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ABSTRACT 

In this work, investigations on detailed heat transfer 

characteristics over an endwall surface for a turbine nozzle 

guide vane were conducted. Experiments were performed in 

a linear cascade test facility using infrared thermography 

technique over a range of engine-representative inlet 

Reynolds numbers from 1.40×105 to 4.20×105 with a high 

free-stream turbulence level. Accordingly, numerical 

simulations were carried out to be compared and 

complementary to the measurements. Besides, in order to 

demonstrate the effects of exit Mach number on endwall heat 

transfer in isolation, simulations were also conducted at 

various vane exit Mach numbers ranging from 0.616 to 1.016 

while the inlet Reynolds number was kept constant at the 

design point of Rein=3.46×105. High heat transfer coefficients 

were observed in the leading edge region and near and 

downstream of the throat areas. Increasing inlet Reynolds 

number could result in higher heat transfer level on the 

endwall surface. Numerical results agreed well with the 

measurements, and the predicted flow field in the vane 

passage highlighted the links between the heat transfer 

patterns and the flow structures near the endwall. The 

computational results also revealed that vane exit Mach 

number mainly dominated the heat transfer in the aft part of 

the endwall and higher Mach numbers led to lower heat 

transfer coefficients. 

INTRODUCTION 

Great efforts have been devoted to thermal analysis and 

designs of gas turbine stages in order to increase the cycle 

efficiency of gas turbines continuously. In particular, though 

it is a technical challenge to measure the thermal loads in a 

real engine vane passage, accurate knowledge of local 

thermal load patterns under engine-representative conditions 

is critical for engine designers to validate and optimize the 

cooling schemes and further to ensure the durability and 

reliability of the designs. This demonstrates the importance 

of providing accurate experimental data related to each 

specific configuration for engine designer.   

The flow inside a vane passage is characterized by 

highly three-dimensional and complex flow structures due to 

the generation of secondary flows and the radial and 

circumferential pressure gradient, which have strong impacts 

on flow development and heat transfer on the vane endwalls. 

Previously, many studies documented the influence of those 

vortical structures on endwall heat transfer and the detailed 

reviews regarding the flow and heat transfer issues near the 

endwall of a vane passage were made by Chyu (2001) and 

Simon et al. (2006). 

To date, the relationship between the secondary flow and 

heat transfer as well as cooling is attracting constant attention 

over the years. Blair (1974) could be the pioneer to detect the 

heat transfer over endwalls and discovered the highly strong 

links to the vortical structures evolving within the passage. 

Later, the links was confirmed by the work of Takeishi et al. 

(1990). With the deep understanding of the secondary flow 

mechanism in the vane passage, Friedrich (1997) 

summarized the common understanding of high heat transfer 

coefficient regions on the endwall based on the existing 

experimental work. Those regions are 1) the leading edge 

where the horseshoe vortex (HV) forms, 2) the suction 

surface shoulder where the lift-off line of the suction side of 

the HV and the dominated passage vortex meet, 3) the 

pressure surface corner where the boundary layer is thin due 
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to the cross flow, 4) the trailing edge wake region with high 

velocities and high turbulence levels and 5) downstream of 

the main passage vortex (PV) where a new boundary layer 

forms. Fig. 1 shows the typical endwall heat transfer patterns 

concluded by Dannhauer (2008) from many previous work.  

 

Fig. 1 Typical Heat Transfer Coefficient 
Distributions on Turbine Vane Endwall 

These statements clarified the intimate links between 

secondary flows and heat transfer coefficients and led to 

many more elaborate studies focusing on the affecting 

parameters such as the endwall boundary layer, the inlet 

velocity or temperature profile, the endwall surface 

conditions, etc. Goldstein et al. (1988) studied the influence 

of Reynolds number on endwall heat transfer using 

naphthalene sublimation and they found slight variation in 

heat transfer on the endwall due to their little change in 

Reynolds number. In contrast, the work of Harvey et al. 

