close to 1. Moreover, the mesh in the 

downstream wake and at the throat is refined. 

Periodicities are used for lateral and radial boundaries. 

The boundary conditions of different cases are listed in table 

1. The inlet total pressure and outlet averaged static pressure 

in all three cases are 0.1849 MPa and 0.1165 MPa, 

respectively. Vane surface is treated as isothermal with a 
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uniform temperature (297.75K). The ideal gas is applied, thus

p rT . r is the ideal gas constant. The fluid viscosity 

follows Sutherland’s law, and the heat flux follows Fourier’s 

law. 

 

(a)

 

(b)  

Figure 2 Sketch of the computational domain (a) 
and the detail of mesh (b) 

 

In order to investigate the influence of entropy waves on 

the heat transfer of the vane surface, an entropy wave at a 

given frequency (1000 Hz) is injected at the inlet of the 

domain (simulation termed LS89_SAS-wave). The 

experimental values of isentropic Mach number used for 

comparison in section 4.1 are from a close flow condition. The 

outlet isentropic Mach number 𝑀𝑎𝑖𝑠,2  in experiments and 

numerical simulation are indeed 0.84, 0.88, respectively. 

Table 1: Numerical Boundary Conditions 

Test case Ts,wall(K) Pi,0(MPa) Pi,2(MPa) Ti,0(K) 

LS89_ 𝑘 − 𝜔 297.75 0.1849 0.1165 409.2 

LS89_SAS 297.75 0.1849 0.1165 409.2 

LS89_SAS-wave 297.75 0.1849 0.1165 T(t) 

The entropy wave is given as    0 0
sinT t T A t   , where

0
409.2T K , 

0
2000  ， 100A K . 

RESULTS AND DISCUSSION 

Case without entropy wave 

Fig.3 displays an instantaneous flow field of the 

numerical results obtained by the two different models. The 

contours of the instantaneous density gradient grad 𝜌/𝜌 

implies that the LS89_𝑘 − 𝜔 is too dissipative compared with 

the LS89-SAS case, to capture the detailed flow structures like 

the vortex shedding and the pressure wave reflected at the 

throat, etc... 

 

(a) 

 

(b) 

Figure 3 Instantaneous contours of density 
gradient grad𝝆/𝝆: (a) LS89_𝒌 − 𝝎, (b) LS89-SAS 

Fig.4 shows the distribution of wall heat flux on the 

suction side. The LS89_SAS result shows a transition of the 

boundary layer on the suction side, which is similar to 

experiments (Arts et al., 1990) as well as the work of Collado 

(Collado et al., 2012) and Gourdain (Gourdain et al., 2012). 

However, the LS89_ 𝑘 − 𝜔  seems unable to capture the 

transition at all. 
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Figure 4 Distribution of the wall heat flux on the 
vane suction side in two different cases 

Fig.5 (a) shows the wall heat transfer coefficients along 

the vane (S>0 and S<0 represent the suction and pressure 

sides, respectively). It is calculated by 

0 T

wall

wall

q
H
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where T0 represents the inlet total temperature; Twall stands for 

the uniform vane wall temperature and qwall is the wall heat 

flux. All simulations match the experiment on the pressure 

side. On the suction side however, the distributions are 

different. The coefficients have a peak value at the leading 

edge (S=0) and then fall rapidly along the suction side in a 

similar way as the experiment. When the boundary-layer starts 

transitioning, the coefficients begin to rise again. In the 

experiment and Gourdain's work, the transition position is 

about S=75 mm and S=62 mm, respectively. Meanwhile, the 

transition position given by LS89_SAS is about S=67 mm, 

which is closer to the experimental measurement. And it is 

represented as a blue line in figure4. 

 

(a) 

 

(b) 

Figure 5 Heat transfer coefficient (a) and Isentropic 
Mach number (b) distributions along the vane 

MUR129 . 

Fig.5 (b) exhibits the corresponding profiles of isentropic 

Mach numbers along the vane. All simulations yield similar 

results, in good agreement with experiment except for s 

slightly slower flow on the rear part of the suction side 

Case with entropy wave 

Fig.6 shows the distribution of field temperature at 

various times as the entropy wave passing through. Here, 
3

0
2 10t s


   is defined as the moment when the entropy 

wave is just about to impinge on the vane leading edge. During 

the transmission process, the entropy wave first encounters the 

vane leading edge. Then, it is divided into two parts by the 

vane, passing along the pressure and suction sides, 

respectively. Fig.7 shows the contours of instantaneous Mach 

number at various times. Since the flow is subsonic around the 

vane when there is no inlet entropy wave, it is obvious that the 

imposed entropy wave changes the largest Mach number in 

the passage (from 0.98 to 1.16). Some supersonic flow appears 

in the vortex shedding area after the trailing edge due to that 

the entropy wave changes the local sound speed periodically 

of the flow field as it goes through the vane row.  
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Figure 6 Distribution of instantaneous field 

