
NUMERICAL PREDICTION OF COOLING PERFORMANCE SENSITIVITY OF 
1ST STAGE NOZZLE GUIDE VANE UNDER AEROTHERMAL CONDITIONS 

Prasert Prapamonthon1,2,*, Bo Yin1,* 
1 Key Laboratory for Mechanics in 

Fluid Solid Coupling Systems, 
Institute of Mechanics, 

Chinese Academy of Sciences, 
Beijing, 100190, China 

2 Department of Aeronautical Engineering, 
International Academy of Aviation Industry, 

King Mongkut’s Institute of Technology Ladkrabang, 
Bangkok 10520, Thailand 

Guowei Yang1, Mohan Zhang1,3 
1 Key Laboratory for Mechanics in 

Fluid Solid Coupling Systems, 
Institute of Mechanics, 

Chinese Academy of Sciences, 
Beijing, 100190, China 

3 School of Engineering Science,  
University of Chinese Academy of Sciences, 

Beijing100049, China 

ABSTRACT 
To obtain high power and thermal efficiency, the 1st stage 

nozzle guide vanes of a high-pressure turbine need to operate 

under serious circumstances from burned gas coming out of 

combustors. This leads to vane suffering from effects of high 

thermal load, high pressure and turbulence, including flow-

separated transition. Therefore, it is necessary to improve vane 

cooling performance under complex flow and heat transfer 

phenomena caused by the integration of these effects. In fact, 

these effects on a high-pressure turbine vane are controlled by 

several factors such as turbine inlet temperature, pressure ratio, 

turbulence intensity and length scale, vane curvature and 

surface roughness. Furthermore, if the vane is cooled by film 

cooling, hole configuration and blowing ratio are important 

factors too. These factors can change the aerothermal conditions 

of the vane operation. The present work aims to numerically 

predict sensitivity of cooling performances of the 1st stage nozzle 

guide vane under aerodynamic and thermal variations caused by 

three parameters i.e. pressure ratio, coolant inlet temperature 

and height of vane surface roughness using Computational Fluid 

Dynamics (CFD) with Conjugate Heat Transfer (CHT) 

approach. Numerical results show that the coolant inlet 

temperature and the vane surface roughness parameters have 

significant effects on the vane temperature, thereby affecting the 

vane cooling performances significantly and sensitively. 

  Keywords: Cooling performance, Turbine vane, cooling 

effectiveness, Thermal sensitivity, Aerothermal condition  
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NOMENCLATURE 
Cs          roughness constant 

C         constant 

E       empirical constant 

k       turbulent kinetic energy 

Ks           physical roughness height  

Ks
+  nondimensional roughness height 

Ps,out static pressure at mainstream outlet 

Pt,in total pressure at mainstream inlet 

PR     pressure ratio 

qflux    heat flux  

T       temperature 

Tc,in temperature at coolant inlet 

Tme     volume vane temperature 

Tw      wall temperature 

T      temperature at mainstream inlet  

U      velocity 

u*   velocity parameter 

up     mean velocity of fluid at wall-adjacent cell centroid 

yp   distance from centroid of wall-adjacent cell to wall 

B   adaptive constant 

 density 

        cooling effectiveness 

   kinematic viscosity 

 von Karman constant 

w          wall shear stress 
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INTRODUCTION 
 Based on the Brayton cycle, thermal efficiency is dependent 

on the turbine inlet temperature. Ideally, the higher the turbine 

inlet temperature, the better the thermal efficiency is. 

Regrettably, in real situations, the allowable turbine inlet 

temperature is limited by the durability of hot component 

materials, especially airfoils of the 1st stage nozzle guide vane of 

high-pressure gas turbines. At high temperatures, heat transfer 

from high thermal load causes thermal damage, thereby reducing 

a lifespan of the airfoils. Therefore, a turbine airfoil of gas 

turbines needs effective cooling systems, including ways to 

prolong hour service of the airfoil. Presently, turbine airfoils of a 

state-of-the-art gas turbine contain internal passages for coolant 

supplied by the compressor. The cool air is used for internal 

cooling and film cooling to reduce the metal temperature. For 

film cooling, its objective is to protect the airfoil external surface 

which is under a complex flow field. These cause a variation of 

local heat transfer coefficient and local freestream temperature 

on the hot gas side and lead to a variation of the airfoil surface 

temperature, including temperature gradients due to heat 

conduction within the airfoil material. As described, heat 

convection from film cooling, internal cooling and heat 

conduction within the airfoil material are intrinsically linked, 

thereby making the overall thermal problem complicated and 

difficult. On top of that, it is important to understand the 

phenomena of the combined mode of heat transfer and fluid flow. 

