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ABSTRACT 

 

Validation of a CFD Approach for Gas Turbine Internal Cooling Passage Heat Transfer 

Prediction 

Daniel Wilde 

GE Power & Water, has directed the enclosed research regarding CFD and itsô application to 

internal convective turbine cooling. This report was prepared as an account of work sponsored by 

an agency of the United States Government. Neither the United States Government nor any 

agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes 

any legal liability or responsibility for the accuracy, completeness, or usefulness of any 

information, apparatus, product, or process disclosed, or represents that its use would not infringe 

privately owned rights. Reference herein to any specific commercial product, process, or service 

by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its 

endorsement, recommendation, or favoring by the United States Government or any agency 

thereof. The views and opinions of authors expressed herein do not necessarily state or reflect 

those of the United States Government or any agency thereof. 

This report describes the development and application of a validated Computational Fluid 

Dynamics (CFD) modelling approach for internal cooling passages in rotating turbomachinery. A 

CFD Modelling approach and accompanying assumptions are tuned and validated against 

academically available experimental results for various serpentine passages. Criteria of the CFD 

modelling approach selected for investigation into advanced internal cooling flows include 

accuracy, robustness, industry familiarity, and computational cost. 

Experimental data from NASA HOST (HOt Section Technology), Texas A&M, and University of 

Manchester tests are compared to RANS CFD results generated using Fluent v14.5 in order to 

benchmark a CFD modelling approach.  

Capability of various turbulence models in the representation of cooling physics is evaluated 

against experimental data. Model sensitivity to boundary conditions and mesh density is also 

evaluated. 

The development of a validated computational model of internal turbine cooling channels with 

bounded error allows for the identification of particular shortcomings of heat transfer correlations 

and provides a baseline for future CFD based exploration of internal turbine cooling concepts. 

  



v 

ACKNOWLEDGMENTS 

The Masterôs Thesis is considered a culminating experience for graduate education and is the 

product of  instruction, collaboration, and support which have come from many important figures 

around me who I would like to thank. 

 

I would like to thank my advisor, Dr. David Marshall for taking me on as a graduate student and 

remaining supportive and available over the long duration of the thesis process, in spite of my 

having moved out of state. 

 

Additionally, I would like to thank my team at QuEST, Jean Valcin, Daniel Sartoris, and Jan 

Zlebek, who not only provided feedback on the engineering analysis behind this project, but also 

helped with data processing, formatting, and generation of many plots and images which appear 

in this report.   

 

I would also like to thank GE Power & Water for directing this research and providing the 

opportunity to perform some truly interesting analysis. Specifically, I would like to thank the GE 

engineers and managers involved in the project for attending my weekly updates and providing 

feedback and insight. Thanks to Benjamin Lacy, Fred Willet, Sandip Dutta, Franklin Fu, and Sam 

Ciray 

 

I would also like to thank my parents who have been there for me me all along the way. 

 

Finally, I would like to thank my wife, Jordan Elkins who has remained supportive throughout 

this entire process, in spite of it taking years longer than I had expected. Thanks for keeping me 

focused most of the time. 

 

  



vi 

TABLE OF CONTENTS 

Page 

LIST OF TABLES ...................................................................................................................... viii                       

LIST OF FIGURES ...................................................................................................................... ix 

DEFINITIONS AND ABBREVIATIONS .................................................................................. xii  

CHAPTER 

1. INTRODUCTION ............................................................................................................ 1 

1.1 Turbine Cooling and Serpentine Passages.................................................................... 1 

1.2 Scope of Analysis ........................................................................................................ 2 

2. PHYSICAL PHENOMENA OF INTERNAL COOLING ................................................ 4 

2.1 Flow through a rectangular passage ............................................................................. 4 

2.2 Effects of Passage Curvature ....................................................................................... 6 

2.2.1 Dean Vortices .......................................................................................................... 6 

2.2.2 Gºrtler Vortices ....................................................................................................... 7 

2.3 Physical Effects of Rotation ......................................................................................... 8 

2.4 Physical Effects of Buoyancy ...................................................................................... 9 

2.5 Non Dimensional Parameters of interest .................................................................... 10 

2.6 Summary of rotating passage physics ........................................................................ 11 

3. MODEL VALIDATION  ................................................................................................. 12 

3.1 Experimental data Selection ....................................................................................... 12 

