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Abstract

In this study, a series of conjugate heat transfer (CHT) analyses are conducted for a stage of a fully cooled high-pressure 

turbine (HPT) at elevated levels of free stream turbulence (Tu = 5% and 25.7%). The goal of the analyses is to investigate the 

influence of high turbulence intensity on the fluid-thermal characteristics of a nozzle guide vane (NGV). The turbine inlet 

temperature is defined by considering a typical radial temperature distribution factor (RTDF). The Unsteady Reynolds Average 

Navier–Stokes (URANS) CHT simulations are carried out using CFX 15.0, a commercial CFD package. The presented CFD 

modeling approach for high turbulence intensity is verified with the experimental data from two types of NASA C3X NGVs 

with films. The computation grid is generated for both the fluid and solid domains. The fluid domain grid is created using a 

tetrahedral grid system with prism layers because of its complex geometry, and the solid domain grid is composed of only 

tetrahedral elements. The analytical results are compared to understand the effect of turbulence on flow characteristics and 

metal temperature distributions. The results obtained in this study provide useful insights on the effects of high free stream 

turbulence and unsteadiness. The results also lead to the proposal of meaningful turbine design guidelines.
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1. Introduction

It is the trend that turbine inlet temperature increases 

continuously to improve the efficiency of a gas turbine engine. 

A high-pressure turbine (HPT) nozzle guide vane (NGV) faces 

the most severe aero-thermo-mechanical conditions, and 

therefore plays a crucial role in supporting engine efficiency 

and integrity. Consequently, HPT NGV needs to implement 

complicated cooling technology. To evaluate the overall aero-

thermo-mechanical performance of a turbine stage, a real and 

fully 3D conjugate heat transfer (CHT) analysis is conducted. 

This type of analysis is becoming an attractive experimental 

tool for turbine designers. As computing capability is rapidly 

enhanced, there have been many efforts to implement CHT 

capability, and different validation cases have been reported. 

However, CHT analysis is too complicated a task to be 

completed within the time frame of an engine development 

program.

CHT analysis handles heat conduction and convection in 

the solid and fluid domains, as well as on their interfaces. In 

the 1990s, Bohn et al. [1] used the first conjugate numerical 

simulations in turbo-machinery. The authors studied the 

cooling performance of three traditional types of film cooling 

holes using CHT to compare the results from the adiabatic 
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assumption [2]. William et al. [3] predicted the temperature 

distributions of an internally cooled turbine NGV using 

CHT by applying various turbulence models. Dong et al. 

[4] conducted a conjugate analysis of a NASA C3X NGV 

with leading edge shower head films. The investigators 

compared their predictions from different turbulence 

models with measured data. Ron et al. [5] used CHT for a 

cooling performance analysis of a cooled turbine NGV that 

included 648 film holes. They applied unstructured grids to 

model both the fluid and solid domains of the NGV. Later, 

Ron et al. [6] compared the previous CHT predictions [5] to 

experimental results. Bak et al. [7] investigated the effects 

of near-wall treatment methods and inlet turbulence 

conditions on the heat transfer predictions of a NASA C3X 

and a Mark II NGV with an internal cooling system only. 

Poinsatte et al. [8] conducted heat transfer measurements 

on a commercially designed, film-cooled turbine NGV using 

transient liquid crystals in realistic engine conditions, and 

compared the results to the numerical results of the Glenn-

HT computation code. The predicted Stanton number 

matches the experimental uncertainty. Further analytical 

studies have been reported on the prediction of temperature 

distributions of the HPT NGV and blade [9-11]. However, 

those studies were focused on steady-state simulations.

Studies on unsteady aerodynamic analyses have also been 

reported [12-14]. He et al. [15] addressed the issues regarding 

unsteady CHT analysis, especially those involving the 

difference in the time scale of the fluid and solid domains. 

Alejandro et al. [16] performed CHT analyses to investigate 

the temperature distribution over an internally cooled gas 

turbine bucket coated with thermal barrier coating (TBC). 

Hwang et al. [17] performed an analysis of steady state 

and unsteady CHT to predict the flow and heat transfer 

characteristics of a high-pressure turbine blade. As a result, 

unsteadiness was observed to have a significant influence on 

blade aerodynamics and heat transfer.