(1989) showed an increase in heat transfer with Reynolds 

number, and they stated that the heat transfer rate roughly 

correlates to the Reynolds number ratio to the power of 0.8, 

which is in accordance with the results presented by Laveau 

et al. (2016) in a rotating turbine facility. Further, Boyle and 

Russell (1989) and Kang et al. (1998) carried out heat 

transfer measurements over a wide range of Reynolds 

numbers and both the studies showed that a decrease in heat 

transfer with increasing Reynolds number was observed in 

the endwall upstream region where the flow was basically 

undisturbed. In addition, Graziani et al. (1980) analyzed the 

effects of inlet boundary layer thickness on endwall heat 

transfer and revealed that the heat transfer level was slightly 

affected but the influence area by the horseshoe vortex was 

larger for the thick boundary layer, which suggested that the 

size and strength of the horseshoe vortex was dependent on 

the thickness of the inlet boundary layer. 

The compressibility and Mach number effect existing in 

a real engine has also been of interest. Giel et al. (1996) 

conducted heat transfer experiments at transonic conditions 

and they noted that the effects of Mach number on endwall 

heat transfer were at the region near the trailing edge where 

there were shock effects, and higher exit Mach number led to 

lower heat transfer rate. Similar results could be found in the 

work by Kumar et al. (1985), Harvey et al. (1999) and 

Nicklas (2001). More recently, Roy et al. (2013&2014) 

investigated the endwall heat transfer at transonic conditions 

but there was lack of comparison to results at lower exit 

Mach number. 

There is a need to account for the influence of 

combustor exit conditions on endwall heat transfer. Kang et 

al. (2000) and Radomsky and Thole (2000) measured the 

endwall heat transfer at an engine-like inlet turbulence 

intensity by using infrared thermography technique and 

found that the overall heat transfer rate was significantly 

enhanced but the leading region of the endwall was kept 

almost constant. Similarly, Lee et al. (2004) revealed that 

higher heat transfer level was detected and higher turbulence 

intensity resulted in a more uniform heat transfer 

distributions. Furthermore, the work of Ames et al. (2003) 

concluded that the effect of turbulence was less obvious at 

high Reynolds numbers. In addition to the turbulence level 

effects, Barringer et al. (2009) investigated the impact of 

combustor exit profile and three types of total pressure 

profiles were considered. A pair of counter-rotating vortex 

was formed at the inflection inlet profile, resulting in higher 

heat transfer because the counter-rotating vortex tended to 

move the hotter gas closer toward the endwall. 

As highlighted from the discussion above, from the point 

of view of engine design, however, numerous challenges are 

posed to the thermal design of nozzle endwall since the 

aerodynamic, geometric and machine aspects and their 

combinations are involved. This thereby underlines the need 

for experiments at realistic engine conditions. This paper 

presents the high resolution of endwall heat transfer at 

engine-representative Reynolds numbers by using infrared 

thermography technique, which is expected to provide 

valuable guidelines for cooling design of the endwall. These 

datasets can also be used to as a basis for comparison to other 

measurements or benchmark tests for computational 

validation at such conditions. Furthermore, the effect of exit 

Mach number is also demonstrated in isolation by the 

reliable numerical method.  

EXPERIMENTAL SETUP AND INSTRUMENTATION 

The experiments were conducted at the open-loop, 

scaled-up linear cascade research facility at the Institute of 

Turbomachinery, Xi’an Jiaotong University. The schematic 

of the experimental facility is shown in Fig. 2. The wind 

tunnel was a blowdown facility with a maximum mass flow 

rate of 2.5 kg/s. The flow within the wind tunnel was driven 

by upstream multiple compressors, which could pressurize 

the air as high as 2.0 bar (gauge pressure) and produced a 

transonic condition at the exit of the cascade. Downstream of 

the compressor, the air flowed into air tanks and then was 

split into a core flow section and a bypass section. In front of 

the vane inlet at 2.52Cax, a turbulence grid was installed to 

generate the desired turbulence level.    