3.1.1 HOST Experiment Background ............................................................................ 13 

3.1.1.1  Data Analysis Procedure .................................................................................. 14 

3.1.1.2  HOST Passage Geometry  ............................................................................... 16 

3.1.2 Texas A&M Experiment Background ................................................................... 21 

3.1.3 University of Manchester Experiment Background .............................................. 24 

3.2 Grid Independence Study ........................................................................................... 26 

3.3 Model Selection and Calibration ................................................................................ 35 

3.3.1 Plenum Entrance Effect ........................................................................................ 35 

3.3.2 Chamfer Impact .................................................................................................... 39 

3.3.3 Simulation convergence and Physical unsteadiness .............................................. 41 



vii  

3.3.4 Turbulence Modelling ........................................................................................... 44 

3.3.5 Model Selection Conclusions................................................................................ 53 

3.4 HOST Validation ....................................................................................................... 55 

3.4.1 Baseline Results .................................................................................................... 56 

3.4.2 Passage Heat Pickup ............................................................................................. 59 

3.4.3 Detailed Validation ............................................................................................... 61 

3.4.3.1 Stationary Baseline Condition .......................................................................... 61 

3.4.3.2 Rotating Baseline Condition ............................................................................. 70 

3.4.3.3 High Rotation Number Condition ..................................................................... 87 

3.4.3.4 Density Ratio Variation ..................................................................................... 94 

3.4.4 HOST Validation Summary .................................................................................. 99 

3.5 Texas A&M Experiment CFD Validation .................................................................. 99 

3.6 University of Manchester Experiment CFD Validation ........................................... 104 

4. CONCLUSIONS ........................................................................................................... 108 

BIBLIOGRAPHY ...................................................................................................................... 112 

APPENDICES  

A. Section Cuts of Velocity for Select HOST Operating Points ........................................... 113 

 

  



viii  

LIST OF TABLES 

Table                            Page 

1. Table 1. Validation operating point test suite ....................................................................... 20 

2. Table 2. Operating point used for validation against Texas A&M data [5] .......................... 23 

3. Table 3. Operating point used for validation against Iacovides experimental data ............... 25 

4. Table 4. Meshes included in grid sensitivity study ............................................................... 28 

5. Table 5. Grid independence study results ............................................................................. 32 

6. Table 6. Summary of HOST validation study meshes .......................................................... 35 

7. Table 7. Error from experiment for Turbulence model study ............................................... 51 

8. Table 8. CFD error and uncertainty breakdown ................................................................... 53 

9. Table 9. Simulation setup used for Final Simulations .......................................................... 54 

10. Table 10. HOST validation test suite ................................................................................... 55 

11. Table 11. Net passage heat transfer from CFD and experiment (Btu/h) ............................... 59 

12. Table 12. Sensitivity of experiment and CFD to changes in operating condition ................. 60 

13. Table 13. J.C. Han Validation Operating Point .................................................................. 101 

 

 

  



ix 

LIST OF FIGURES 

Figure Page 

1.  Example of internal cooling geometry of a turbine blade [2] .................................................. 2 

2. Secondary flows in a straight, square duct [9] [8] .................................................................. 5 

3. Steady, Non-Rotating Square Channel CFD Showing Dean Vortices; (left) view looking 

radially inward; (right) isometric showing projected vectors and secondary flows ................ 7 

4. Effects of rotation in a straight square passage [2] ................................................................. 9 

5. HOST passage side view [2] ................................................................................................ 13 

6. Bend Dimensions ................................................................................................................. 17 

7. Host documentation of geometry [2] (black) overlaid with QuEST model (red) .................. 17 

8. HOST passage geometry with various turbulator configurations ......................................... 18 

9. Texas A&M rig geometry [5] ............................................................................................... 21 

10. Texas A&M experimental rig geometry ............................................................................... 23 

11. Experimental passage geometry [4] ..................................................................................... 24 

12. Experimental facility diagram [4] ........................................................................................ 25 

13. Leading and trailing wall Nusselt Number ratio for grid independence study ...................... 29 

14. Velocity contours and mesh at mid plane with element counts specified ............................. 30 

15. Comparison of secondary flow leaving the 1st bend with different mesh types .................... 31 

16.  Nominal mesh resolution in turbulated region .................................................................... 32 