Boyle et al. [18] studied the effects of free-stream 

turbulence intensity (10% and 20%) on turbine NGVs and 

blade heat transfer. Their predictions were compared 

with experimental data to identify an appropriate model 

for use across a wide range of flow conditions. Ames 

[19] investigated how free stream turbulence influences 

pressure surface heat transfer using a subsonic NGV 

cascade. In addition, Ames [20] performed experiments 

to study the influence of the interaction of discrete 

cooling jets and free stream turbulence on film cooling 

effectiveness. Hosein et al. [21] developed a modified low 

Reynolds number k-ε model in order to predict the effects 

of high free stream turbulence on momentum transport 

and heat transfer using OpenFOAM. Three different test 

cases of the free stream turbulence intensity (Tu = 1%, 

6.53% and 25.7%) are considered; Tu = 25.7% was referred 

to as “very high free stream turbulence”. Until recently, the 

majority of HPT stage CHT analyses have not considered 

real environments with very high free stream turbulence 

and unsteadiness. Therefore, in this study, a fully cooled 

HPT stage is modeled and a series of CHT analyses are 

conducted under (a) relatively low turbulence intensity 

(Tu = 5%) and (b) extremely high turbulence intensity (Tu = 

25.7%) in the inlet free stream. The unsteady CHT analysis 

is carried out using the CFX 15.0 commercial CFD package 

to model the HPT stage. The original quantities of NGVs 

and blades in this stage used are 56 and 104, respectively. 

However, to match the pitch for the unsteady CHT analysis, 

the quantity of NGVs and blades are modified to 56 and 

112, respectively. Comparison with the predicted results 

provides a comprehensive understanding of the effect of 

high turbulence intensity on the solid temperatures.

2. Cooled Turbine Nozzle

The Korea Aerospace Research Institute (KARI) conducted 

HP turbine development for a 10,000 lbf thrust turbofan 

engine with an average entrance temperature of 1,673 K. 

The engine bypass ratio is 5, and the overall pressure ratio 

(OPR) is 32.2. Kang et al. [22, 23] established the design 

procedure and presented the aerodynamic design result of 

the multi-stage axial turbine. The first turbine stage (Fig. 1) 

is transonic with a rotational speed of 17,000 rpm and a total 

pressure expansion ratio of 2.47. There are 56 NGVs and 104 

blades in this stage that are fully cooled with external films 

 
 

Fig. 1. Airfoils and Flow Passage of High Pressure Turbine Stage 
 
 

 
 

Fig. 2. Cooling Schemes of Turbine Nozzle and Blade 

Fig. 1.  Airfoils and Flow Passage of High Pressure Turbine Stage



281

Doyoung Seo    Unsteady Conjugate Heat Transfer Analysis of a Cooled Turbine Nozzle with High Free Stream Turbulence

http://ijass.org

and internal cooling schemes, as shown in Fig. 2. The cooling 

system design of the HP turbine stage was carried out by Seo 

et al. [24] and Hwang et al. [25].

The NGV cooling system consists of films, pedestals, 

impinging jets, and rib turbulators. The pedestals are 

installed on the internal surface of the suction surface of 

the first cooling passage. The intervals between pedestals 

are Sx = 2.8 and Sy = 1.4 in the streamwise and spanwise 

directions, respectively. There are pedestals inside of the 

trailing edge region of the second cooling passage. The 

trailing edge pedestal spacing is kept the same as those 

in the first cooling passage. The rib turbulators on the 

pressure side have an inclined angle of 45º and a pitch-to-

rib height ratio of 11. Impingement cooling is implemented 

on the suction side of the second cooling passage, and the 

impinging holes are positioned in a staggered array with 

a spacing-to-hole diameter ratio of 2.18. There are seven 

rows of film holes and slots for trailing edge cooling. The 

film holes are cylindrical as well as fan-shaped. A separate 

passage for the leading edge and a triple passage for the 

other regions are designed with 45º rib turbulators and 

films for blade cooling.

