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Abstract

Flow in a one-and-a-half stage highly loaded transonic axial turbine representative
of future generation turbine technology is assessed for its role in loss generation.
Steady and unsteady two-dimensional and three-dimensional flow computations, com-
plemented by simplistic control volume analyses as well as test data, provided results
for establishing the quantitative level of loss from various sources. The test data has
been acquired in a cascade and blowdown turbine research rig. Specifically, the overall
loss determined from unsteady three-dimensional flow computations of a cooled one-
and-a-half stage turbine is within 6% of that inferred from the blowdown turbine rig
test data. The computed flows with different levels of flow and configuration complex-
ities are post-processed and interrogated to allow an estimation of blade profile loss,
trailing edge loss, shock loss, endwall loss, secondary flow loss, tip leakage loss, cooling
injection loss, and unsteady flow loss. The dominant sources of loss are determined
to be the trailing edge loss, profile loss, and tip leakage loss. The computed flows
show that the flow deviation in a highly loaded transonic turbine airfoil with trailing
edge shocks is negative (-2' to -4'); estimating the trailing edge loss by assuming zero
flow deviation in a simple control volume approach would yield a significantly higher
value. Loss arising from flow unsteadiness contributes an additional loss of about 1/6
of that in steady flow approximation; 3/4 of the flow unsteadiness induced loss occurs
in the downstream vane where the flow is threaded with propagating shocks from the
upstream blade and downstream shock reflections; and the remaining 1/4 is from un-
steadiness in NGV wakes and shock oscillations from influence of the adjacent airfoil
row. 1/5 of the overall loss in the one-and-a-half stage turbine is from the cooling and
purge flows. A preliminary assessment of loss variation with turbine stage pressure
ratio shows a non-monotonic trend.
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Thesis Supervisor: Scott M. Carson
Title: Consulting Engineer at GE Aviation

3



4



Acknowledgments

The path through the past two years has been paved by the unconditional support of

countless advisors, colleagues, friends, and family. I'd like to acknowledge everyone

who has taken time to carry some portion of the load.

First and foremost, I would like to thank my research advisor Dr. Tan for unpar-

alleled guidance, encouragement, and friendship over the course of the writing of this

thesis. He has continuously pushed me to expand my thinking and achieve a higher

level. I have learned as much about the world and myself from our conversations as

about aerodynamics. I am also grateful to my advisor Dr. John Clark at the Air Force

Research Lab for his dedication to this project. I couldn't have accomplished this

work without his technical mentorship, continuous feedback, and analytical expertise.

Thank you to my GE Aviation advisors Scott Carson and Chris Johnson, I could

always rely on them for new perspectives and insightful technical review. I am thank-

ful to GE Aviation for making this project possible, in particular Dr. Dave Halstead,

Dr. Eric Falk, Peter Rock, and Paul Vitt. I would like to thank my GE colleagues

John Tawfik, Chris King, and Piotr Gradkowski for helping me turn the corner when

I was stuck. My deepest thanks go to Dan Barber and Andy Ramsey for supporting

me in this endeavor and giving me the freedom to pursue this opportunity. Thank

you Tom Martyn, Dr. Fred Buck, and Dr. Gunnar Siden for reviewing my thesis. I

also extend my gratitude to the GE ACE program for supporting my master's degree,

especially to Paul Patoulidis and Ken Gould for the advice and encouragement.

My time spent at the GTL has been highlighted by my inspiring lab mates, each

one a more incredible source of knowledge and experience than the last. I am grateful

for the friendships I have made, especially to Pete Rock and Sebastien Mannai. Their

support has been invaluable, and our friendship will continue far past graduation.

Last but not least, my loving family has given me an excess of encouragement,

understanding, and motivation. Brendan has shown me what true energy is possible

and Caitlin's optimism is contagious. Thank you Mom for teaching me how to learn

and grow, and Dad for instilling the determination to get the job done.