17. y+ contours for rotating turbulated baseline simulation ....................................................... 33 

18. Boundary layer mesh properties ........................................................................................... 34 

19. Experiment inlet configuration [2] ....................................................................................... 36 

20. Experimentally measured inlet profiles ................................................................................ 37 

21. Entrance mesh resolution ..................................................................................................... 37 

22. Entry region heat transfer ..................................................................................................... 38 

23. Full passage heat transfer with varying inlet condition ........................................................ 39 

24. Chamfer Geometry ............................................................................................................... 40 

25. Heat transfer impact of chamfer ........................................................................................... 40 

26. Solution oscillation with iteration ........................................................................................ 41 

27. Heat transfer variation by station along the HOST passage ................................................. 42 



x 

28. Steady state, pseudo averaged, and time averaged Nu# on leading endwall at stationary 

baseline condition ................................................................................................................ 43 

29. Passage Nusselt Number predicted with various turbulence models .................................... 47 

30. Wall shear contours from various turbulence models (psi) .................................................. 48 

31. Nusselt Number Ratio predicted by various turbulence models for rotating baseline 

operating point ..................................................................................................................... 50 

32. Experiment comparison to CFD 45 degree plot ................................................................... 52 

33. Side view of passage flow for non-rotating smooth HOST geometry (Case 1) .................... 56 

34. Velocity visualization viewed toward leading end wall ....................................................... 57 

35. Case 6 Velocity Side View................................................................................................... 58 

36. Heat transfer along passage for Case 1 ................................................................................. 62 

37. Heat transfer along passage for Case 2 ................................................................................. 63 

38. Heat transfer along passage for Case 3 ................................................................................. 64 

39. Passage Nusselt number for stationary operation ................................................................. 66 

40. Impact of various turbulator geometries on passage heat transfer ........................................ 69 

41. Heat transfer along passage for Case 4 ................................................................................. 71 

42. Heat transfer along passage for Case 5 ................................................................................. 71 

43. Heat transfer along passage for Case 6 ................................................................................. 72 

44. Nusselt number ratio for baseline rotating operating point simulations, Cases 4, 5, and 6 ... 74 

45. % variation in Nusselt number associated with rotating vs. stationary baseline cases .......... 77 

46. 45 degree plots representing error of baseline set of operating points .................................. 78 

47. Heat transfer along passage for Case 15 ............................................................................... 79 

48. Combined wall heat transfer along passage for Case 17....................................................... 80 

49. Combined wall heat transfer along passage for Case 16....................................................... 80 

50. Combined wall heat transfer along passage for Case 18....................................................... 81 

51. Nu/NuÐ variation throughout passage due to changing Reynolds Number .......................... 83 

52. Reynolds number impact on passage heat transfer ............................................................... 86 

53. Heat transfer by station along HOST passage for simulation 9 ............................................ 87 

54. Heat transfer by station along HOST passage for simulation 10 .......................................... 88 

55. Nu/NuÐ variation in passage at increased rotational speed ................................................... 90 

56. % Impact of increased rotational speed on passage heat transfer ......................................... 93 



xi 

57. Heat transfer by station along HOST passage for simulation 11 .......................................... 94 

58. Heat transfer by station along HOST passage for simulation 12 .......................................... 95 

59. Heat transfer by station along HOST passage for simulation 13 .......................................... 95 

60. Heat transfer by station along HOST passage for simulation 14 .......................................... 96 

61. Nu/NuÐ Variation in passage for various density ratios ....................................................... 98 

62. Mesh illustration for passage .............................................................................................. 100 

63. Nusselt number along passage for CFD and Experiment ................................................... 102 

64. Difference between Leading and Trailing Nusselt number ratio due to rotation ................ 103 

65. % Deviation between experimental and CFD predicted Nusselt Number .......................... 103 

66. Wall shear in the bend region (in psi)................................................................................. 104 

67. Mesh cut plane with axis of rotation indicated ................................................................... 105 

68. Nu/Nu comparison between experiment and CFD ............................................................. 106 

69. Experimental and CFD Nusselt Number Contours overlaid ............................................... 107 

  



xii  

DEFINITIONS AND ABBREVIATIONS 

 