3. Computational Model

Figure 3 shows the computational domains and boundaries 

used in this study. The coolant feeding locations and 

directions for the NGV and blade are marked in Fig. 3. The 

tetrahedral elements are applied to generate grids for the 

solid and fluid domains. Ten prism layers are applied to 
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Fig. 3. Computational Domains and Boundaries 

 
 

 
 

Fig. 4. Computational Mesh of Fluid Domain 
 
 

 
(a) NGV                               (b) Blade 

 
Fig. 5. Computational Mesh of Solid Domain: (a) NGV and (b) Blade 

Fig. 3.  Computational Domains and Boundaries
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Fig. 4. Computational Mesh of Fluid Domain 
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Fig. 5. Computational Mesh of Solid Domain: (a) NGV and (b) Blade 

Fig. 4.  Computational Mesh of Fluid Domain

 
Fig. 3. Computational Domains and Boundaries 

 
 

 
 

Fig. 4. Computational Mesh of Fluid Domain 
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Fig. 5. Computational Mesh of Solid Domain: (a) NGV and (b) Blade 

Fig. 5.  Computational Mesh of Solid Domain: (a) NGV and (b) Blade

 
 

Fig. 6. Mesh Sensitivity Results (NGV fluid domain) Fig. 6.  Mesh Sensitivity Results (NGV fluid domain)
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the fluid domain in order to resolve the boundary layer and 

to assure a near-wall node distance of y+~1. Figs. 4 and 5 

present the details of the fluid and solid domain grids. Table 

1 shows the total number of elements and nodes used for 

each domain and case. The grid sensitivity study has been 

conducted to find an adequate number of grids, as shown in 

Fig. 6. All analysis cases conducted in this study maintained 

the same mesh quality.

The boundary conditions applied to the computational 

boundaries are listed in Table 2. The pressure and 

temperature values are derived from the design conditions. 

The turbine inlet temperature has a profile that represents a 

typical radial temperature distribution factor (RTDF). The 

two different levels of turbulence intensity, 5% and 25.7%, are 

selected as the nominal and high free stream turbulences, 

respectively.

CHT simulations have been performed using a mixing-

plane approach for the steady calculations, and a transient 

rotor-stator interface approach for the unsteady calculations. 

The blade passing frequency (BPF) was 31,733 rps (0.0315 

ms) and the time step per iteration was set to 0.000315 ms, 

which corresponds to a 0.064° rotation per step. For each 

time step, all residuals were converged to 1e-05 after 10 

internal time step loops.

The turbine material is CMSX-4, which has a density of ρ = 

8,700 kg/m3 and a specific heat of C = 815.88 J/kg-K at 1,636 K 

[27]. The thermal conductivity of the CMSX-4 is specified as a 

linear function of temperature [28].

For this case, two different turbulence levels of the NGV 

inlet (free stream) are analyzed, as listed in Table 3. The two 

levels are 5% (Case 1) and 25.7% (Case 2).

4. Unsteady Convergence Residual

Figure 7 presents a graph that shows the pressure 

change over time at three local blade positions in the 

unsteady analysis. Here, 1 pitch corresponds to 50 time 

steps, and the values of 100 time steps are calculated as 

arithmetic average values that consider computing error. 

The unsteady convergence residual experiences a constant 

pressure change periodically (50 time steps), as shown in 

the graph. Based on this process, a determination as to 

whether the unsteady calculation has converged or not 

was made.

Table 1. Number of Mesh Elements (unit: in million)

34 

Table 1. Number of Mesh Elements (unit: in million) 

Case 
NGV 

Elements (nodes) 
Blade 

Elements (nodes) 
Fluid Solid Fluid Solid 

1 15.5 
(5.0) 

7.5 
(1.4) 

24.4 
(8.5) 

9.2 
(1.7) 2 

 
 

Table 2. Boundary Conditions 
Turbine Inlet Pressure, Pt,in 30 bar 
Blade Exit Pressure, Ps, ex 12 bar 

Profiled Turbine Inlet Temp., Tt,in RTDF 
Coolant Temp., Tt,in 840 K 

NGV Coolant Feed Pressure, Pt,in 32 bar 
NGV Coolant Exit Pressure, Ps,ex 31 bar 

Inlet Turbulence Intensity, Tu 5%, 25.7% 
 
 

Table 3. Analysis Matrix 

Modeling Profile Case 
Number Analysis 

Approach Inlet Tu 
NGV Blade 

 

1 

56 112 URANS 

5.0% 

2 25.7% 

 
 