The linear cascade test section consisted of four vanes 

comprised of three full vane passages, where the central 

endwall was instrumented for heat transfer measurements. 

The airfoils were scaled up two-dimensionally from the hub 

section geometry of a first-stage vane by a factor of 2.5. 

Figure 3 show the close-up of the test section cascade.   
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Fig. 2 Schematic and Photo of Experimental Facility 

 

Fig. 3 Schematic of Test Section 

In this study, in order to match engine conditions in the 

scaled linear cascade, prior to the current heat transfer 

measurements, the vane inlet velocity profile and turbulent 

level were measured by using hot-wire anemometer and pitot 

tube at a location of 1.33Cax upstream of the vane. A fully 

developed turbulent flow was found to approach the test 

section and the measured inlet velocity profile is shown in 

Fig. 4. The flow uniformity and periodicity were achieved by 

adjusting the tailboards and Fig. 5 displays the isentropic 

Mach number distributions on the two central vanes at 

midspan, measured by surface static pressure taps on the 

airfoils. This figure indicates a good periodicity in the vane 

cascade. Table 1 summarizes the vane geometry and flow 

conditions of the test section. 

 

 Fig. 4 Inlet Velocity Profile at 1.33Cax Upstream of 
the Vane 

Heat transfer coefficient distributions on the endwall of 

the vane test section were obtained by using Infrared (IR) 

thermography technique to capture the endwall surface 

temperatures on a uniform heat flux surface. Fig. 6 illustrates 

the multi-layer assembly of the measured endwall. The 

uniform heat flux plate was made of Kapton-encapsulated 

Inconel foil (250 μm) in a serpentine pattern designed 

through the endwall passage. In order to redistribute the heat 

flux more uniformly, a very thin layer of copper (50 μm) was 

adhered to the top surface of the foil heater. Flat, back matted 

paint was sprayed thinly and uniformly over the copper 

surface to enhance the emissivity for IR measurements. The 

Kapton foil heater was attached to a 30 mm thick, closed-cell 

polyurethane foam endwall with a very low thermal 

conductivity of 0.02 W/(m·K). Omega T-type thermocouples 

for IR imaging calibration were placed in thermal contact 

with the underside of the heater. 

Table 1 Vane Geometry and Flow Conditions 

SF 2.5 

C/mm 140.30 

Cax/C 0.54 

P/Cax 1.42 

S/Cax 1.33 

Rein 1.40×105-4.20×105 

αin 0° 

αex 73° 

Tin/K 293.15 

Tu/% 9.8 

Λ/mm 10 

 

Fig. 5 Isentropic Mach Number Distributions on 
Airfoil Surfaces 

Surface temperatures on the thin copper layer were 

captured at steady-state conditions by directly imaging the 

bottom endwall from the view ports on the top endwall of the 

test section. The infrared windows were made of Barium 

Fluoride (BaF2) because the microbolometer based camera is 

sensitive in the wavelength range from 7.5 to 14 μm. Five 

view ports with different dimensions were used to cover the 

opening between the two vanes above due to the mechanical 

properties of this material, its cost and the complex shape of 

the passage. The infrared camera (FLIR T650sc) had a 

resolution of 640×480 pixels, resulting in a resolution of 

about 0.3 mm/pixel on the endwall. Nine images in one 

minute were taken at each port and then averaged to produce 

a temperature measurement at that port. Apparent reflected 

temperature and surface emissivity were adjusted for each 

image so that the temperature recorded by the camera at the 



4 

locations of the calibration thermocouples in the image 

matched the steady-state readings of those thermocouples. 

