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ABSTRACT 

In this study, the effect of upstream wakes on heat transfer of 

endwall of blade was analyzed by heat transfer and 

numerical simulations. In turbine passage, the wakes which 

affect the heat transfer of turbine blade occurred periodically 

due to the rotation of blade. In high rotation cases, the heat 

transfer is mainly affected by the rotation effects, however, 

in low rotation cases, the heat transfer is mainly affected by 

the relative position of turbine blade and vane. Therefore, we 

analyzed the wake effect on endwall of turbine blade with 

relative position of turbine blade and vane. The wakes were 

simulated by cylindrical rods on the upstream of turbine 

blade passage in this paper. The non-rotating cylindrical rods 

were positioned on the upstream of blade to analyze the 

detailed effect of upstream wake. Cylindrical rods were 

positioned in four cases which are 0/4, 1/4, 2/4, 3/4 of turbine 

passage. From the numerical simulation and heat transfer 

measurements, we found out that the pressure and velocity 

distributions were differed with position of cylindrical rods. 

As the wake developed to the blade passage, the occurrence 

of horseshoe vortex and passage vortex were affected. When 

secondary vortices faced the upstream wakes, secondary 

vortices were scattered. The heat transfer of endwall of 

turbine blade varies in different relative position cases. 

Therefore, we can assume that the wakes periodically affect 

the heat transfer of endwall of turbine blade. 

NOMENCLATURE 

C blade chord length (m) 

Cx blade axial chord length (m) 

D rod diameter (m) 

Dnaph mass diffusion coefficient of naphthalene vapor in 

air (m2 s-1) 

hm mass transfer coefficient (m s-1) 

�̇� local naphthalene mass transfer rate per unit area 

(kg m-2 s-1) 

Nu Nusselt number 

Pr Prandtl number 

Sc Schmidt number 

Sh Sherwood number 

St Strouhal number 

U inlet flow velocity (m s-1) 

Vx axial velocity (m s-1) 

 

Greek Symbols 

𝛿𝑡 run time (s) 

𝛿𝑧 sublimation depth of naphthalene surface (m) 

𝜌𝑠 density of solid naphthalene on the surface (kg m-3) 

𝜌𝑣,𝑤 vapor density of naphthalene on the surface (kg m-3) 

𝜌𝑣,∞  vapor density of naphthalene in the mainstream (kg 

m-3) 

φ  flow coefficient 

 

INTRODUCTION 

Heat transfer characteristics on an endwall surface of gas 

turbine blade have become important due to the increased 

turbine inlet temperature. As the temperature profile of 

turbine inlet temperature becomes flat, the endwall has been 

exposed to hotter gas. Therefore, many previous researchers 

conducted experiments and numerical simulations to analyze 

the heat transfer on the endwall surface. 

Holyton et al. [1] analysed the heat transfer of the 

endwall for creating a database for gas turbine designers. 

Spencer et al. [2] found out that the heat transfer of a nozzle 

guide vane endwall was affected by the pressure gradient. 
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They figured out that local heat transfer distribution showed 

non-uniform characteristics. Satta et al. [3] conducted 

experiments and found out that passage vortex determines 

the heat transfer of endwall surface. Thole et al. [4] measured 

the flow characteristics by using the LDV measurements and 

discovered the effect of the heat transfer. They found out that 

the higher turbulence intensity showed higher heat transfer 

on the endwall surface. Laveau et al. [5] measured the 

endwall of first stage vane by infrared camera. 

By many previous researchers, they figured out that the 

secondary vortices on the endwall surface greatly affected 

the local heat transfer distributions. However, the upstream 

wake effect occurred due to the rotation of turbine rotor in a 

turbine passage. Therefore, the endwall was exposed to 

periodic wake effect which makes pressure and temperature 

deviations. This effect is expressed as Strouhal number 

which is defined as follows [6]: 

𝑆𝑡𝑟𝑒𝑓 =
𝑓𝑃

𝑉𝑥

 

In a industrial gas turbine, Strouhal number is below 1, 

typically. The characteristics of stationary motion of 

upstream wake is important at St < 1. Therefore, we figured 

out the effect on the heat transfer of turbine endwall with 

relative position of cylindrical rods. 