Table 4. Comparison of the Aerodynamic Efficiency of Turbine NGV 
 Uncooled NGV Cooled NGV 

Approach RANS RANS URANS 

Inlet Tu 5% 25.7% 5% 25.7% 5% 25.7% 

η 95.70% 95.68% 94.17% 94.12% 94.13% 94.25% 
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Fig. 7. Unsteady Convergence Residual (Static Pressure on the Blade Surface) 
 
 
 
 
 
 

Fig. 7.  Unsteady Convergence Residual (Static Pressure on the Blade 
Surface)
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5. CHT Validation against NASA C3X NGV

The two NASA C3X film-cooled NGVs are analyzed under 

relatively low and high turbulence intensity (6.5% and 12%) 

to demonstrate the validity of the present CHT approach. The 

fully cooled turbine NGV geometry and operating conditions 

were reported in detail along with the experimental data 

obtained by Garg et al. [26] and Ames [20]. The transonic 

operating NGV used by Garg et al. [26] has ten cylindrical 

internal cooling passages and nine rows of film holes, 

including shower head cooling in the leading edge region. 

The subsonic operating NGV used by Ames [20] has five 

staggered rows and a compound angle shower head with 20° 

spanwise in this validation case. A tetrahedral grid system 

with prism layers is employed for the fluid domain, while only 

the tetrahedral grid is used for the solid domain.  However, the 

experiment conducted by Ames [20] only has a fluid domain 

because the author measured the surface temperature under 

conditions of a constant wall heat flux to investigate the film 

cooling performance only. The dimensionless wall distance 

value of y+~1 is achieved throughout the computation 

domain. The steady CHT analysis is conducted using the k-ω 
SST turbulence model and an enhanced wall treatment. The 

predicted NGV metal surface temperatures are compared 

to the measured data at the mid-span, as shown in Fig. 8. 

However, all of the predicted metal temperatures fall within 

the error boundary of the measurements, with a maximum 

discrepancy of 7% occurring on the suction surface. Fig. 9 

shows the predicted and measured distributions of static 

temperature on the NGV external wall at the mid-span with 

a high turbulence intensity of 12%. For the suction surface, 

CHT over-predicts the solid temperature with a maximum 

difference of 5 K, while it under-predicts (max. 2 K) on the 

pressure surface. Overall, the CHT analysis demonstrated 

satisfactory qualitative and quantitative accuracy in its 

prediction of the solid temperature of NGV.

6. Results and Discussion

To investigate the effect of turbulence intensity, it is 

worthwhile to observe how the incoming flow develops 

from the inlet of the computational domain to the leading 

edge of the NGV. In Fig. 10, the local inlet Mach number 

distributions along the circumferential centerline of the 

computational domain are presented. The figure shows that 

the relatively low Mach number region is focused toward 

the outer endwall. This is because of the gradual decrease 

in the span height of the NGV, as shown in Figs. 1 and 3. 

Hence, as the incoming flow approaches the NGV, the flow 

close to the outer endwall decelerates, but it accelerates 

once it approaches the inner endwall. In addition to the 

 
 

Fig. 8. Comparison of Solid Surface Temperature Distributions at Free Stream Tu = 6.5% [26] 
 
 

 
 

    Fig. 9. Comparison of Solid Surface Temperature Distributions at Free Stream Tu = 12.0% [20] 

Fig. 8.  Comparison of Solid Surface Temperature Distributions at Free 
Stream Tu = 6.5% [26]
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    Fig. 9. Comparison of Solid Surface Temperature Distributions at Free Stream Tu = 12.0% [20] Fig. 9.  Comparison of Solid Surface Temperature Distributions at Free 
Stream Tu = 12.0% [20]

 
 

Fig. 10. Mach number Distributions at the upstream centerline locations of NGV (Cooled, URANS) 
  

 

 
 

Fig. 11. Circumferential Avg. Temperature Distributions at the upstream locations of NGV (Cooled, 
URANS) 

Fig. 10.  Mach number Distributions at the upstream centerline loca-
tions of NGV (Cooled, URANS)
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overall observation, there are local differences caused by 

the different levels of turbulence intensities. Such local 

differences are observed above 80% span height and below 

15% span height. It can be seen that the thicknesses of the 

turbulent boundary layers of the outer and inner endwalls 

are suppressed as the flow approaches the NGV. At 25.7% 

turbulence intensity, free stream turbulence more strongly 

influences the turbulence boundary layers. Therefore, the 

local velocity gradients of the mixing layers are minimized 

compared to the results obtained at 5% turbulence intensity. 