5



6



Contents

1 Introduction and Background 27

1.1 Motivation for a Highly Loaded Transonic Stage . . . . . . . . . . . . 27

1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.3 Objective of Present Work . . . . . . . . . . . . . . . . . . . . . . . . 30

1.4 Contributions and Findings . . . . . . . . . . . . . . . . . . . . . . . 31

1.5 Organization of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2 Research Approach 33

2.1 Entropy Generation as a Measure of Loss . . . . . . . . . . . . . . . . 34

2.2 Loss Accounting Methodology . . . . . . . . . . . . . . . . . . . . . . 35

2.3 Computational Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.4 Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 High Impact Technologies Turbine 37

3.1 Test Facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Turbine Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4 Cooling Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.5 Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 Computational Framework 45

4.1 2D A nalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2 3D A nalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

7



4.3 Multistage Steady Analysis . . . . . . . . . . . . . . . . . . .

4.4 Cooled Multistage Analysis . . . . . . . . . . . . . . . . . .

4.5 Multistage Unsteady Analysis . . . . . . . . . . . . . . . . .

4.5.1 Periodic Convergence . . . . . . . . . . . . . . . . . .

4.5.2 Time Step Size Convergence . . . . . . . . . . . . . .

4.5.3 Comparison of Unsteady Computation and Test Data

4.6 Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 Estimation of Sources of Loss

5.1 Experimental Overall Stage Loss Estimation . . . . . .

5.2 CFD Loss Estimation . . . . . . . . . . . . . . . . . . .

5.3 Profile Loss Estimation . . . . . . . . . . . . . . . . . .

5.4 Trailing Edge Loss Estimation . . . . . . . . . . . . . .

5.5 Secondary Flow Loss Estimation . . . . . . . . . . . . .

5.6 Endwall Loss Estimation . . . . . . . . . . . . . . . . .

5.7 Tip Leakage Loss Estimation . . . . . . . . . . . . . . .

5.8 Oblique Shock Loss Estimation . . . . . . . . . . . . .

5.9 Cooling and Purge Flow Loss Estimation . . . . . . . .

5.10 Unsteady Loss Estimation . . . . . . . . . . . . . . . .

5.11 Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . .

6 Results on Quantification of Loss in a Turbine Stage

6.1 Trailing Edge Loss Sensitivity . . . . . . . . . . . . . .

6.2 Steady Uncooled Loss Results . . . . . . . . . . . . . .

6.2.1 Blade Row Results . . . . . . . . . . . . . . . .

6.2.2 First Vane Row Results . . . . . . . . . . . . .

6.2.3 Second Vane Row Results . . . . . . . . . . . .

6.2.4 Steady Loss Accounting Summary . . . . . . . .

6.3 Unsteady Loss Results . . . . . . . . . . . . . . . . .

6.4 Loss in a Cooled Turbine Stage . . . . . . . . . . . .

6.5 Mach Number and Pressure Ratio Variation . . . . .

8

49

53

55

55

59

62

65

67

. . . . . . . 67

. . . . . . . 68

. . . . . . . 70

. . . . . . . 76

. . . . . . . 79

. . . . . . . 81

. . . . . . . 82

. . . . . . . 85

. . . . . . . 86

. . . . . . . 88

. . . . . . . 89

91

. . . . . . . 92

. . . . . . . 95

. . . . . . . 95

. . . . . . . 104

. . . . . . . 107

. . . . . . . 110

. .. . . 111

. . . . . . . 115

. . . . . . . 118



6.6 Incidence Angle Variation . . . . . . . . . . . . . . . . . . . . . . . . 122

6.7 Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

7 Summary and Future Work 125

7.1 Summary and Key Findings . . . . . . . . . . . . . . . . . . . . . . . 125

7.2 Recommendation for Future Work . . . . . . . . . . . . . . . . . . . . 127

9



10



List of Figures

2-1 The High Impact Technologies turbine rig and the blowdown facility

at WPAFB where the experimental data for this thesis was collected. 34

3-1 Schematic representation of the blowdown rig facility at WPAFB. . . 38

3-2 Mispan section of the 1.5 stage HIT turbine. Solid lines represent

absolute velocity vectors and dashed lines represent relative velocity

vectors. ....... ............. .......... .... .. .. 38

3-3 HIT turbine cross section with inlet and exit rake positions. . . . . . 40

3-4 HIT turbine first vane and blade cooling schematic. The cooled airfoils

are not distributed evenly around the annulus. . . . . . . . . . . . . . 41

3-5 HIT turbine cross section identifying cooling and purge flow sources.