Typical values for reflected temperature and surface 

emissivity were 18 °C and 0.93, which agreed well with the 

measured mainstream temperature of 20 °C and the 

published emissivity for flat black paint of 0.96. In the in-situ 

calibration process, at fixed surface emissivity and reflected 

temperature, temperatures obtained by IR camera were 

compared to temperatures read by thermocouples. The one-

to-one relationship between the IR and thermocouple 

measurements is shown in Fig. 7. As the temperature 

increases, the relationship between the two readings always 

presents a good linearity. For the present study, the surface of 

the copper film foil was heated up to a maximum 

temperature of 75 °C. With this calibration curve, the data 

obtained by IR camera was corrected in the heat transfer 

measurements. 

 

Fig. 6 View of endwall covered with multilayer 

    

Fig. 7 Calibration Curve for Infrared Readings 

DATA REDUCTION 
In the presentation of all results for this study, adiabatic 

heat transfer coefficient is used, which is determined by local 

adiabatic wall temperature. However, it is hard to measure 

adiabatic wall temperature in laboratory directly. Many 

previous experimental studies (Metzger et al. (1968) and 

Gritsch et al. (1999)) showed that convection heat flux qconv 

varies linearly with wall temperature Tw in heat transfer 

applications and thus, the local adiabatic wall temperature 

and adiabatic heat transfer coefficient can be deduced by the 

following equations: 

conv w aw( )q T Th   (1) 

conv ele cond radq qq q    (2) 

ele

UI

A
q   (3) 

w amb

cond

cond

T T

R
q


  (4) 

 4 4

rad w mT Tq    (5) 

where qele is the heat flux supplied to the endwall surface, 

and qcond and qrad represent conduction and radiation losses, 

respectively. The calculation of heat transfer rate is based on 

energy balance on the endwall top surface as presented in Eq. 

(2). For the conduction loss, the measured surface 

temperatures Tw is used as an input into a conduction model 

illustrated in Eq. (4). In this equation, an equivalent term 

Rcond is used to account for the thermal resistance of the 

multilayer structure of the endwall, which is dependent on 

the properties and thickness of the materials. The heat loss by 

radiation from the top of test surface to the mainstream is 

evaluated by Eq. (5). 

Six sets of data points (Tw, qcond) are obtained by 

varying the supply power qele at five locations of 

thermocouples. Each location of the five thermocouples is 

marked in green in the right figure in Fig. 8 (the pink dots are 

the markers). A linear regression is used to deduce the 

adiabatic heat transfer coefficient h from a linear fit as 

illustrate in Fig. 8. Through the whole endwall passage, the 

minimum coefficient of determination R2 is larger than 

0.993, which highlights the linear relation of the data points. 

According to Eq. (1), the slope of the line gives adiabatic 

heat transfer coefficient and the intersection of the fitting 

curve and x axis provides the adiabatic wall temperature. 

Experimental uncertainty of measured variables was 

determined by the partial derivate method of Moffat (1988). 

Uncertainty in heat transfer was dominated by uncertainty in 

the measured wall temperature. For the measurement of wall 

temperature, the overall uncertainty was estimated at ±0.4 °C 

by accounting for thermocouple bias and IR image bias. An 

estimation of uncertainty in heat transfer coefficient using 

one-dimensional heat conduction analysis generated an 

overall averaged error of 5.0%, with maximum error of 

14.4%. The uncertainty distributions for the heat transfer 

coefficient is shown in Fig. 9. 

  

Fig. 8 Linear Regression to Deduce Adiabatic Heat 
Transfer Coefficient h 
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Fig. 9 Relative Uncertainty Distributions of Heat 
Transfer Coefficient, Rein=2.80×105 

NUEMRICAL METHODOLOGY 

Corresponding numerical simulations were conducted to 

complement the measurements in order to obtain a detailed 

flow field and help understand the relationship with heat 

transfer physics. 