Fig. 11 shows the influence of turbulence intensity on flow 

temperature distribution, especially for the outer and 

inner endwalls. The maximum temperature difference is 

4.8%, which is approximately 80 K near the outer endwall. 

Temperature could increase significantly because of the 

effects of high free stream turbulence. 

At the plane of -0.5Cax, the spanwise flow temperature 

distributions reflects the previous observation due to the 

different free stream turbulence. As the flow approaches the 

NGV, it accelerates towards suction side so that there are slight 

variations in the flow temperature distribution, as shown in 

Fig. 12. For the inner and outer endwalls in particular, the 
 

 
Fig. 10. Mach number Distributions at the upstream centerline locations of NGV (Cooled, URANS) 

  
 

 
 

Fig. 11. Circumferential Avg. Temperature Distributions at the upstream locations of NGV (Cooled, 
URANS) Fig. 11.  Circumferential Avg. Temperature Distributions at the up-

stream locations of NGV (Cooled, URANS)

 
Fig. 13. Turbulence Kinetic Energy Distributions at the Inlet (-0.125 Cax, NGV) at Free Stream 

Turbulence (a) Tu = 5.0% and (b) 25.7% 
 
 

 
 

Fig. 14. Comparison of Normalized Pressure Distributions of NGV (Cooled, URANS) 

Fig. 13.  Turbulence Kinetic Energy Distributions at the Inlet (-0.125 Cax, 

NGV) at Free Stream Turbulence (a) Tu = 5.0% and (b) 25.7%

 
 

Fig. 12. Flow Temperature Distributions at the Inlet (-0.5 & -0.125 Cax, NGV) and Outlet of NGV (Cooled, URANS) at Free Stream Turbulence (a) Tu = 5.0% 
and (b) 25.7%

Fig. 12.   Flow Temperature Distributions at the Inlet (-0.5 & -0.125 Cax, NGV) and Outlet of NGV (Cooled, URANS) at Free Stream Turbulence (a) Tu = 5.0% 
and (b) 25.7%
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overall temperature distributions are strongly influenced by 

the two different levels of inlet turbulence intensities. The 

higher turbulence intensity increases the near-wall flow 

temperature as it actively diffuses the kinematic energy. 

This can be seen in Fig. 13. In case (a) of Fig. 13, the local 

increase in the kinetic energy of the turbulence is higher 

than in the same region in case (b) because of the effect of 

the saddle point, as shown in Fig. 15 (b). In general, the peak 

temperature core region quickly dissipates as flow travels 

downstream. Therefore, similar differentials can be seen at 

the exit plane of the NGV.

In Fig. 14, the surface static pressure distributions at the 

10%, 50%, and 90% span heights are compared at nominal 

(5%) and high (25.7%) free stream turbulence intensities. 

The results show that high turbulence has a minor impact 

on the static pressure distribution. It is useful to compare 

the surface oil flow visualizations shown in Fig. 15 and the 

near-wall flow temperature distributions of the outer and 

inner endwalls presented in Fig. 16. On the inner endwall, 

it is clear that the saddle point moves closer to the leading 

edge of the NGV as the inlet turbulence intensity increases. 

Furthermore, the passage cross flow region is reduced with 

higher inlet turbulence intensity. A similar trend is also 

 
Fig. 13. Turbulence Kinetic Energy Distributions at the Inlet (-0.125 Cax, NGV) at Free Stream 

Turbulence (a) Tu = 5.0% and (b) 25.7% 
 
 

 
 

Fig. 14. Comparison of Normalized Pressure Distributions of NGV (Cooled, URANS) Fig. 14.  Comparison of Normalized Pressure Distributions of NGV 
(Cooled, URANS)

 
(a) Inner Endwall of NGV 

 
(b) Outer Endwall of NGV 

 
Fig. 15. Comparison of Surface Oil Flow of (a) Inner and (b) Outer Endwalls of NGV (Cooled, 