Temperature (
0

2 1 ms    represents one 

periodic time) 

 

Figure 7 Distribution of instantaneous flow field 
Mach number (Black line is the contour of Ma=1) 

Besides, the variation of torque on the vane is plotted in 

Fig. 8(a). The profile shows that the variation of the torque on 

the vane is not strictly sinusoidal. This may be caused by the 

interactions of two adjacent periodic entropy waves affected 

the wall pressure distribution of the vane simultaneously, 

which can also be seen in Fig. 6d. The oscillation magnitude 

of the torque equals 0.0057N m . However, the averaged 

torque ( 0.07835M N m   ) is approaching the results 

without entropy wave ( 0.07850M N m   ).  

 

     (a) 

 

     (b) 

Figure 8 The influence of the entropy wave on the 
torque on the vane (a) and on the heat transfer 

coefficient (b) 

The maximum (Hmax), minimum (Hmin) and averaged 

(Have) heat transfer coefficients on the vane surface during five 

periods are shown in Fig.8 (b). Compared to the LS89_SAS, 

the results of LS89_SAS-wave shows that Hmax is nearly 

doubled at the leading edge, while Hmin remains small as the 

entropy wave goes through the vane row. As for Have, a 

maximum difference of 2
72W m K  appears between 

LS89_SAS and LS89_SAS-wave on the pressure side 

(approximately 29% of the baseline case), while the change on 

the suction side is relatively small. Moreover, the variation of 

Hmax, Hmin and Have at the transition stage is not the same. The 

transition position shown by Hmin (S=73 mm) looks slightly 

behind the baseline case while on the profile of 
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Hmax(S=64mm), the transition position can be considered 

ahead. 

Fig. 9 is the wall heat flux on the suction side at different 

times. As the entropy wave goes through the vane row, it is 

clear that the transition position of the boundary layer is 

modified (the white and red dash lines represent the transition 

position of LS89_SAS and LS89_SAS-wave, respectively). 

The position moves downstream from 
0

t t  to 

0
0.25t t   . Then, the position moves upstream from 

0
0.25t t   to

0
t t   . When

0
0.25t t   , the transition 

position moves closer to the trailing edge. In general, the 

transition position is delayed slightly by the effect of the 

incoming entropy wave. 

 

    Figure 9 Distribution of instantaneous wall heat 
flux on the vane suction side 

CONCLUSIONS 

This paper has investigated the flow characteristics and 

heat transfer on a turbine guide vane with two different 

turbulence models, the 𝑘 − 𝜔 and SAS models. An analysis 

including the effect of the inlet entropy wave on the heat 

transfer and the boundary-layer transition has been conducted. 

Firstly, the calculated wall heat transfer coefficients and 

isentropic Mach number show a good agreement with the 

experiment and previous work. However, when estimating the 

boundary layer transition on the suction side, the 𝑘 − 𝜔 

model fails, while the results of the SAS model gives a good 

prediction of the boundary layer development. 

Secondly, with an impinging plane entropy wave the 

magnitude of instantaneous wall heat flux on the vane surface 

is changed periodically. As the entropy wave goes through the 

vane row, the maximum heat transfer coefficient is nearly 

doubled at the leading edge, while Hmin remains relatively 

small. As for the averaged coefficient, a maximum difference 

of 2
72W m K (approximately 29% of the baseline case) is 

seen on the pressure side between the LS89_SAS and 

LS89_SAS-wave simulations, while the change on the suction 

side is relatively small. Moreover, the values of heat transfer 

coefficient at the transition stage (especially Hmax) vary 

widely. 

Finally, the transition positions implied by these three 

coefficients are slightly different. The instantaneous position 

is modified periodically around the results of the baseline case. 

The torque on the vane is also changed, while the time-

averaged torque approaches the results of the baseline case. In 

the following work, Large Eddy Simulation (LES) will be 

used and more flow field characteristics caused by the entropy 

wave will be evaluated through the dynamic mode 

decomposition (DMD). 
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NOMENCLATURE 

Mais,2: Outlet Isentropic Mach number 

C: Vane chord 

Ti,0: Inlet total temperature 

Pi,0: Inlet total pressure 

Ts,wall : Vane wall temperature 

S : The vane surface curvilinear abscissa 

M : Torque on the vane 

qwall : Wall heat flux 

Hmax : Maximum heat transfer coefficient 

Hmin : Minimum heat transfer coefficient 

Have : Averaged heat transfer coefficient 

δ : one periodical time 
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