The vane is cooled by two separate sources through leading edge and

trailing edge plenums. The blade cooling flow has the same source as

the vane ID band and leading edge plenum cooling flow. . . . . . . . 42

3-6 The HIT research turbine test hardware: nozzle guide vane (top left),

blade wheel (top right), and downstream vane (bottom). . . . . . . . 43

4-1 Geometry of blade midspan section for cascade analysis. . . . . . . . 46

4-2 Grid resolution convergence of steady 2D analysis. . . . . . . . . . . . 47

4-3 Surface static pressure comparison between 2D analysis result and cas-

cade test data.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4-4 Geometry of blade domain for 3D analysis. . . . . . . . . . . . . . . . 49

4-5 3D multistage CFD domains with mixing plane interfaces between air-

foil row s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

11



4-6 First vane (a) multistage domain and (b) extended domain . . . . . . 51

4-7 Blade (a) multistage domain and (b) extended domain. . . . . . . . . 51

4-8 Second vane (a) multistage domain and (b) extended domain. .... 52

4-9 lB midspan static pressure comparison between nominal 2D CFD re-

sult, 2D CFD result with increased incidence, 3D CFD result, and

cascade test data.. ...... ...... ........... . . . .. .. 53

4-10 The full multistage domain showing the locations of the purge flow

injection by the black arrows. The purge flow is introduced on the

hub and casing, upstream and downstream of the first mixing plane,

respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4-11 The full multistage domain showing the locations of the purge and

cooling flow source terms. The purge flow is the same as the previous

analysis, and film, band, and trailing edge cooling is added to the first

vane and blade. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4-12 1B periodic convergence - 200 timesteps per period. . . . . . . . . . . 56

4-13 lB periodic convergence - 400 timesteps per period. . . . . . . . . . . 57

4-14 lB periodic convergence - 1000 timesteps per period. . . . . . . . . . 57

4-15 2V periodic convergence - 200 timesteps per period. . . . . . . . . . . 58

4-16 2V periodic convergence - 400 timesteps per period. . . . . . . . . . . 58

4-17 2V periodic convergence - 1000 timesteps per period. . . . . . . . . . 59

4-18 Time step convergence of unsteady multistage analysis individual air-

foil row entropy generation . . . . . . . . . . . . . . . . . . . . . . . . 60

4-19 Time step convergence of unsteady multistage analysis overall stage

entropy generation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4-20 Timesteps per period comparison of unsteady pressure trace on the

blade surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4-21 Timesteps per period comparison of unsteady pressure trace on the

downstream vane hub surface. . . . . . . . . . . . . . . . . . . . . . . 61

12



4-22 Calculated DFT magnitude of the airfoil suction side surfaces, overlaid

with the locations of the high-frequency pressure taps on the blow-

down rig. Probe PRTT15 is used for the blade suction side pressure

comparisons in this thesis. . . . . . . . . . . . . . . . . . . . . . . . .

4-23 DFT comparison between unsteady CFD result and blowdown test

Kulite data. The location is on the blade suction side at probe PRTT15

4-24 Calculated DFT magnitude of the 2V ID endwall surfaces, overlaid

with the locations of the high-frequency pressure taps on the blowdown

rig. Probe P2VYI21 is used for the 2V endwall pressure comparisons

in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4-25 DFT comparison between unsteady CFD result and blowdown test

Kulite data. The location is on the 2V ID endwall at probe P2VYI21.

5-1 Normalized viscous entropy generation rate applied to the entire stage

flow field. Boundary layer loss, trailing edge mixing loss, and shock

loss are observed. ..................................

Vectors normal to the blade surface .. . . . . . . . . . . .

Entropy Boundary Layer Profile. . . . . . . . . . . . . .

Velocity Boundary Layer Profile. . . . . . . . . . . . . .

Boundary layer thickness as a function of axial chord. . .

SS and PS entropy content in the boundary layer. . . . .

Comparison of the calculated value of Cd vs 0.002. .

Denton's control volume for thick trailing edge loss. .

Control volume for trailing edge loss. . . . . . . . . . . .

lB trailing edge plane CSKE contour. . . . . . . . . . . .

1V trailing edge plane CSKE contour .. . . . . . . . . . .

2V trailing edge plane CSKE contour .. . . . . . . . . . .

2V inner endwall free stream velocity normalized by exit

locity. The airfoil suction side has a high velocity.....