The accurate prediction of heat transfer and fluid flow which is 

an important step for airfoil lifespan assessment needs to be done 

reliably. So far, aerothermal prediction on turbine airfoils has 

been investigated experimentally and computationally for many 

years. Based on the numerical approach, many researchers [1-

14] have shown that the simultaneous simulation using 

computational fluid dynamics (CFD) and conjugate heat transfer 

(CHT) can predict airfoil temperature obtained from problems of 

three modes of heat transfer with fluid flow acceptably. Apart 

from using the CFD/CHT approaches to evaluate the airfoil 

temperature, some of the researchers also investigated effects of 

aerothermal uncertainties in boundary conditions and material 

property and specification on the airfoil surface temperature and 

thermal distributions. For examples, Alizadeh et al. [12] studied 

uncertainties on parameters that affect heat transfer parameters 

of turbine blades such as turbine inlet temperature and pressure, 

rotor coolant inlet pressure and temperature, blade metal thermal 

conductivity, blade coating thickness. Their results indicated that 
the uncertainty of these parameters has significant impacts on the 

blade temperature. Alizadeh et al. [13] also examined the effects 

of the wall temperature and inlet total temperature on cooling 

mass flow rate of a turbine airfoil. Additionally, the influence of 

inlet total temperature on cooling convective efficiency was 

studied. Reyhani et al. [14] studied a sensitivity of blade coating 

thickness, coolant inlet pressure and temperature and gas turbine 

load variation to turbine blade temperature calculation and life 

estimation. They indicated that the blade lifespan rises by 9 times 

when the thickness of coating increases by 3 times. Besides, 

Haubert et al. [15] investigated the effects of design parameters 

on blade life prediction. Their results showed that the heat 

transfer parameters are the most critical factors that result in the 

lifespan of the blade. Kim et al. [16] evaluated the sensitivity of 

operating parameters on the predicted blade temperatures and 

stresses. Their results showed the spatially resolved sensitivity 

of the operating parameters on blade temperature and stress 

distributions. Roos [17] carried out sensitivity analyses of the 

trailing edge ejection slot width on cooling performance in a 

nozzle guide vane. His study indicated that the reduction in the 

slot size causes a corresponding decrease in the coolant mass 

flow rate, thereby increasing in the blade temperature. Williams 

et al. [18] conducted sensitivity of overall effectiveness to film 

cooling and internal cooling on the suction surface of a turbine 

vane. Their investigation showed that overall cooling 

effectiveness increases at higher momentum flux ratios obtained 

from adjusting the coolant flow rate. Nadali et al. [19] performed 

the sensitivity analysis of blowing ratio, film hole shape and 

effect of hole position on film cooling performance of a real vane 

configuration working at engine conditions. They indicated that 

geometry parameters like film hole shape and hole position 

which are related to the blowing ratio play major roles in film 

cooling performance. Espinosa et al. [20] evaluated the effect of 

cooling airflow rate reduction on the blade surface temperature 

distribution. Their results showed that the temperature 

distribution is related to the cooling effectiveness, on the coolant 

flow rate in the cooling passages.   

Although there have been several studies of uncertainties or 

deviations of parameters linked to aerothermal conditions so far, 

the study of effects of the parameter uncertainties is still 

challenging, because overall thermal problems obtained from a 

turbine airfoil are complicated, as mentioned previously, 

especially if a vane is cooled by intricate cooling systems. This 

work aims to numerically predict effects of some uncertainties 

of important parameters on cooling performances of a 

numerously film-cooled vane of the 1st stage nozzle guide vanes 

i.e. 217 film holes in total. Such parameters are as follows: (1) 

pressure ratio, which can be used to increase the velocity of the 

hot gas before entering moving blades, (2) coolant inlet 

temperature, which is constrained from the compressor supply, 

and (3) physical surface roughness height, which is existed 

naturally during long hour service, including in the 

manufacturing process.  

 

VANE CONFIGURATION  
The vane used in this work is one of the 1st stage nozzle guide 

vanes adopted from Halila et al. [21]. It is the same model that 

was used in Zhang et al. [22]. The vane is film-cooled by cooling 

air from 13 rows of film holes which have 217 holes in total, as 

shown in Fig. 1. The cooling air is supplied by two cavities i.e. 

forward and aft cavities.  Each cavity has one baffle with many 

impingement holes, specifically, 131 and 216 holes for forward 

and aft baffles, respectively, as seen in Fig. 2. It should be noted 

briefly that film holes of the rows R1-R2 and R13 are a fan-

shaped type and rectangular slot, respectively, whereas other 

holes are cylindrical with radial, axial or compound direction. 