CFD   Computational Fluid Dynamics 

HOST   Hot Section Technology 

RANS   Reynolds Averaged Navier Stokes 

URANS  Unsteady Reynolds Averaged Navier Stokes 

SAS   Scale Adaptive Simulation 

SST   Shear Stress Transport 

LEVM   Linear Eddy Viscosity Model 

NLEVM  Non-Linear Eddy Viscosity Model 

RSM   Reynolds Stress Model 

Re   Reynolds Number 

Ro   Rotation Number 

Pr   Prandtl Number       

Nu    Nusselt Number 

Bo   Buoyancy Parameter 

h, HTC   Heat Transfer Coefficient 

Q   Heat Flow 

k   thermal conductivity 

k   Turbulence Kinetic Energy 

Ů   Turbulence Dissipation 

ɤ   Specific Rate of Turbulence Dissipation 

ɋ   Rotational speed 

A   Area 

T   Temperature 

P   Pressure 

ɟ   density 

ɛ   dynamic viscosity 

a   passage cross section dimension along axial direction 

b   passage cross section dimension from suction side to pressure side wall 



xiii  

R   Radius from axis of rotation 

gc   gravitational constant 

cp    Specific heat at constant pressure 

Ck   Loss coefficient 

Cd   Coefficient of discharge 

F1   heat transfer coefficient multiplier to account for rotation effects 

F2   heat transfer coefficient multiplier to account for entrance effects 

 SUBSCRIPTS 

b    Bulk flow property 

w    Property at passage wall 

film   Film property, average of wall and bulk property 

Ð   Nominal, based on a smooth straight passage 



1 

1. INTRODUCTION  

This research effort is undertaken to provide practices and information which are useful in 

a practical sense for future cooling passage engineering efforts. Internal cooling of gas 

turbine rotors allows for increased firing temperatures which ultimately allow for increased 

power output of a given system. The understanding and prediction of turbine cooling 

performance translates to improvements to efficiency and capacity in power generation. A 

validated CFD approach for modelling the physics involved provides a valuable tool for 

the advancement of this understanding. 

1.1 Turbine Cooling and Serpentine Passages 

 

In order to achieve high efficiency, modern turbine rotors are subjected to very high 

temperatures. The Brayton cycle, which represents a simplified gas turbine process, 

indicates that the power output of a gas turbine system increases as the firing temperature 

at the inlet to the turbine increases. This means that it is valuable to operate gas turbines at 

very high temperatures.  

In order to keep the metal temperature of the turbine blades within operational the range of 

the blade material, many measures are taken. When the primary gaspath surrounding the 

blade is above the allowable metal temperature, the blade temperature can be kept within 

acceptable limits by removing heat from the metal and insulating the blade from the hot 

environment. A common means for removal of heat from the turbine blade is to flow a 

small percentage of cool compressor bleed air through internal passages hollowed out 

within the blade. Often, these passages snake up and down within the blade before being 

exhausted into the hot gaspath, lending the name óserpentine passagesô. 

An illustrative example of a serpentine passage from the NASA HOST documentation [2] 

is provided in Figure 1. 
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Figure 1. Example of internal cooling geometry of a turbine blade [2] 

In addition to allowing increased combustion temperature and power output, use of 

compressor bleed air to cool turbine blades reduces the amount of inlet flow which is 

involved in power generation. Any flow that is bled from the compressor reduces the 

efficiency of the engine, so it is key to use as little compressor bleed air as possible in order 

to cool the turbine. 

Note that other limiting factors exist which prevent arbitrarily high firing temperatures in 

gas turbines, such as the generation of nitrous oxide when burning hyrdrocarbons at 

excessive or uneven temperatures, but are not the focus of this document. This research is 

focused entirely on the performance and behavior of serpentine passages in blade cooling. 

1.2 Scope of Analysis 

The scope of this project and report is to evaluate the capabilities of mainstream CFD 

methods for heat transfer prediction inside rotating serpentine passages and develop best 



3 

practices for internal passage modeling. Simulation is tuned and benchmarked against 

publically available experimental data to understand the capabilities and shortcomings of 

various CFD modelling approaches. This knowledge is accumulated across a wide range 

of operating points from various experimental programs. The majority of experimental data 

used comes from the NASA HOST (Hot Section Technology) program of the 1980s [2,3]. 

The HOST program includes experimentation across a wide range of operating parameters 

including Reynolds number, Rotation number, turbulator configuration, passage rotation 

angle, and density ratio. Additional experiments from Texas A&M [5] and the University 

of Manchester [4] are used to expand model validation to additional data points.  