. . . . . . . 71

. . . . . . . 72

. . . . . . . 72

. . . . . . . 73

. . . . . . . 74

. . . . . . . 75

. . . . . . . 76

. . . . . . . 77

. . . . . . . 80

. . . . . . . 80

. . . . . . . 81

average ve-

81

13

62

63

64

65

69

5-2

5-3

5-4

5-5

5-6

5-7

5-8

5-9

5-10

5-11

5-12

5-13



5-14 2V inner endwall entropy generation per unit area. The highest entropy

generation is at the airfoil suction side endwall coincident with the

region of high free stream velocity . . . . . . . . . . . . . . . . . . . . 82

5-15 Flow is attached across the blade tip clearance gap. At the tip gap

exit, the velocity distribution is used to calculate the mass flow across

the tip gap at each location along the chord. . . . . . . . . . . . . . . 83

5-16 Mixing of tip leakage flow with mainstream flow . . . . . . . . . . . . 84

5-17 Discretization of blade tip gap with leakage flow angle. . . . . . . . . 84

5-18 lB midspan velocity divergence. . . . . . . . . . . . . . . . . . . . . . 86

5-19 Mixing of injected cooling or purge flow with mainstream flow. The

angle r is a 3D angle between the cooling flow injection and mainstream

flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5-20 Application of the steady shock loss model to a single timepoint of the

unsteady solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6-1 Trailing edge negative flow deviation for the blade airfoil caused by

trailing edge shock turning. The flow turns an additional 3.3 degrees

after the trailing edge (x/Cx = 1). . . . . . . . . . . . . . . . . . . . . 93

6-2 The calculated trailing edge loss from Denton's simplified model and

the extended trailing edge loss model. Calculated trailing edge loss is

reduced significantly for negative deviation . . . . . . . . . . . . . . . 94

6-3 Trailing edge loss calculation dependence on trailing edge thickness

for two loss models. The extended trailing edge model preserves the

trailing edge thickness sensitivity of Denton's simplified model. . . . . 95

6-4 Entropy generation of the blade row for a domain with extended exit.

The 2D cascade result and the 3D midspan section results are similar.

The 3D full domain result shows the additional loss from 3D effects. . 96

14



6-5 Entropy generation of the blade row for a domain with extended exit

compared to the axially shorter multistage domain. The entropy gen-

eration is similar up until the multistage domain exit. The mixing loss

downstream of the short blade domain is realized in the downstream

2V dom ain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6-6 1B control volume loss accounting for 2D cascade analysis with 6 = 0

assumption. The trailing edge loss is dominant, and the sum of the

control volume results exceeds the computational result. . . . . . . . 98

6-7 lB control volume loss accounting for 2D cascade analysis with 6 # 0.

The trailing edge loss is the largest loss component, and the sum of

the control volume results is comparable to the computational result. 99

6-8 Mee's loss accounting for a high Mach number cascade compared to

HIT cascade result. The trailing edge loss is highest for both analyses. 100

6-9 1B control volume loss accounting for 3D multistage analysis with 6 = 0

assumption. The trailing edge loss is dominant, and the sum of the

control volume results exceeds the computational result. . . . . . . . 101

6-10 1B control volume loss accounting for 3D multistage analysis with

6 y 0. The trailing edge loss and tip leakage loss are the largest loss

components, and the sum of the control volume results is comparable

to the computational result. . . . . . . . . . . . . . . . . . . . . . . . 102

6-11 Overall loss from a CFD solution of an extended blade row 3D domain

with varying tip clearance from 0.02% to 2% of span. The CFD com-

puted loss difference between nominal and vanishingly small clearance

is comparable to the tip leakage loss difference calculated using the

control volume model. . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6-12 Entropy generation of the first vane row (1V) for a domain with ex-

tended exit compared to the axially shorter multistage domain. The

entropy generation is similar up until the multistage domain exit. The

mixing loss downstream of the multistage domain is realized in the

downstream lB domain. . . . . . . . . . . . . . . . . . . . . . . . . . 104

15



6-13 1V control volume loss accounting for 3D multistage analysis with 6 = 0

assumption. The trailing edge loss is dominant, and the sum of the

control volume results exceeds the computational result. . . . . . . . 105

6-14 1V control volume loss accounting for 3D multistage analysis with 6 :