More details about film holes are available in Halila et al. [21].  
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FIGURE 1: CONFIGURATION OF NOZZLE GUIDE VANE AND 

ITS FILM HOLES 

 

 

FIGURE 2: CONFIGURATION OF BAFFLES AND THEIR 

IMPIGEMENT HOLES 

 

COMPUTATIONAL TECHNIQUE  
The computational technique and solver setup are explained 

in this part. The computation mesh of the solid and fluid domains 

is generated by ANSYS ICEM. The mesh around the vane solid 

is stretched normal to the walls to obtain 8-12 layers by O-grid 

technique. Mesh independence was confirmed by Zhang et al. 

[22] through three numbers of mesh elements i.e. 7, 11 and 16 

million elements. They indicated that the mesh with 11 and 16 

million elements provided an insignificant difference in 

numerical results of the surface temperature. Thus, the 11 million 

element mesh is adopted for the present work and the maximum 

Y+ of this mech is about 5. Fig. 3 shows the computational 

domain obtained by the mesh with 11 million elements and some 

parts of the computational mesh in the fluid and solid domains. 

For the solver, ANSYS FLUENT with SST k-w model is 

used to compute flow filed and heat transfer using conjugate heat 

transfer (CHT). Based on CHT, the mesh interface technique is 

applied to all interfaces between the solid and fluid domains. 

With this technique, thermal flux can transfer across the 

interfaces and the surface temperatures at the interfaces of the 

solid and fluid domains are equivalent. Besides, the surface 

roughness model available in the solver is used to explore the 

impact of surface roughness height (Ks) on cooling performance 

sensitivity. By this means, the vane surface roughness is modeled 

as a uniform sand-grain roughness, as shown in Fig. 4. This 

model involves two constants i.e. roughness constant (Cs) and 

physical roughness height (Ks). The physical roughness height 

is related to the dimensionless roughness parameter as 

 

FIGURE 3: COMPUTATIONAL DOMAIN AND SOME PARTS 

OF COMPUTATIONAL MESH  

 

 
FIGURE 4: VANE SURFACE ROUGHNESS MODEL  

 

proposed by Nikuradse [23],  defining as Ks
+ = 

Ksu
∗


, where u∗ 

is the velocity parameter which is computed from u∗ =
 Cμ
0.25k0.5,  denotes the kinematic viscosity, k stands for the 

turbulence kinetic energy, and Cμ is 0.09. The dimensionless 

roughness parameter is used to define the flow regime under the 

influence of the surface roughness. Based on the study of 

Nikuradse [23], the solver used in the present study divides the 

impact of the surface roughness on the flow field into three zones 

i.e. (1) hydrodynamically smooth surface (Ks
+   2.25), (2) 

transitional roughness surface (2.25  Ks
+   90), and (3) fully 

rough surface (Ks
+ >  90). The surface roughness effect in the 

zone of the hydrodynamically smooth surface is ignored because 

it causes very low disturbances to the fully viscous sublayer in 

this zone. However, it becomes more and more important in the 

transitional roughness surface due to increasingly serious 

disturbances to the viscous sublayer as the dimensionless 

roughness parameter increases, and the viscous sublayer is 

destroyed completely by the full effects of the roughness in the 

fully rough surface zone. To study the effects of the roughness, 

the adaptive constant (B) is evaluated as the formulas proposed 

by Cebeci and Bradshaw [24], as seen in the equation (1).  

 

  ∆B = 

{
 
 

 
 

0    Ks
+   2.25 

1

κ
ln (

Ks
+−2.25

87.75
+ CsKs

+) ∙ sin[0.4258(ln(Ks
+) − 0.811)]  

 2.25  Ks
+   90

1

κ
ln(1 + CsKs

+)    Ks
+ >  90

      (1) 
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Then, B is linked to calculating wall shear stress (w) and mean 

temperature as the equation (2). 

 

                                    
upu

∗

τw/ρ
=

1

κ
ln (E

u∗yp


) − ΔB                  (2) 

 

where up, yp, E and κ are the mean velocity of the fluid at the 

wall-adjacent cell centroid, the distance from the centroid of the 

wall-adjacent cell to the wall, the empirical constant (= 9.793), 

and the von Karman constant (= 0.4187), respectively.  