URANS)Fig. 15.  Comparison of Surface Oil Flow of (a) Inner and (b) Outer End-
walls of NGV (Cooled, URANS)

27 

 

 

(a) Inner Endwall of NGV 

 

(b) Outer Endwall of NGV 
 

Fig. 16. Comparison of Near-Wall Flow Temperature Distributions of (a) Inner and (b) Outer 
Endwalls of NGV (Cooled, URANS) 

Fig. 16.  Comparison of Near-Wall Flow Temperature Distributions of  
(a) Inner and (b) Outer Endwalls of NGV (Cooled, URANS)
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seen on the outer endwall, as shown in Fig. 17. These near-

wall flow characteristics are reflected in the near-wall flow 

temperature distributions shown in Fig. 16.

In Fig. 17, the effects of two different turbulence intensity 

levels on passage flow and temperature characteristics are 

compared. The key observation is the development and 

decay of the two corner vortices at inner and outer endwalls. 

With higher inlet turbulence intensity, the size of the vortices 

is smaller and its decay is faster than the prediction for 5% 

inlet turbulence intensity. However, the average mass flow 

temperature distribution across selected planes is fairly 

consistent, as shown in Fig. 18. In contrast, the near-wall 

flow temperatures on the pressure surface (Fig. 19) show 

a max 1%p difference (~20 K) because of the effect of inlet 

turbulence intensity. This provides evidence of a stronger 

interaction between higher inlet turbulence intensity and 

boundary layers on pressure and suction surfaces of NGVs.

From the conjugate heat transfer analysis of the turbine 

stage, the detailed solid temperature distributions can be 

predicted for the two different inlet turbulence intensities. 

Figs. 20 and 21 present the comparison of temperature 

distributions of NGVs. On the pressure surface, the 

higher inlet turbulence level increases solid temperature, 

especially for the leading edge of NGVs. A similar influence 

can be observed on the suction surface as the local solid 

temperatures increase for higher inlet turbulence levels. 

To quantify the differences, the local solid temperatures 

are compared at 10%, 50%, and 90% span heights in Fig. 

28 

 
 

Fig. 17. Passage Flow Structure and Temperature Distributions of NGV (Cooled, URANS) Fig. 17.  Passage Flow Structure and Temperature Distributions of NGV 
(Cooled, URANS)

29 

 
 

Fig. 18. Passage Mass Average Temperature Variation of NGV (Cooled, URANS) 
 

Fig. 18.  Passage Mass Average Temperature Variation of NGV (Cooled, 
URANS)

30 

 
 

Fig. 19. Spanwise Average of Near-Wall Flow Temperature and Static Entropy (Cooled, URANS) Fig. 19.  Spanwise Average of Near-Wall Flow Temperature and Static 
Entropy (Cooled, URANS)
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22. At mid-span, the higher turbulence level also increased 

the temperatures at the pressure surface up to a maximum 

of 3% (~60 K), but there was only a small difference on the 

suction surface. This trend is shown on 10% and 90% of span 

heights as well. The solid overall temperatures with higher 

turbulence intensity are higher than the 5% of turbulence 

intensity over the pressure as well as suction surfaces.

Based on the observations described above, there is strong 

sensitivity of near-wall flow and temperature distributions 

due to the increased level of inlet turbulence intensity. The 

higher level of kinematic energy obtained from higher levels 

of turbulence interacts with the turbulent boundary layer. 

This interaction drives the changes in local velocity fields, 

31 

 
 

Fig. 20. Comparison of Detailed Solid Surface Temperature Distributions of Pressure Surface of NGV 
at Free Stream Turbulence (a) Tu = 5.0% and (b) 25.7% (Cooled, URANS) 

 

Fig. 20.  Comparison of Detailed Solid Surface Temperature Distribu-
tions of Pressure Surface of NGV at Free Stream Turbulence  
(a) Tu = 5.0% and (b) 25.7% (Cooled, URANS)
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Fig. 21. Comparison of Detailed Solid Surface Temperature Distributions of Suction Surface of NGV 
at Free Stream Turbulence (a) Tu = 5.0% and (b) 25.7% (Cooled, URANS) 

 