0. The shock loss is the largest loss component, and the sum of the

control volume results is comparable to the computational result. . . 106

6-15 Entropy generation of the second vane row (2V) for a domain with

extended exit compared to the axially shorter domain which ends at

the downstream rake location. The entropy generation result is similar

up until the exit rake. The mixing loss downstream of the exit rake is

accounted for in the 2V loss accounting. . . . . . . . . . . . . . . . . 107

6-16 2V control volume loss accounting for 3D multistage analysis with 6 = 0

assumption. The trailing edge loss and lB downstream mixing loss is

dominant, and the sum of the control volume results slightly exceeds

the computational result. . . . . . . . . . . . . . . . . . . . . . . . . . 108

6-17 2V control volume loss accounting for 3D multistage analysis with

6 # 0. The trailing edge loss and 1B downstream mixing loss is dom-

inant, and the sum of the control volume results is comparable to the

com putational result. . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6-18 The control volume loss accounting model results for each airfoil row

and the entire stage are quantitatively comparable to the 3D multistage

CFD inlet-exit results. . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6-19 Velocity divergence in a steady analysis compared to an unsteady anal-

ysis. The negative velocity divergence shows the location of shocks that

have traveled into the 2V domain from the lB trailing edge. Reflected

shocks travel upstream after reflecting off the 2V pressure side. . . . . 111

6-20 Unsteady entropy generation for the IV, 1B, and 2V airfoil rows over

4 blade passing periods (2 vane passing periods). The total 1.5 stage

entropy generation is the sum of the three airfoil rows. The steady

computational result is shown at right for comparison. . . . . . . . . 112

16



6-21 Steady loss compared to time averaged unsteady loss for a 3D multi-

stage computation. The time averaged unsteady loss is in improved

accord with the measured loss from test data. . . . . . . . . . . . . . 113

6-22 Oblique shock loss contribution to second vane row unsteady loss. . . 114

6-23 Control volume estimation of cooling loss compared against CFD com-

putational result for cooling loss. . . . . . . . . . . . . . . . . . . . . 115

6-24 Computational entropy generation results for the individual airfoil rows

and entire 1.5 stage turbine are compared to the experimentally de-

termined entropy generation of the HIT blowdown rig. The steady

uncooled loss, unsteady loss, purge flow loss, and cooling flow loss are

identified separately. . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6-25 Stage efficiency walk from steady, unsteady, purge flow, and cooling

flow losses compared to blowdown rig test data. . . . . . . . . . . . . 117

6-26 Control volume models and CFD computed loss versus exit Mach num-

ber. The trailing edge model assumes 6 = 0, and the control volume

models overestimate the loss . . . . . . . . . . . . . . . . . . . . . . . 119

6-27 Control volume models and CFD computed loss versus exit Mach num-

ber. The trailing edge model assumes 6 # 0, and the control volume

model result is comparable to the computational result. . . . . . . . . 120

6-28 Control volume models and CFD computed loss versus turbine blade

pressure ratio. The control volume model trends and magnitude are

comparable to the computational result. . . . . . . . . . . . . . . . . 121

6-29 Trailing edge deviation angle variation with exit Mach number. . . . 122

6-30 Loss component variation with blade incidence angle variation at Mexi t

1.3. The sum of the individual loss accounting model results is com-

parable to the computational result. . . . . . . . . . . . . . . . . . . . 123

17



18

. ..- .- . . . ... . . ... . . . s .. -.. . . . - . ,.,-. vr .Vn ~ 1sl-1rair~ ~~ r rt e n e ii.-~ m u i-.r ~ ni r cp se tso e m g nima;'sie u 'E o e1r e o pie'rr! 1 -e s-o : - 'ii s. f-n ? s i m 4 5 lr: 1 'ls !''9 d "i'id



List of Tables

3.1 HIT turbine design parameters, comparing the engine and test rig de-

signs. The exit Mach number, work coefficient and blade turning are

high compared to a traditional turbine stage. . . . . . . . . . . . . . . 39

4.1 2D Grid Independence . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 3D Unsteady Timestep Independence . . . . . . . . . . . . . . . . . . 59