        As mentioned previously, the present work is done by the 

CFD/CHT approach. Therefore, the convergence criteria of the 

numerical results are needed to define rightly. All numerical 

results are checked by the standard criteria of the residual of 

continuity (1x10-3) and energy (1x10-7). The convergence of the 

results is confirmed by monitoring the unchanged temperature 

with the iteration at six points on the PS, SS, LE, and TE. 

Furthermore, mass balance at all inlets and outlets is examined.  
 

BOUNDARY CONDITIONS AND SIMULATION SETUP 
Main boundary conditions for the hot mainstream and 

coolant are illustrated in Fig. 5. Most thermodynamic properties 

of the boundary conditions are set as experimental conditions 

reported by Timko [25]. For the reference case, at the 

mainstream inlet, temperature and total pressure are uniform 

with a value of 709 K and 3.402 atm, respectively. The pressure 

ratio (PR) defined by the ratio of the total pressure at the 

mainstream inlet (Pt,in) to the static pressure at the mainstream 

outlet (Ps,out) is used to define the boundary condition at the 

mainstream outlet, PR = 1.67. At the forward and aft coolant 

inlets, the temperature (Tc,i) and total pressure are set uniformly 

with a value of 339 K and 3.464 atm, respectively. To perform 

the highest effectiveness of film cooling as can be, the adiabatic 

wall is given at the outlet of the forward and aft coolant passages. 

This boundary condition is given at the top and bottom of the 

mainstream cascade as well. Two sides of the cascade are set as 

the periodic condition following the configuration of the annular 

cascade. For turbulence quantity, uniform turbulence intensity 

and length scale at the mainstream inlet are used and their values 

are 10 % and 0.4 cm, respectively. For the perfectly smooth 

surface case, Ks is set as 0.  

 

 

FIGURE 5: BOUNDARY CONDITIONS   

 

According to the objective of the present study, the cooling 

performance sensitivity is predicted through three parameters 

which affect flow fields around the vane and heat transfer 

between the hot mainstream and the vane surface i.e. PR, Tc,i, 

and Ks. The variations of the three parameters are listed in Table 

1.  

 

TABLE 1: INDEPENDENT VARIABLES USED AS SENSITIVITY 

PARAMETERS  

Parameter Range of 

variation 

Pressure ratio (PR) 1.67 - 2.70 

Increment of coolant inlet temperature (Tc,i; %) 0 - 8 

Surface roughness (Ks; m) 0 - 80  

 
For material property, the air is used for the mainstream and 

coolant and it is assumed as an ideal gas, whereas the vane 

structure is made of steel. All properties of the materials are 

given in Table 2, as previously studied by Zhang et al. [22] and 

Prapamonthon et al. [26].   

 

TABLE 2: DETAILS OF MATERIAL PROPERTIES [22,26] 

Property Steel Air 
Density  

(kg/m3) 
8055 Ideal gas 

Thermal conductivity 

(W/mK) 
11.2 + 0.0144T 0.01019 + 

0.000058T 
Specific heat capacity 

(J/kgK)        
438.5 + 0.177T 938 + 0.196T 

Viscosity  

(kg/ms)                                           
- 

Sutherland Law 

*T in Kelvin 

 

COOLING EFFECTIVENESS 
To perform the cooling performance of the 1st stage nozzle 

guide vane, the cooling effectiveness denoted by   is analyzed 

because it is linked directly to the vane temperature under the 

conductive wall condition. The cooling effectiveness is 

expressed mathematically as the equation (3). 
 

                                      =  
T∞−Tw

T∞−Tc,in
                                             (3) 

 

The equation (3) is used to evaluate the surface cooling 

effectiveness. Furthermore, to perform the cooling performance 

sensitivity, the equation (3) is also used to compute the volume 

cooling effectiveness, and for this case, Tw is replaced with the 

volume vane temperature, Tme. It is expected that the cooling 

effectiveness is in a range of 0 <  < 1 for real situations and all 

simulations of the present work. In addition, the heat transfer 

coefficient defined as the equation (4) is used to explain heat 

transfer phenomena at the vane surfaces also.  
 