Fig. 21.  Comparison of Detailed Solid Surface Temperature Dis-
tributions of Suction Surface of NGV at Free Stream Turbulence  
(a) Tu = 5.0% and (b) 25.7% (Cooled, URANS)
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Fig. 22. Comparison of Normalized Local Solid Temperature Distributions of NGV (Cooled, 
URANS) : (a) 10% (b) 50% and (c) 90% Span 

 

Fig. 22.  Comparison of Normalized Local Solid Temperature Distribu-
tions of NGV (Cooled, URANS) : (a) 10% (b) 50% and (c) 90% 
Span

Table 4. Comparison of the Aerodynamic Efficiency of Turbine NGV
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Table 1. Number of Mesh Elements (unit: in million) 

Case 
NGV 

Elements (nodes) 
Blade 

Elements (nodes) 
Fluid Solid Fluid Solid 

1 15.5 
(5.0) 

7.5 
(1.4) 

24.4 
(8.5) 

9.2 
(1.7) 2 

 
 

Table 2. Boundary Conditions 
Turbine Inlet Pressure, Pt,in 30 bar 
Blade Exit Pressure, Ps, ex 12 bar 

Profiled Turbine Inlet Temp., Tt,in RTDF 
Coolant Temp., Tt,in 840 K 

NGV Coolant Feed Pressure, Pt,in 32 bar 
NGV Coolant Exit Pressure, Ps,ex 31 bar 

Inlet Turbulence Intensity, Tu 5%, 25.7% 
 
 

Table 3. Analysis Matrix 

Modeling Profile Case 
Number Analysis 

Approach Inlet Tu 
NGV Blade 

 

1 

56 112 URANS 

5.0% 

2 25.7% 

 
 

Table 4. Comparison of the Aerodynamic Efficiency of Turbine NGV 
 Uncooled NGV Cooled NGV 

Approach RANS RANS URANS 

Inlet Tu 5% 25.7% 5% 25.7% 5% 25.7% 

η 95.70% 95.68% 94.17% 94.12% 94.13% 94.25% 
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including vortices, and therefore local solid temperatures 

are affected. Its influence is more dominant on leading and 

pressure surfaces with film holes than suction surfaces. 

There may be strong mixing between the higher turbulence 

passage and film exit flows.

In Table 4, the efficiencies of the cooled turbine stages 

with two levels of inlet turbulence intensities are compared 

based on steady and unsteady predictions. There is no 

recognizable difference in the efficiencies of the cooled 

turbine stage whether it is steady or unsteady calculations 

at the two turbulence levels (5% and 25.7%). However, the 

efficiency of the cooled turbine stage is approximately 1.5%p 

lower than that of the uncooled model. This is a significant 

value for turbine designers. 

7. Conclusion

Steady and unsteady CHT analyses are becoming more 

feasible in the engine development process because of 

the improvements that have been made to their modeling 

approach and computing capability. The results of this 

study demonstrate promising potential for the application 

of unsteady CHT to simulate the effects of realistic higher 

free stream turbulence. A series of unsteady CHT analyses 

were performed to examine the effect of the high free stream 

turbulence (25.7%) on the solid temperature of a HPT NGV. 

The results were compared to a 5% nominal level of turbulence 

intensity, which is a typical value used for the initial design 

study. Flow characteristics and temperature distributions 

were observed for the two difference turbulence levels. The 

key findings of the investigation are summarized below.

-  The high free stream turbulence strongly influenced 

the near-wall flow and heat transfer. It promoted the 

dissipation of kinematic energy to the turbulence 

boundary layers of the nozzle passage. Overall, the 

local temperature distributions under high free stream 

turbulence showed higher values than those under the 

nominal turbulence level. 

-  On the nozzle airfoil, the leading edge region showed 

higher local temperature distributions with higher 

turbulence intensity. 

-  In a comparison between pressure and suction surfaces, 

the local temperatures of the pressure surface showed a 

recognizable increase due to the higher turbulence level.

-  These local high temperature regions on the leading 

and pressure surfaces were the evidence of interaction 

between high free stream turbulence and films. 

-  The overall aerodynamic performance showed little 

difference between the two levels of free stream 

turbulence. However, there was a recognizable 

difference of 1.5%p between the uncooled and cooled 

turbine stages. 
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