19



20



Nomenclature

Abbreviations

1B first blade row

1V first vane row, upstream vane row

2V second vane row, downstream vane row

AFRL Air Force Research Lab

BOAS blade outer air seal

CFD computational fluid dynamics

CSKE coefficient of secondary kinetic energy

CV control volume

DFT discrete Fourier transform

HIT High Impact Technologies

ID inner diameter

NGV nozzle guide vane

OD outer diameter

P2VYI21 downstream vane endwall Kulite name

PRTT15 blade suction side Kulite name

21



PS pressure side

RANS Reynolds-averaged Navier-Stokes

SKE secondary kinetic energy

SS suction side

SST shear-stress transport

TE trailing edge

WPAFB Wright Patterson Air Force Base

Greek

a flow angle measured from the axial direction

0 flow angle measured from the axial direction in rotating reference frame

6 boundary layer overall thickness, flow angle deviation at trailing edge

6* boundary layer displacement thickness

68 boundary layer entropy thickness

6 angle of tip leakage flow relative to mainstream

"Y specific heat ratio

K angle of cooling flow relative to mainstream

p fluid density

0 boundary layer momentum thickness

entropy loss coefficient

Subscripts

1 inlet to the trailing edge control volume, airfoil row inlet

22

W ' M,



2 exit to the trailing edge control volume, airfoil row exit

b base of the trailing edge

c coolant flow

exit domain exit

free free stream

in domain inlet

inj injected flow

m mainstream flow

norm normalized to exit condition

o stagnation conditions

r radial

s edge of entropy boundary layer, suction side

sec secondary flow

te just before the trailing edge

U direction of blade rotation

visc viscous portion of loss

z axial

Symbols

r4 mass flow rate

Sa entropy creation rate per unit surface area

S3 entropy creation rate per unit volume
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A area

C chord

Cd dissipation coefficient

Cp, C, specific heat capacities

C, airfoil axial chord

Cpb base pressure coefficient

g tip clearance

h blade height, flowpath height

ho stagnation enthalpy

M Mach number

mf mass fraction of coolant

MT blade tangential Mach number

P static pressure

PO stagnation pressure

R gas constant

r radius

Reo Reynolds number based on momentum thickness

S total entropy

s specific entropy

s' specific entropy at edge of boundary layer

T static temperature
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t trailing edge thickness

T, stagnation temperature

U blade rotational speed

V flow velocity

V6  blade surface velocity at edge of boundary layer

Vleak velocity of tip leakage flow

w throat width

x, y, z Cartesian coordinates

y + dimensionless wall distance
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Chapter 1

Introduction and Background

Gas turbines are the predominant choice for aircraft propulsion. A high power-to-

weight ratio, high fuel power density, and steady gains in turbine engine efficiency

contribute to their popularity in aircraft applications. With contemporary turbine

component efficiencies reaching well above 90%, it becomes important to assess system

performance in concert with turbine aerodynamic design. This research explores

the aerodynamic impact of increasing the work extraction of a gas turbine stage by

raising the loading, a historical detriment to efficiency, with the goal of stage count

reduction. A high work stage is accomplished by high airfoil turning, high stage

pressure ratio, and high rotational speed, hereafter referred to as a highly loaded

transonic turbine stage. A single high work stage can provide reduced system weight,

cost, and complexity.

Understanding the aerodynamic losses of highly loaded transonic turbines is criti-

cal to reducing them in the design process. A primary goal of this thesis is to account

systematically for loss sources within a high work turbine stage, present the primary

drivers for irreversibilities, and suggest scaling rules for the reduction of these losses.

1.1 Motivation for a Highly Loaded Transonic Stage

The modern gas turbine engine generally utilizes multiple high pressure turbine stages

for work extraction. This is necessary to keep blade loading and exit relative Mach
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numbers within experience, while at the same time providing the work to power

ever-higher pressure ratio compressors. Turbine blade rows are designed with sub-

sonic exit relative Mach numbers to avoid passage shocks, trailing edge shocks, and

other transonic effects that are not well understood. These flow mechanisms lead to

inefficiencies, and avoiding them necessitates a multiple stage design.

Alternatively, at a detriment to efficiency, a single stage turbine can be used to

extract the same amount of work. A large pressure ratio is applied across the stage,

and the blade row is designed with a large amount of turning to increase the lift. In a

highly loaded turbine stage the work extraction can be double that of a lightly loaded,

subsonic blade row. With this increased loading, the blade exit relative velocity is

increased to transonic levels, and the flow is prone to losses from high Mach number

and unsteady effects.

The objective of this research is to quantify loss generation in a 1.5 stage highly

loaded transonic axial turbine. This will be accomplished by implementing CFD

simulations of a 1.5 stage highly loaded turbine and assessing the results against

test data acquired at the Air Force Research Lab (AFRL). The CFD model is a

3D, multistage, unsteady calculation to match the unsteady test data. The research

outcome is a consistent and rigorous loss accounting of a highly loaded turbine stage,

and an assessment of the impact of pressure ratio, Mach number, and incidence angle

on aerodynamic losses.