                                              h =  
qflux

T−Tw
                                            (4) 

 

where T is used as the temperature reference. The sign of the 

heat transfer coefficient corresponds to qflux, namely, a positive 

value means that thermal energy transfers from the hot gas to the 

vane. But, if the thermal energy transfers oppositely, it shows a 

negative value.   
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NUMERICAL VALIDATION 
To ensure that numerical results predicted by CFD/CHT 

approach are acceptable and reliable enough, the numerical 

result must be validated aerodynamically and thermally. In fact, 

the aerodynamic validation was done by Zhang et al. [22] by 

comparing the predicted Mach number distribution along the 

surface at midspan with the Mach number obtained by the 

experiment of Timko [25]. The Mach number predicted by SST 

k- model agreed well with that obtained by the experiment, as 

shown in Fig. 6. However, the thermal validation was not 

verified due to the lack of thermal experimental data from Timko 

[25] and other opened literature. Therefore, the present work 

needs to conduct the prediction of the cooling performance 

sensitivity under the assumption that the aerodynamics of fluid 

flow is of fundamental importance to heat transfer process 

accordance with the governing equations of fluid flow and heat 

transfer, including the equation of state for compressible flows. 

The method which demonstrates the ability to get a good 

aerodynamic agreement on the results of Mach number, 

pressure, and velocity distributions could result in a reasonable 

and acceptable thermal field, as seen in previously published 

papers [4-6, 12-14]. So far, the success in using SST k-ω to 

predict heat transfer in transonic cascades has been presented 

continuously, for instance, Ho et al. [27]. Therefore, the 

validation of aerodynamic results done by Zhang et al. [22] is 

still meaningful for the thermal prediction and the solver with 

SST k-w model is employed for the subsequent calculations of 

the present work. 
 

 
FIGURE 6: AERODYNAMIC VALIDATTION BY ZHANG ET 

AL. [22].   

 

RESULTS AND DISCUSSION 
Results for The Reference Case 
 Before discussing the effects of the pressure ratio, surface 

roughness and coolant inlet temperature on the cooling 

performance sensitivity, numerical results of the perfectly 

smooth vane are conducted under the basic boundary condition 

as the reference case. The surface cooling effectiveness and heat 

transfer coefficient distributions on the vane surface are 

presented. Fig. 7 shows contours of the cooling effectiveness and 

relatively high values of the cooling effectiveness are observed 

in the downstream of the exit of film holes. The highest cooling 

effectiveness is found in the downstream region close to the exit 

of fan-shaped film holes, R1 on the SS. These phenomena are 

 

 

FIGURE 7: COOLING EFFECTIVENESS DISTRIBUTION ON 

VANE SURFACE FOR REFERENCE CASE 

 

   
 

FIGURE 8: FLOW FIELD OF COOLING AIR/HOT GAS FOR 

REFERENCE CASE 

 

reasonable because such regions are the location where cooling 

air just comes out of the film holes, as shown in Fig. 8. Therefore, 

effects of the cooling air become very strong, especially in the 

outlet regions of the rows R1 and R2 which can provide a 

relatively large amount of the cooling air due to a larger area of 

the fan-shaped exit. This can be confirmed from negative heat 

transfer coefficient and heat flux which is found in the 

downstream regions close to the exit of the film holes as shown 

in Figs. 9 and 10, respectively, Therefore, the wall temperatures 

in such regions are relatively low when comparing to other 

regions. However, because local static pressure in the LE and PS 

is relatively high and the film holes of the rows R5 - R9 are 

installed in the radial direction, so the cooling air emitted by 

these holes becomes lower effective for film protection. This 

leads to higher temperatures and lower cooling effectiveness on 

the vane surfaces which are close to the rows R5 - R9 when 

comparing to other regions. Similarly, this phenomenon can be 

also confirmed by the contours of heat transfer phenomena in 

Figs. 9 and 10. Fig. 7 also indicates regions where are scarcely 
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cooled by the cooling air and certainly these regions show lower 

cooling performance than the regions where are influenced by 

the film cooling. Another observation is that the cooling 

effectiveness ups again in the further downstream on the SS (the 

rear portion of the SS). This may be because that position 

consists of a lot of coolant passages of the slot holes of the row 

R13, including effects of flow transition. These result in lower 

heat flux driven by lower differences in the temperature between 

the cold-side and hot-side walls. As a result, the wall temperature 

decreases and the cooling effectiveness increases. 
 