Observations made through comparison to the described set of experimental data are used 

to build a modelling approach which is well understood in terms of accuracy and 

robustness. Model performance is considered in terms of accuracy, computational time, 

ease of implementation, and industry familiarity to down-select a CFD simulation 

approach.  

The resultant data set is used to explore computational model behavior and the impact of 

various modelling decisions on accuracy. 
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2. PHYSICAL PHENOMENA O F INTERNAL COOLING  

This section outlines the physics associated with internal passage flow in rotating 

turbomachinery. Interplay between duct flow, rotation, flow turning through passage 

bends, and buoyancy result in a very complex flow. The section introduces simple passage 

flow then addresses each of the additional physical phenomena present in a rotating cooling 

passage. 

2.1 Flow through a rectangular passage 

Flow through a stationary square or rectangular duct has been shown by Nikuradse [7] to 

develop secondary flows in the passage corners. The development of these secondary flows 

is purely a function of anisotropic turbulence stress. The ability of CFD to predict this 

behavior is determined by the turbulence model selected. Most 2 equation RANS 

turbulence models (k-Ů, k-ɤ) treat turbulence stress as an isotropic quantity, and are unable 

to predict the presence of corner secondary flows. It is well known that linear eddy-

viscosity models do not capture the anisotropic that is responsible. Figure 2 compares 

secondary flows predicted by various turbulence models in a square duct 
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Figure 2. Secondary flows in a straight, square duct [9] [8] 

LEVM refers to a linear eddy-viscosity model. NLEVM refers to a nonlinear eddy-

viscosity model. RSM refers to the Reynolds stress model which models turbulence 

anisotropically. DNS refers to direct numerical simulation of the full Navier-Stokes 

equations.  

The level of impact these flow structures have on the heat transfer within rotating cooling 

passages is difficult to assess. Their presence would likely attribute to enhanced heat 

transfer near the corners due to higher local shear. More significant impacts could be 

observed when these secondary flows interplay with those due to curvature and rotation, 

but would be very difficult to isolate. The magnitude of bend turning, Coriolis, and 

buoyancy driven secondary flows is expected to dominate these corner vortices, but the 

interplay between them could have interesting and highly coupled effects. 
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2.2 Effects of Passage Curvature 

Research into the effect of curvature on flow goes back nearly 150 years to the study of 

rivers. James Thomson [1] is typically given credit with forming the third theories 

regarding this phenomenon. His paper describes the phenomenon such that, as water moves 

around a river bend, a helical secondary current is set up in the flow. While significant 

work is still being done to understand these geological hydrodynamic process, the early 

work of river scientists formed the foundation of what we now know as ñDean Vorticesò.  

2.2.1 Dean Vortices 

The early work of Dean [2] [3] was paramount in understand the secondary flows through 

curved pipes. To understand this, he started by writing the Navier-Stokes equations in 

toroidal form. By assuming the radius ratio1 was small, he was able to linearize the 

equations using the characteristic length values. While an approximation, it does capture 

all first-order effects. The final Dean Equations become 

ό

ὼ

ό

ᾀ
π

ὑ
Ὀό

Ὀὸ
ό ὑ

ὴ

ὼ
ᶯό

ὑ
Ὀό

Ὀὸ
ρ ᶯό

ὑ
Ὀό

Ὀὸ
ὑ
ὴ

ᾀ
ᶯό

 (1) 

Where D/Dt is the total or substantial derivative and K is the Dean Number 

ὑ
”Ὗὥ

‘

ὥ

ὦ

Ⱦ

ὙὩ Ѝὅ (2) 

                                                     

1 Radius ratio is the ratio of pipe radius to curvature radius 
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Where C is the curvature ratio. The key result from the Dean equations is that the flow is 

very nearly simple two-dimensional Navier-Stokes, but with an additional body force,ό  

acting towards the inside of the bend.  

 

 

Figure 3. Steady, Non-Rotating Square Channel CFD Showing Dean Vortices; (left) view looking 

radially in ward; (right ) isometric showing projected vectors and secondary flows 

2.2.2 Görtler Vortices  

 Görtler vortices present additional potential flow instability due to curvature. When the 

boundary layer thickness is comparable to the radius of curvature of a wall, a pressure 

gradient exists across the boundary layer. This pressure variation causes centrifugal 

instability and subsequent formation of Görtler vortices. The onset of the instability can be 

predicted by the non-dimensional number called the Görtler number, which is defined as 
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Where ɗ is the momentum thickness. Typically instability occurs when G > 0.3.  