Numerical simulations of heat transfer on the endwall were 

performed by using the commercial code ANSYS CFX 15.0 to 

solve the steady, three-dimensional and compressible, 

Reynolds-averaged Navier-Stokes (RANS). Extensive studies 

have shown the complexity of secondary flow near endwall, 

which poses a big challenge in prediction of endwall heat 

transfer, and therefore, it is should be cautious to determine the 

best appropriate turbulence model based on measurements. It 

was determined, as shown later, that the standard k-ω 

turbulence model was the best suitable turbulence model 

closure. The computational domain of one vane passage was 

modelled in accordance with the test section with periodic 

boundaries in the pitchwise direction. Structured grid was 

generated by ANSYS ICEM. The measured inlet velocity 

profile shown in Fig. 4 was applied to the inlet at 1.33Cax  and 

static pressure measured in the experiments was imposed on the 

outlet at 1.5C. A final grid size of about 3.0 million was used to 

resolve the computation domain after a mesh sensitivity 

analysis was performed to estimate the numerical accuracy of 

the final choice for grid size using the grid convergence index 

(GCI) method recommended by the Fluids Engineering 

Division of ASME (Celik et al. (2008)).  

 

MESUREMENT RESULTS 
Measurements of heat transfer on the endwall were 

conducted at five different operating inlet Reynolds numbers as 

detailed in Table 1. The heat transfer distribution contours on 

the endwall are presented in Fig. 10. In order to clearly display 

the heat transfer distribution patterns, please note that the 

legend ranges for (d) and (e) are larger than those for (a), (b) 

and (c).  

At the lowest inlet Reynolds number of Rein=1.40×105, a 

higher heat transfer region cannot be found near the vane 

leading edge possibly because the secondary flow is not so 

much strong, but the throat area and the trailing edge wake 

region present higher heat transfer coefficients, where the 

velocity is high with strong turbulence. This indicates that the 

heat transfer distributions on the endwall at the lowest 

Reynolds number is mainly dominated by mainstream velocity, 

which is very similar to the heat transfer patterns on a flat plate.  

  
(a) Rein=1.40×105 (b) Rein=2.10×105 

  
(c) Rein=2.80×105 (d) Rein=3.46×105 

 
(e) Rein=4.20×105 

Fig. 10 Heat Transfer Coefficient Distributions on 
Endwall at Various Inlet Reynolds Numbers 

As the inlet Reynolds number increases to 2.10×105 and 

2.80×105, the characteristics of heat transfer on the endwall 

show a typical endwall heat transfer pattern (compare Fig. 

10(c) to Fig. 1). High heat transfer coefficients are observed 

near the vane leading edge, where the horseshoe vortex is 

yielded. Besides, the migration of the pressure side leg of 

horseshoe vortex and the passage vortex from the pressure side 

toward the suction side can be tracked by the high heat transfer 

strip indicated in the heat transfer contours and then two zones 

are defined: a) a typical feature of wedge shape at the passage 

entrance bounded by suction and pressure side legs of the HV, 

which is also shown in the measurements by Graziani et al. 

(1980) and Lynch et al. (2011) and b) a high heat region 

downstream of the lift-off line of the PV due to a newly-formed 

boundary layer. Downstream of the passage, the rear third 

pressure surface corner and the suction surface corner 
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downstream of the interaction of the lift-off line of the PV with 

the blade are found to show high heat transfer coefficients as 

well, which indicates that the corner vortex is much strong. The 

region of the highest heat transfer coefficients is observed near 

the throat area and the trailing edge wake region due to the 

combined effect of accelerating flow, complex vortex systems 

and high turbulence flow. In the cases with higher inlet 

Reynolds numbers of 3.46×105 and 4.20×105, compared with 

heat transfer for lower Reynolds numbers, the patterns on the 

endwall are very similar but more distinct. The heat transfer 

coefficient is obviously enhanced and the area of each high heat 

transfer region is further widened. 