               

FIGURE 9: HEAT TRANSFER COEFFICIENT DISTRIBUTION 

ON VANE SURFACE FOR REFERENCE CASE 

 

                  

FIGURE 10: HEAT FLUX DISTRIBUTION ON VANE SURFACE 

FOR REFERENCE CASE 

 

 Next, the effects of the pressure ratio, surface roughness and 

coolant inlet temperature on the cooling performances are 

discussed in terms of the surface cooling effectiveness and heat 

transfer coefficient along the vane surface at midspan where is 

usually represented as the whole vane. It should be noted that for 

following graphs, “x/C = 0” indicates the stagnation position, 

“x/C > 0” means the position along the vane suction surface, and 

“x/C < 0” represents the position along the vane pressure surface.     
 

Effects of Pressure Ratio 
 Fig. 11 presents the cooling effectiveness as PR ups from 

1.67 to 2.7. It can be seen that PR increases the cooling 

effectiveness considerably in the rear portion on both PS (-1.0 < 

x/C < -0.7) and SS (0.5 < x/C < 1.0), but decreases the cooling 

effectiveness significantly in a range of -0.3 < x/C < 0.1 on the 

PS-LE-SS region. These phenomena are reasonable due to the 

fact that local static pressure at the exit of fan-shaped film holes 

of the rows R1 and R2 on the SS and axial film holes of the row 

R12 on the PS decreases with PR, as shown in Fig. 12. Therefore, 

cooling air emitted from such film holes may be more promoted 

by higher local momentum ratio, thereby improving the cooling 

effectiveness and its cooling performance in the rear portion of 

the PS and SS. Additionally, the high momentum of the cross-

flow mainstream caused by increasing PR in the PS-LE-SS 

region may impede cooling air emitted from film holes in this 

region. This brings about low cooling effectiveness in such 

region and these phenomena can be found in the corresponding 

distribution of the heat transfer coefficient in Fig. 13 as well.     

 

 
FIGURE 11: COOLING EFFECTIVENESS DISTRIBUTIONS AT 

MIDSPAN AT DIFFERENT PRESSURE RATIOS 

 

 
FIGURE 12: DISTRIBUTIONS OF STATIC PRESSURE AT 

MIDSPAN AT DIFFERENT PRESSURE RATIOS 

 

 
FIGURE 13: DISTRIBUTIONS OF COEFFICIENT OF HEAT 

TRANSFER AT MIDSPAN AT DIFFERENT PRESSURE RATIOS 
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Effects of Surface Roughness 
 Fig. 14 presents the distribution of the cooling effectiveness 

under the effects of the physical roughness height. Obviously, in 

general, the cooling effectiveness drops with the increment of Ks, 

especially in the further downstream regions of the film holes. 

This may be explained by the fact which is found in the 

distribution of heat transfer coefficients, as seen in Fig. 15.  
 

 
FIGURE 14: COOLING EFFECTIVENESS DISTRIBUTIONS AT 

MIDSPAN AT DIFFERENT SURFACE ROUGNESS HEIGHTS  
 

 
FIGURE 15: DISTRIBUTIONS OF COEFFICIENT OF HEAT 

TRANSFER AT MIDSPAN AT DIFFERENT SURFACE 

ROUGNESS HEIGHTS  
 

The phenomenon shown in Fig. 15 indicates that the heat transfer 

coefficient rises drastically since Ks increases in the further 

downstream regions of the film holes. This is reasonable because 

according to the roughness model, the area of heat transfer 

increases with Ks. This phenomenon is lessened in the regions 

close to the exit of film holes due to more intense film protection. 

Nevertheless, uncertain variations of the cooling effectiveness 

are noticed in the PS-LE-SS region where is noted by the rows 

R3 – R10 in a range of -0.3 < x/C < 0.1. This may be explained 

by the fact that because such region in the PS is sensitive to 

turbulence quantities. The role of the surface roughness effects 

is important increasingly as Ks disturbs increasingly the viscous 

sublayer. Therefore, more complex flow instability is triggered 

off and the wall surface temperature is changed with uncertain 

heat transfer, as seen in Fig. 16 for example at the maximum 

roughness height, Ks = 80 m.  
 

             

FIGURE 16: DISTRIBUTIONS OF COEFFICIENT OF HEAT 

TRANSFER AT Ks = 80 m. 
 

Effects of Coolant Inlet Temperature 
 Fig. 17 shows the distribution of the cooling effectiveness as 

the coolant inlet temperature rises from 0 to 8 %. Undoubtedly, 

the increase in the coolant inlet temperature reduces the cooling 

effectiveness uniformly. Therefore, the trend of the cooling 

effectiveness distributions obtained by increasing the coolant 

inlet temperature is the same as the reference case does, but 

completely different from that obtained by increasing Ks and PR. 