EXPERIEMNTAL APPARATUS 

The experiment was conducted at the linear cascade with 

endwall test plate. Figure 1 showed the schematic of linear 

cascade experimental apparatus [7]. Five blades were 

installed in the passages while the mass transfer coefficient 

of endwall between second blade and third blade was 

measured. The main stream Reynolds number (Re) was 

100,000 which was based on the chord length. The installed 

blades were originated from a GE 7FA first-stage blade. The  

Fig. 1. Linear cascade experimental apparatus [7] 

blade axial chord length (Cax) was 136 mm. The pitch of the 

blade was (P/Cax) 1. The inlet and outlet angle of blade was 

56.4˚ and 62.6˚, respectively. The details of experimental 

apparatus were written in the reference [7].  

To simulate the effect of upstream wake, a cylindrical 

rods were installed. The diameter of cylindrical rod (d) was 5 

mm. The cylindrical rods were 80 mm ahead of the leading 

edge of blade. The position of cylindrical rods were varied to 

analyse the effect of wake position. Cylindrical rods were 

positioned at 0/4, 1/4, 2/4, 3/4 of turbine passage. The 

direction of upstream wake was aligned with leading edge of 

blade at the 0/4 position case. The direction of upstream 

wake was aligned with half of the endwall of passage at the 

2/4 position case.  

DATA REDUCTION 

 

The naphthalene sublimation method was used to 

calculate the heat transfer coefficient from the mass transfer 

coefficient. The mass transfer coefficient is expressed by 

following equation: 

ℎ𝑚 =
�̇�

𝜌𝑣,𝑤 − 𝜌𝑣,∞

=
𝜌𝑠(∆𝑧/∆𝑡)

𝜌𝑣,𝑤 − 𝜌𝑣,∞

 

 

where �̇� is the local mas transfer rate of naphthalene 

per unit area, 𝜌𝑠 is the density of solid naphthalene, ∆z/∆t  

is the naphthalene sublimation rate, 𝜌𝑣,𝑤  is the vapor 

density of naphthalene on the surface and 𝜌𝑣,∞ is the vapor 

density of naphthalene in bulk air. The local mass transfer 

coefficient was measured from the endwall test plate. The 

sublimation depth was measured by the linear variable 

differential transformer (LVDT) locally.  

The non-dimensional number of mass transfer 

coefficient, Sherwood number, is expressed by following 

equation: 

Sh =
ℎ𝑚𝐶

𝐷𝑛𝑎𝑝ℎ

 

where 𝐷𝑛𝑎𝑝ℎ , C and ℎ𝑚,  are the diffusion coefficient 

of naphthalene in air, the chord length of the blade, and the 

mass transfer coefficient, respectively. The value of 𝐷𝑛𝑎𝑝ℎ  

used was from Ambrose et al. [8] and Goldstein and Cho[9]. 

The heat and mass transfer analogy of Eckert et al.[10] 

was used to calculate the heat transfer coefficient from the 

mass transfer coefficient. The non-dimensional number of 

heat transfer coefficient, Nusselt number, is expressed by 

following equation: 

𝑁𝑢

𝑆ℎ
= (

𝑃𝑟

𝑆𝑐
)

0.4

    

where the value of Pr and Sc is 0.7 and 2.28 under 25°C 

room temperature condition. Therefore the value of Nu/Sh is 

0.624. The uncertainty of Sherwood number is within ±7.4% 

at a 95% confidence level by the uncertainty analysis method 

of Abernety et al[11]. 

 

NUMERICAL SIMULATION SETUP 

The numerical simulations were also conducted to 

analysed the flow characteristics in detail. The Ansys Fluent 
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15 was used to conduct the numerical simulations. To 

simulate the turbine blade cascade, the periodic boundary 

condition was set in the single-pitch passage. The hexahedral 

grids were generated by using the ICEM meshing tool. The 

mesh grid tests were conducted from 5~12 million grids and 

8 million grids were used. The value of y+ was under 1 on 

the endwall. The inlet boundary condition was set as equal to 

experiment. The inlet velocity profile was also simulated 

from the experiment. The constant temperature (303K) was 

set on the endwall. The outlet condition was set 1 atm 

In this study, the detached eddy simulations (DES) were 

conducted in each case. Especially, the improved delayed 

detached eddy simulations (IDDES) proposed by 

Gritskevich, M. S. et al[12] was used. The model is based on 

modifying the sink term in the k-equation of the SST model. 

This model was based on the SST k − ω model proposed 

by Menter, F. R. et al. [13]. The detailed explanations of the 

turbulent model were written in the manual of ANSYS 15.0 

[14]. 