Figure 11 shows laterally-averaged (pitchwise-

averaged) values of heat transfer coefficients plotted versus 

normalized axial distance through measured endwall passage 

in Fig. 10. For the five cases with different inlet Reynolds 

numbers, the averaged heat transfer coefficient generates the 

typical characteristics on a turbine vane endwall. The heat 

transfer around the vane leading edge is a local peak due to 

the mentioned horseshoe vortex. Within the passage, since 

the boundary layer develops and becomes thicker, the 

averaged value shows a slow decay. However, the newly-

formed thin boundary layer downstream of the lift-off line of 

the PV enhances the heat transfer at about 0.4Cax toward the 

passage exit. At the point of x=0.6Cax, the heat transfer 

coefficient starts to rise up quickly to a much higher level 

than that near the leading edge. In addition, according to 

common heat transfer correlation for turbulent flow, the 

overall heat transfer on endwall roughly correlates with the 

Reynolds number ratio to the power of 0.8, and then, lower 

increasement in laterally-averaged heat transfer coefficient 

with increasing inlet Reynolds number is observed due to the 

reduced Reynolds number ratio.  

 

Fig. 11 Laterally-Averaged Heat Transfer 
Coefficients Along Axial Direction at Various Inlet 

Reynolds Numbers 

COMPARISON WITH NUMERICAL RESULTS 

Numerical simulations for the test model were 

performed to compare with the measurements and gain 

additional insight into the effects of flow structures on heat 

transfer. The same definition of the adiabatic heat transfer 

coefficient as the experiments is used and then the heat 

transfer coefficient was determined by running two 

simulations, one with adiabatic wall condition on the endwall 

and the other with uniform surface heat flux. In this way, the 

adiabatic wall temperature can be extracted from the 

adiabatic simulation. In the second simulation, the endwall 

surface was divided into two parts: the heated surface in the 

range from -0.10Cax to 1.15Cax and the adiabatic ones 

upstream of -0.10Cax and downstream of 1.15Cax. 

Comparisons of the predicted heat transfer results by 

different turbulence models and the measurements at 

Rein=1.40×105 are shown in Fig. 12. It appears that the k-ω 

models (Figs. 12 (d) (e) and (f)) do a better job of predicting 

the heat transfer in the fore part of the endwall, but 

underpredict the endwall heat transfer further downstream at 

the vane exit. Conversely, the k-ε models (Figs. 12 (a) and 

(b)) overpredict the heat transfer through the whole endwall 

surface. In a detailed comparison among the three k-ω 

models, there are few differences in heat transfer 

distributions upstream of the passage throat on the endwall, 

but it is obvious the standard k-ω model conducts a better 

prediction in heat transfer downstream of the passage throat.     

  
(a) Exp. (b) Standard k-ε 

  
(c) RNG k-ε (d) Standard k-ω 

  
(e) SST k-ω (f) SST k-ω+γ-Reθ 

Fig. 12 Endwall Heat Transfer Distributions 
Predicted by Various Turbulence Models at 

Rein=1.40×105 
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An even better quantitative comparison of the heat 

transfer prediction is conducted and shown in Fig. 13 where 

the heat transfer is laterally averaged to compare with the 

experimental data. For the three k-ω models, in the fore part 

of the endwall, they perform a good agreement with the 

experiment data, but a significant difference in heat transfer 

prediction exists in the passage downstream of the throat. As 

well known, the flow near the endwall downstream of the 

passage is usually characterized by the strongly skewed cross 

flow, coupled with strong flow acceleration, complex wake 

vortexes and high turbulence, which poses a significant 

challenge to the numerical simulations of heat transfer. 

Besides, an isotropic turbulence is assumed for the five 

turbulence models, while such assumption is only sufficient 

when the boundary layer is predominately two dimensional. 

This results in poor heat transfer prediction in predominately 

three-dimensional boundary layers where the actual 

turbulence flow is anisotropic near turbine vane endwall. 

This explains the poor heat transfer prediction by the three k-

ω models downstream of the passage. 