Realistically, the physical change in the surface roughness and 

the aerodynamic change in the pressure ratio involve the direct 

impact on the hot-side wall. These changes affect heat transfer 

between the hot gas and the vane surfaces directly. Although the 

increment in the coolant inlet temperature affects the 

temperature of the cooling air providing the film protection on 

the vane surface, it comes from the cold-side wall. Thus, this 

leads to totally different phenomena and Fig. 18 indicates the 

evidence of this difference. Namely, the heat transfer 

coefficients barely change with the coolant inlet temperature. It 

is reasonable due to the fact that the driving force between the 

hot-side and cold-side walls is reduced as the coolant inlet 

temperature rises directly. As a result, the amount of thermal load 

at the hot-side wall needs to decrease, as shown in Fig. 19 for 

example at the maximum increment in the coolant inlet 

temperature, Tc,in = 8%.  
 

 
FIGURE 17: COOLING EFFECTIVENESS DISTRIBUTIONS AT 

 MIDSPAN AT DIFFERENT INCREMENT OF COOLANT INLET 

TEMPERATURES 
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FIGURE 18: DISTRIBUTIONS OF COEFFICIENT OF HEAT 

TRANSFER AT MIDSPAN AT DIFFERENT INCREMENT OF 

COOLANT INLET TEMPERATURES 

 

                                

FIGURE 19: HEAT FLUX DISTRIBUTION ON VANE SURFACE 

WHEN COOLANT INLET TEMPERATURE INCREASES 8% 

 

 Lastly, further investigation into the cooling performance 

sensitivity under the effects of the pressure ratio, surface 

roughness, and coolant inlet temperature are discussed. Average 

(Ave.), maximum (Max.) and minimum (Min.) cooling 

effectiveness is simultaneously considered with corresponding 

temperature differences (T). It should be noted that in this 

section the term “volume cooling effectiveness” is used. 

  

Cooling Performance Sensitivity 
 Although the velocity of hot gas entering the part of moving 

blades of gas turbines depends upon the pressure ratio of the 

stationary vanes, this drop ratio in the mainstream passage has a 

directly unfavorable influence on the aerodynamic performance 

of the 1st stage of turbine vanes. Moreover, this influence brings 

about low cooling performance of the vane, as described 

previously. In order to obtain a better understanding of the 

variation of the cooling effectiveness, the cooling performance 

sensitivity under the effects of the pressure ratio is investigated 

in this part. Fig. 20 shows that Tav decreases linearly as the PR 

increases, in other words, av is improved with the PR. However, 

this reduction is small, namely, only a 3.2 K reduction is reached 

though the PR ups to the maximum value of 2.7. Fig. 20 also 

indicates that Tmax increases slightly with the PR, a 3 K rise at 

PR = 2.7. But, the increment in Tmax tends to be alleviated, so 

min is somewhat deteriorated when the PR rises. These 

phenomena may suggest the dominance of better cooling 

obtained in the rear portion of the vane PS and SS at higher PRs 

as explained previously, though the higher PRs have the strong 

adverse effects on cooling performance in the LE-downstream 

PS. Besides, it can be seen that Tmin and max vary trivially with 

the PR. This is reasonable and corresponding to the previous 

explanation that the PR has a direct impact on the hot-wall side 

due to the change in the aerodynamic condition, but an indirect 

influence on the thermal condition. 

 

 
FIGURE 20: EFFECTS OF PRESSURE RATIO ON COOLING 

EFFECTIVENESS  
 
 In fact, the surface roughness is changed naturally due to 

deposition and corrosion after the turbine airfoils run for long 

hour services. Besides, in the manufacturing process of the 

turbine vane, the surface roughness is also an uncontrollable 

factor. In this section, the cooling performance sensitivity under 

varying the surface roughness is investigated as known that the 

roughness effect can change the aerothermal conditions of the 

turbine airfoils physically, and leads to the significant alteration 

of the flow field and heat transfer of the airfoils. As seen in Fig. 