2.3 Physical Effects of Rotation 

The effects of rotation are clear on a turbine cooling passage. However, correlation of these 

impacts is typically complex and not very robust. The issue is not only the complexity, but 

the difference in flow interaction each individual wall experiences. The inertial forces of 

rotation will create higher pressure on the pressure side wall and lower pressure on the 

suction side wall on outflowing passages, and higher pressure on the suction side wall for 

inflowing legs. This differential pressure along with the apparent Coriolis force drives flow 

along the sidewalls from the trailing wall to the leading wall when flow is moving away 

from the axis of rotation. This creates a highly destabilized boundary layer on the high-

pressure wall, against which the secondary flow impinges. Conversely, the leading wall 

has a dampened shear layer, which is much more stable. The pressure difference drives the 

fluid core towards the high pressure, destabilized wall. The general behavior for an 

outflowing straight passage is illustrated in Figure 4. 
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Figure 4. Effects of rotation in a straight square passage [2] 

 

When flow is moving toward the axis of rotation, the Coriolis Effect has the opposite 

impact. Flow at a higher radius in a passage has a greater tangential velocity than flow at a 

lower radius. As air is moved from the higher radius to the lower one, it carries with it 

excess tangential velocity relative to the walls of the passage. This results in a motion of 

the bulk flow toward the leading interior wall. To compensate for this, there is a flow 

created along the sidewalls from the leading wall to the trailing.  

It is evident why a single, unified correlation for this flow is rare, if unachievable.  

2.4 Physical Effects of Buoyancy 

Density variations create significant body forces in the presence of high rotational speed, 

which impact flow behavior. High rotational speeds drive denser, colder fluid toward the 

outer radius, pulling hotter fluid, relatively, toward the axis of rotation. For situations such 

as turbine cooling where the wall temperature is higher than the bulk temperature, 
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buoyancy drives warmer, near-wall flow toward the inner radius. In outflowing passages 

this results in a buoyancy force opposite the bulk flow direction, while in inflowing legs, 

the buoyancy force drives near wall flow in the direction of bulk flow. 

On outflowing legs, Coriolis enhances shear and heat transfer on the trailing, high pressure, 

wall. This creates density variation, with denser air near the leading, low pressure, wall. 

The existing secondary flow due to rotation interacts with the body forces due density 

variation, impacting the passage flow field and wall heat transfer. 

When density variations across the passage cross section interact with turbulators, 

especially turbulators orthogonal to the flow direction, the variation in buoyancy force can 

drive secondary flows that would not otherwise exist. [3 p78]. 

Buoyancy tends to enhance pressure side wall heat transfer. On outflowing legs, this 

complements Coriolis behavior, enhancing the total heat transfer augmentation on the high 

pressure wall. On inflowing legs, this behavior acts opposite Coriolis, which enhances 

shear on the leading wall. Often the phenomena cancel each other out on inflowing rotating 

passages.  

2.5 Non Dimensional Parameters of interest 

When developing an understanding of fluid phenomena and their impacts, it is useful to 

specify the parameters that define the system in terms of normalized, non-dimensional 

parameters. Non dimensional parameters typically represent the ratio of quantities which 

are known to drive certain behavior. Correlations developed non-dimensionally can cover 

a wide range of operating points and system sizes.  

Buckingham Pi theorem and the concept of dynamic similitude demonstrate the power of 

non-dimensional parameters. A dimensional analysis performed prior to the NASA HOST 
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[2] [3] experimentation indicated that the physics of cooling flow in rotating 

turbomachinery can be expressed in terms of the following non-dimensional parameters. 

- Density Ratio:    for constant pressure ideal gas 

-Rotation number:   

- Buoyancy Parameter:    ὈὩὲίὭὸώ ὙὥὸὭέὙzέΠz   

- Reynolds Number:   

Notice that these parameters quantify the magnitude and impact of the physical phenomena 

described in this section, relative to each other. 