 

Fig. 13 Comparison of Predictions and 
Measurements at Rein=1.40×105 

    From this investigation, the standard k-ω model shows 

good qualitative and quantitative agreement with the 

measured endwall heat transfer pattern, in spite of the 

underpredicted heat transfer coefficient downstream of the 

passage throat. Therefore, the standard k-ω model was 

selected and all the numerical results presented in this paper 

is obtained by this turbulence model closure. 

Figure 14 depicts the numerical predictions of heat 

transfer distributions on the endwall at the five various inlet 

Reynolds numbers. The heat transfer shows very similar 

characteristics to the experimental results, although the 

features of the numerical results are more distinct. The high 

heat transfer regions of the vane leading edge and the 

passage throat and trailing edge wake are clearly visible for 

all the inlet Reynolds numbers. The inlet wedge-shaped 

region is found to be bounded by the suction side leg of the 

HV and the PV. With the inlet Reynolds number increased, 

the heat transfer near and downstream of the passage throat is 

dramatically enhanced. 

Heat transfer on a turbine vane endwall is closely 

associated with the flow physics near the endwall. Flow 

structures in the form of Q-criteria vortex core colored by 

dimensionless streamwise vorticity (Ω=Cωx/Uin) is shown in 

Fig. 15. In order to clarify the relationship between the heat 

transfer on endwall and the flowfield, the heat transfer on 

endwall is superimposed. In this way, one can clearly note 

that the vortexes generally migrate over the high heat transfer 

areas. Downstream of the passage throat, the flow becomes 

more complicated due to more vortexes induced by the PV, 

which causes a big challenge to numerical predictions in 

flow and heat transfer in this region. Overall, the flow near 

the vane enwall is dominated by the HV, the PV and some 

small but strong vortexes induced by the PV, like the 

pressure side and suction side corner vortexes. These 

particular flow structures near endwall with highly three-

dimensional feature yield the typical endwall heat transfer 

patterns, which is completely different from those on a flat 

plate model.      

  
(a) Rein=1.40×105 (b) Rein=2.10×105 

  
(c) Rein=2.80×105 (d) Rein=3.46×105 

 
(e) Rein=4.20×105 

Fig. 14 Numerical Heat Transfer Results on Endwall 
at Various Inlet Reynolds Numbers 
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Fig. 15 Q-Criteria Vorticity Structures near 
Endwall at Rein=3.46×105  

  
（a）Mais,ex=0.616 （b）Mais,ex=0.716 

  
（c）Mais,ex=0.816 （d）Mais,ex=0.916 

 
（e）Mais,ex=1.016 

Fig. 16 Numerical Heat Transfer Distributions on 
Endwall at Various Exit Mach Numbers for 

Rein=3.46×105 

In the above experiments conducted in the open-loop 

test facility, the effects of Reynolds number on endwall heat 

transfer cannot be separated from those of Mach number 

because it is costly to vary one while keeping the other one 

constant in laboratory. In the measurements, the exit Mach 

number is increased with the inlet Reynolds number. In this 

section, in order to investigate the impacts of exit Mach 

number on endwall heat transfer in isolation, the same 

numerical approach was used to predict the endwall heat 

transfer. For those simulations, uniform velocity and 

temperature with constant values were assigned at the inlet of 

the domain and the exhaust pressure was varied to meet the 

requirement of varying the exit Mach number at a fixed inlet 

Reynolds number. 

Figure 16 displays the predicted endwall heat transfer at 

five various exit Mach numbers in the range from 0.616 to 

1.016 (all larger than the exit Mach numbers in the 

experiment) at a constant inlet Reynolds number of 

Rein=3.46×105 (design point). In these cases, the endwall 

presents the similar heat transfer distribution patterns with 

those under various inlet Reynolds numbers in Fig. 14. As 

the exit Mach number increases, few differences can be 

observed on the endwall in exception of the region 

downstream of the passage throat. It is obvious from Fig. 17, 

where the heat transfer coefficient is laterally averaged, that 

the exit Mach number has no influence on endwall heat 

transfer upstream of the passage throat, but only restrains the 

heat transfer downstream of the passage throat because high 

Mach number could increase the thickness of the boundary 

layer and reduce the turbulence level (Lutum et al. (2001)). 