The time step must be sufficiently small to ensure a 

temporal resolution for unsteady flow phenomena. To 

determine the time step, the shedding frequency of the wake 

of cylindrical rod was calculated. The Strouhal number is 

about 0.2 at 250 < Re < 250,000. The definition of the 

Strouhal number is expressed by following equation: 

 

St =
𝑓𝑑

𝑈
 

where the period of the wake is about 0.0022s. To 

include a sufficient temporal resolution, more than 30 time 

steps per cycle, a time step less than 7.0 × 10−5𝑠  is 

required.  

Also, the Courant – Friedrichs – Lewy(CFL) conditions 

were confirmed. The CFL condition is a necessary condition 

for the convergence of the computation of the partial 

differential equation using the finite difference method [15]. 

CFL condition is written as follows: 

 C =
𝑢∆𝑡

∆𝑥
≤ 𝐶𝑚𝑎𝑥   

In CFL condition, 𝑢  means freestream velocity, ∆t 
means time step and ∆x means the streamwise direction grid 

size. To ensure the stability of the numerical analysis, the 

time step satisfying 𝐶𝑚𝑎𝑥 = 1  was calculated as 8.8 ×
10−5𝑠 . Based on the above two conditions, numerical 

analysis for time steps of 1.0 × 10−5𝑠, 2.5 × 10−5𝑠, 5.0 ×
10−5𝑠  were carried out and 1.0 × 10−5𝑠  was chosen 

considering the accuracy and the speed of calculation. The 

number of iterations per time step is set to 50, and for the 

convergence criterion, the residual of the continuity equation 

is set to be less than 1.0 × 10−3 . After reaching a 

statistically steady state, samples were accumulated for 

15000 time steps to obtain time-averaged results. 

 

RESULTS AND DISCUSSION 
Figure 2 showed the numerical simulation results of 

turbulent kinetic energy at z/Cx = 0.05. In position 0/4 case, 

wake disturbs the occurrence of horseshoe vortex and 

passage vortex. Therefore, the secondary flow was not

 Fig. 2. Turbulent kinetic energy at z/Cx=0.05 

 
Fig. 3. Heat transfer distribution on endwall surface 

observed by the turbulence kinetic energy. High turbulence 

kinetic energy were observed near the pressure side. Also 

high turbulence kinetic energy were observed in the middle 

of the passage that moves from the pressure side to the 

suction side. 

In position 1/4 case, as the direction of the wake was 

moved in parallel from the leading edge to the pressure side, 

horseshoe vortex occurs near leading edge. However, the 

pressure side leg of the horseshoe vortex was broken by the 

wake. Therefore, the turbulence kinetic energy caused by the 

horseshoe vortex was dispersed by the wake and uniform 

turbulence kinetic energy appears throughout the passage. 

In position 2/4 and position 3/4 case, the turbulence 

kinetic energy was not much different from the base case. 

High turbulence kinetic energy was observed near the 

leading edge due to the horseshoe vortex. The difference 

between position 2/4 and position 3/4 case is the location 

where the energies due to the wake and the passage vortex 

meet. In position 2/4 case, the wake and the passage vortex 

meet slightly below the middle of the passage vortex while 

meat near the suction side in position 3/4. 

Figure 3 showed the local heat transfer distributions of the 

endwall by measurement. The without wake case and 0/4 

case showed the similar heat transfer distributions. However, 

the effect of wake increased the heat transfer of endwall on 

the pressure side slightly. This is because the horseshoe 

vortex leg on the pressure side moved slightly upward.  
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In position 1/4, 2/4, and 3/4 case showed the different heat 

transfer distributions on the endwall. The upstream wake and 

passage vortex meet in the middle of endwall passage. The 

wake and passage vortex encounter at x/Cx=0.2 at position 

1/4 case, while encounter at x/Cx=0.5 at position 2/4 case. 

The relatively uniform heat transfer distributions were shown 

on the endwall where the wake and passage vortex meet. 

Therefore, we can conclude that the local heat transfer were 

varied due to the position of upstream wake. This results are 

helpful to understand the relative position of upstream wake 

in the turbine passage. 

 

CONCLUSIONS 

The experiments and numerical simulations were 

conducted to analyse the effect of relative position of 

upstream wake. The position of upstream wake varies the 

turbulent intensity and local heat transfer on the endwall. 

Therefore, this results will helpful to understand the effect of 

upstream wake in the turbine passage. 
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