2.6 Summary of rotating passage physics 

Many of the physical phenomena described in this section are difficult to predict and 

understand on their own. In rotating turbomachinery, these impacts and others interact in 

ways that are extremely difficult to predict analytically. Additionally, it is very difficult to 

isolate the effects from one another using experimental data, which only provides 

information for which instrumentation is in place to extract. Numerical models such as 

CFD present a unique opportunity to capture each of these phenomena and their interaction 

without making assumptions aside from those inherent to the computational model. The 

behavior of the fluid, as governed by the computational model used, can be interrogated 

freely for any and all features of the flow modelled, at any location or region within the 

simulation domain. A CFD model validated against experiment which captures these 

physical interactions is invaluable in the creation of updated correlations. Increased 

understanding of the flowfield and the ability to simulate flow behavior outside the range 

of experimental data are key objectives for the CFD model which is to be developed. 
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3. MODEL VALIDATION  

The first phase of the present effort consists of developing a CFD model of academic internal 

cooling applications and validating against experimental data. Primary characteristics of the model 

which need to be validated are mesh type, mesh resolution, Turbulence model, and treatment of 

unsteadiness in model.  

3.1 Experimental data Selection 

The NASA HOST (Hot Section Technology) [1, 2] test suite represents the most comprehensive 

publically available data set for rotating internal passages. The project was undertaken in the late 

1980ôs to investigate ñheat transfer characteristics of rotating multipass passagesò of turbine 

blades from that period. Sensitivity of passage heat transfer to Reynolds Number, Rotation 

Number, Density Ratio, and Turbulator configuration were studied experimentally. The extent 

and availability of the HOST experimental data has led to its use in the generation of correlations 

and general understanding of serpentine cooling passage physics throughout the gas turbine 

industry. 

One issue encountered when validating CFD against the HOST data is that the bend geometry is 

not explicitly described in available literature. Diagrams and photographs are digitized to extract 

the geometry used in the CFD model described herein. 

Additional experimental data is included in the validation to improve confidence and filter out 

any uncertainties exclusive to the HOST experiment, including variations between the bend 

geometry used in the current model and the experimental bend geometry. 

Je-Chin Han of Texas A&M [5] has published several papers regarding heat transfer within 

serpentine passages. One set of J.C. Han experimental data was included in the validation phase 

of the current effort due to complete documentation of test article geometry, and more modern 
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instrumentation. Experimental data for wall heat transfer is collected at a higher resolution than in 

the HOST program, and the geometry is fully described in the documentation. 

Hector Iacovides of the University of Manchester has also conducted experimental research into 

heat transfer within rotating passages. Experimental results [4] are included in this validation 

because the experiment includes liquid crystal imaging, providing experimental contours of heat 

transfer, which can be validated against in 2-D. Some uncertainties in the test setup and post-

processing have arisen which will be discussed later. 

3.1.1 HOST Experiment Background 

The HOST test article consists of a duct with 4 legs and 3 bends. The side view of the passage is 

illustrated in Figure 5.  

 

Figure 5. HOST passage side view [2] 
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The geometry is made up of a square cross section, 4 pass duct. The walls of the duct are split 

into plates which are labelled by letter in the image above. Heat transfer data is extracted from the 

experiment by performing an energy balance to solve for the heat transferred through each plate. 

Bulk temperature and material properties are calculated as an average for each plateôs stream-

wise location to account for heat up. Error associated with the energy balance for plate heat flux 

cited by the HOST documentation [2] is ±2% for the 1st leg, ±4% for the 2nd leg, and ±7% for the 

final heated leg. This error is primarily due to compounding error in the calculation of bulk 

temperature along the passage. 

3.1.1.1 Data Analysis Procedure 

The HOST published data is presented in terms of Nusselt number. The integrated heat flux through 

each plate is converted to a heat transfer coefficient by the following calculation. 

Ὤ
ὗ

ὃᶻὝ Ὕ
 

Where Tfilm is defined as the average of the bulk fluid temperature and wall temperature. 

   

Ὕ
Ὕ Ὕ

ς
 

The HTC can then be normalized as a Nusselt number based on the hydraulic diameter and fluid 

thermal conductivity. 

ὔό
Ὤz Ὀ

Ὧ
 

In many cases, the Nusselt number is further normalized, as Nu/Nuinf. Where Nuinf represents the 

expected Nusselt number for a corresponding fully developed turbulent duct. Nuinf is calculated 

based on the Dittus Boelter equation. 