 

Fig. 17 Laterally-Averaged Heat Transfer 
Coefficients Along Axial Direction at Various Exit 

March Numbers Rein=3.46×105   

CONCLUSIONS 

Experimental and numerical methods were used to 

present the endwall heat transfer and flow structures on a 

turbine nozzle flat endwall at engine-representative 

conditions. Measurements were performed using IR imaging 

technique with high resolutions. Careful turbulence model 

validations were conducted to determine the most suitable 

numerical methods for the heat transfer and flow predictions 

on the turbine vane endwall. The effects of inlet Reynolds 

number and exit Mach number on endwall heat transfer were 

analyzed under high turbulence level conditions. 
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The heat transfer on the vane endwall shows a typical 

endwall heat transfer pattern. Unlike the heat transfer on a 

flat plate affected by two-dimensional boundary layer, the 

distribution features on vane endwall are governed by the 

classic, three-dimensional endwall secondary flows. The 

insight by numerical simulations helps to understand the 

strong relationship between the flow structures near the 

endwall and their migration through the passage and the heat 

transfer patterns on the endwall. 

Increasing the inlet Reynolds number causes little 

variation in heat transfer distribution patterns on the endwall 

but is found to significantly enhance the heat transfer rate, 

particularly the region downstream of the passage throat, 

where the flow is accelerated with complex vortex systems 

and high turbulence. In addition, at a constant inlet Reynold 

number, the exit Mach number presents no impact on the 

endwall heat transfer upstream of the passage throat, but 

could decrease the heat transfer coefficient downstream of 

the throat due to the increased thickness of the boundary 

layer and the reduced turbulence level by higher exit Mach 

numbers. 

This study has attempted to obtain the detailed heat 

transfer distributions on a turbine endwall by replicating the 

engine conditions and to seek a reliable and effective 

numerical method for endwall flow and heat transfer 

prediction, and finally, to provide basic but important 

thermal boundaries for the cooling design of the endwall and 

to save the cost in the thermal design process. However, 

more work should be conducted to detail the effects of 

realistic conditions in actual engine designs on endwall heat 

transfer. In the near future, endwall heat transfer with inlet 

non-uniformities induced by upstream combustors and more 

realistic endwall surfaces will be examined.  

NOMENCLATURE 

A area of foil heater 

C true chord of vane (mm) 

Cax axial chord of vane (mm) 

h adiabatic heat transfer coefficient 

I electric current (A) 

k thermal conductivity (W/(m·K)) 

Ma Mach number 

P vane pitch distance (mm) 

q heat flux (W/m2) 

Rcond thermal resistance (
cond i i iR t k  ) 

Re averaged Reynolds number 

S span height (mm) 

T inlet temperature (K) 

t thickness of layer (mm) 

Tu turbulence intensity (%) 

u velocity (m/s) 

U velocity (m/s), voltage (V) 

x, y, z Cartesian coordinates 

Greeks 

α inlet flow angle (o) 

γ intermittency factor 

δ Stefan-Boltzmann constant 5.67×10-8 W/(m2·K4) 

ε surface emissivity 

Λ turbulence integral length (mm) 

Ω dimensionless streamwise vorticity (Ω=Cωx/U) 

ωx streamwise vorticity (s-1) 

Abbreviation 

SF scale factor 

Subscripts 

amb ambient  

aw adiabatic wall 

cond  conduction 

conv convection 

ele electric 

ex outlet 

in inlet 

is isentropic  

m mainstream 

max maximum 

rad radiation 

w wall 

θ momentum thickness 

Overbars 

- laterally-averaged 
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