21, significant reductions in av and min are observed when Ks 

rises in the investigated range. The figure indicates that a rise in 

Ks of 80 m results in 16 K and 17 K increments of Tav and Tmax, 

thereby lowering av and min, respectively. However, the 

uncertain variation of Tmax is also found in the range of 0 < Ks < 

40 m, especially at Ks = 20 m. This phenomenon may be 

explained by the fact that as Tmax should be located in the hot-

side wall which obtains the direct impact of the change in the 

surface roughness, and Ks
+ obtained from Ks in this range is in 

the zone of the transitional roughness. Thus, although the surface 

roughness effects become important increasingly, the effects are 

still unstable because of the instability of viscous sublayer 

disturbance caused by the increasing roughness. In addition, as 

well known that cooling effectiveness on the PS is quite sensitive 

to the turbulence of the mainstream. This also results in the 

variation of the cooling effectiveness with the roughness. Fig. 21 

also indicates a decreasing trend of max as Ks increases, and this 

reduction is lower than av and min. This seems unsurprising due 

to the fact that max which is linked to Tmin is in the cold-side 

wall, so the coolant effects become dominant and stronger than 

the effects caused by the roughness, as seen that a 6 K rise in Tmin 

provided by the maximum roughness height only.  
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FIGURE 21: EFFECTS OF SURFACE ROUGNESS HEIGHT ON 

COOLING EFFECTIVENESS  
 

To maintain the metal temperature of the vane below the 

maximum allowable temperature, the cooling air is taken from 

the compressor discharge and directed to the turbine vane to 

provide efficiently adequate cooling. When the coolant flows 

through supply passages till the exit of film holes, its temperature 

increases as its pressure reduces. Hence, the effects of the 

increase in the coolant inlet temperature supplied by the 

compressor on the cooling effectiveness sensitivity of the vane 

are investigated. Fig. 22 presents the variations of the vane 

cooling effectiveness and temperature with the increase in 

coolant inlet temperature. It is found that the vane cooling 

effectiveness and temperature vary linearly with the increase in 

the coolant inlet temperature. Obviously, Fig. 22 indicates that 

an 8 % rise in the coolant inlet temperature causes 18 K and 24 

K increments in the Tav and Tmin, respectively, thereby reducing 

av and max significantly. These phenomena are reasonable 

because max is directly linked to Tmin, which should exist in the 

cold-side wall. Therefore, when the coolant inlet temperature 

increases, Tmin increases directly and results in the dramatic 

reduction of max. Moreover, this dramatic reduction also leads 

to the significant reduction of av because the variation of av 

depends upon the variation of the vane metal temperature from 

the hot-side wall to the cold-side wall. This driving force is 

directly linked to the temperature difference between hot and 

cold sources. When the coolant inlet temperature increases, the 

driving force decreases. As a result, av is reduced in the 

circumstances. Another observation is that the reduction of min 

is lower than that of av and max in the investigated range, 

increasing 7 K in Tmax from the 8% rise in the coolant inlet 

temperature. This may be explained by the fact that min is related 

to Tmax which exists in the hot-side wall, especially in regions 

where are cooled ineffectively by cooling air. The increment in 

the coolant inlet temperature affects Tmax indirectly and the 

change in Tmax is small. As seen previously in Fig. 18, the 

increase in the coolant inlet temperature has a small effect on the 

heat transfer coefficient. Consequently, the increase in Tmax is 

lower than that in Tav and Tmin.  

 
FIGURE 22: EFFECTS OF INCREASE IN COOLANT INLET 

TEMPERATURE ON COOLING EFFECTIVENESS  
 
CONCLUSION 

In this work, the CFD/CHT approach is used to numerically 

predict sensitivity of the cooling performances of a gas-turbine 

vane under aerodynamic and thermal conditions caused by three 

parameters i.e. pressure ratio, coolant inlet temperature and 

height of vane surface roughness. A simulated vane in this work 

is selected from one of 46 vanes of the 1st stage nozzle guide 

vanes of a high-pressure turbine reported by NASA Energy 

Efficient Engine program. The vane is film-cooled numerously 

and impinged by two baffles within coolant passages. 

Uncertainties of some parameters, which affect turbine vane heat 

transfer, are investigated. Numerical results show that the 

coolant inlet temperature and physical surface roughness have 

significant effects on the vane cooling performances. The 8% 

increase in the coolant inlet temperature results in 18 K 

increment in the vane average temperature. The 16 K and 17 rises 

in the vane average and maximum temperatures, respectively, are 

caused by the maximum roughness height i.e. 80 m. 

Additionally, although the vane average temperature is reduced 

at higher pressure ratios, this effect is slight. Only 3.2 K 

reduction is obtained. It should be mentioned that since the 

numerical prediction of this work is validated aerodynamically 

only, heat transfer part is carried out under the favorable 

assumption of the governing equations of fluid flow and heat 

transfer, including the equation of state for compressible flows. 

Hence, the conclusion drawn here should be extended cautiously. 
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