15 

ὔό πȢπςσ ὙὩȢὖὶȢ 

 

The HOST data uses the Colburn equation instead of Dittus-Boelter, assuming a constant Prandtl 

number equal to 0.72. 

ὔό πȢπρχφ ὙὩȢ  

This research uses the HOST calculation for Nuinf when comparing to HOST data, and Dittus 

Boelter when comparing to other data sets. 

The bulk temperature used in calculation of the HTC is an important factor. The NASA HOST 

program calculated the bulk fluid temperature at each station along the serpentine passage by 

integrating heat addition through all plates and using fluid Cp to calculate a temperature 

difference from the previous station.  

CFD allows the direct postprocessing of local bulk temperature, rather than using an estimation 

based on heat addition. When validating the CFD model against HOST data, the HOST 

methodology for updating bulk temperature was applied to the CFD results. Bulk temperature is 

updated at each station along the HOST test passage according to.  

Ὕ Ὕ
ὗ

ὧ
 

Where i is an index which represents the current region, associated with a set of heated plates in 

the experimental rig. The index, i increases in the streamwise direction. Qi represents the 

integrated heat flux through all heated plates at a given indexed region.  

Inlet temperature is prescribed, so the temperature throughout the passage is calculated by 

marching the above equation along the flow direction. Marching the fluid temperature represents 

a low-order, one sided discretization of the differential equation for conservation of thermal 
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energy. In the presence of sharp gradients, this approach could lead to appreciable numerical 

error. For that reason, the result has been compared against arithmetic mean, and log-mean 

temperature differences to ensure minimal error, well below 1%. 

Polynomial representation of air properties in terms of temperature is used to update cp, ɛ, and k 

at each station. Pressure data is interrogated from the CFD results and used in combination with 

bulk temperature to calculate local density based on the ideal gas equation of state. 

ὖ ” Ὑ Ὕ 

Note that Re# and Pr# vary from station to station based on changes in material properties. 

Density, for example, is directly coupled to flow velocity through the continuity equation in a 

closed passage at steady state. 

” ὠ ὃ ὧέὲίὸὥὲὸ 

The Nusselt number ratio, Nu/Nuinf can be thought of as the ratio of heat transfer observed in the 

experiment to the heat transfer that would be observed in a smooth straight tube. For example, if a 

straight turbulated duct exhibits a Nu/Nuinf of 2, this means that the presence of turbulators has 

doubled the heat transfer through the duct walls relative to a smooth passage. The data available 

from the HOST documentation is primarily in terms of Nusselt number ratio for each of the 

lettered stations in Figure 5 for each of the 4 walls of the passage, independently. 

3.1.1.2 HOST Passage Geometry 

QuEST was unable to find any explicit documentation for some aspects of the HOST test article 

geometry. Specifically, the bend inner radius and tip radius within the bend were not documented. 

Digitizing images of the test article and referring to other CFD studies that validated against 

HOST (Sleiti), led to the tip geometry shown in Figure 6. 
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Figure 6. Bend Dimensions 

The inner radius of the bends is 1.25 Dh. The outer radius of the bends at the corners is 1 Dh. The 

minimum passage height, halfway through the bend is equal to the hydraulic diameter of the 

straight sections. The comparison of this geometry to an image from HOST documentation is 

shown in Figure 7. 

 

Figure 7. Host documentation of geometry [2] (black) overlaid with QuEST model (red) 
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The geometry generated for this analysis is overlaid in red over an illustration from HOST 

Volume 2 [3]. 

3D CAD of the HOST passage was generated and is illustrated in Figure 8. 

 
Smooth 

 
ñSkewedò turbulators 

 
ñStraightò turbulators 

Figure 8. HOST passage geometry with various turbulator configurations 

On the right in figure 6, the non turbulated walls are color coded by region. The nomenclature 

used in this report refers to the orange surfaces shown as the ñouterò sidewall. The red surfaces 

are referred to as the ñinnerò sidewall. Any blue surface is unheated and was treated as isothermal 

in the CFD and HOST experiment, including the inner radius of each bend. The turbulated walls 

are referred to as the ñleadingò and ñtrailingò endwalls. When the passage is rotating, the leading 

endwall is the wall visible in Figure 8, which leads the rotation, corresponding to the suction side 

of a turbine blade cooling passage.  




















































































































































