1.2 Literature Review

The subject of aerodynamic loss in turbines is well studied, but with limited focus on

highly loaded designs and unsteady loss mechanisms. Denton [11 provides a founda-

tional description of loss components and the use of entropy generation as a measure

of turbine performance. Denton describes the steady loss mechanisms of interest and

gives general guidelines for their contribution to turbine loss. The control volume

analysis for trailing edge loss concludes that this loss is driven by geometric param-

eters, boundary layer size, and base pressure. Denton and Xu [2] give a detailed
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discussion of the implications of transonic flow on trailing edge loss.

There have been several efforts to account for the losses in a turbine cascade or

stage. Mee [3] evaluates a turbine cascade for Mach numbers ranging from 0.6 to

1.2 and estimates the relative contributions of profile loss, shock loss, and mixing

loss. Duan 14] calculates the profile loss, shock loss, and trailing edge loss of a high

Mach number turbine blade cascade. The power generation blade design in Duan's

research has low turning and a thinner trailing edge than necessary for a cooled high

work turbine, and so the trailing edge and mixing loss are lower than calculated in

this thesis. Duan's profile loss calculation from boundary layer details is used in this

research. The 2D loss accounting by Duan is expanded upon in this research by

considering 3D loss generating mechanisms, and applying loss models to three airfoil

rows in a 1.5 stage highly loaded turbine. Yoon [5] presents a loss audit of a transonic

turbine stage that includes 3D effects of endwall loss and shrouded tip leakage. The

results of this analysis are achieved by manipulating the CFD boundary conditions.

Shock loss and trailing edge loss are not separated, leading to a high reported trailing

edge loss for the rotor.

Tip clearance loss and purge flow loss are important 3D loss generating mecha-

nisms that have been assessed with control volume methods. Huang [61 and Sakulkaew

[7] discuss the calculation of tip clearance loss. Huang describes the implementation

of a tip leakage control volume model, and then applies the model to turbine blades

with varying tip loading. The same model is applied by Sakulkaew to a compressor

stage with tip clearances varying from 0.04% to 5% span. The steady loss generating

mechanisms associated with purge flow injection are quantitatively categorized by

Zlatinov [8]. Volumetric entropy generation rate is discussed along with its numerical

implementation limits. Clifton [9] also examines the effects of purge flow with a focus

on unsteady interactions. The unsteady impact of vane wake pressure variation and

rotor bow waves on purge flow loss is assessed.

The 1.5 stage turbine assessed in this thesis has significant airfoil cooling, and it

is important to estimate the losses associated with cooling flow injection. Horlock,

Young and Wilcock [10] discuss performance considerations for turbines with large
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cooling flows. Horlock [111 also gives an overview of the basic thermodynamics of

cooled turbines. Lim [12] describes a method for calculating film cooling loss and

extends the solution for application to 3D injection angles. These techniques, which

expand upon Denton's two stream mixing loss [11, are leveraged for this thesis.

Unsteady losses occur in turbines from the interaction between rotating and sta-

tionary blade rows. Denton describes several unsteady loss mechanisms; however,

does not mention interaction between blade trailing edge shocks and the downstream

vane row. The effect of upstream vane (NGV) trailing edge shocks on blade perfor-

mance is mentioned, although it is not quantified. Ng and Epstein [131 calculate a

small loss from periodic trailing edge shock motion, although this result is not shown

to be general. The unsteady loss for a transonic turbine stage (NGV and blade)

is quantified by Yoon [51 using CFD analysis. This thesis further investigates and

quantifies unsteady loss in a highly loaded 1.5 stage turbine.

The turbine design used for this research is the High Impact Technologies (HIT)

turbine designed at the Air Force Research Lab (AFRL). Anthony and Clark 1141 led

the design and test of HIT turbine and describe the challenges of designing a highly

loaded turbine to mitigate unsteady forcing. The design and test of the HIT turbine

and cascade experiments is thoroughly documented by Ooten 115].

An extensive research body is available for many of the loss generating mechanisms

that afflict modern turbomachinery; however, not all of these losses are quantified for

a high turning and high Mach number transonic turbine stage. The impact of trailing

edge flow deviation is mentioned in the literature, but not quantified. Little research

quantifies the loss generated from unsteady effects and blade-vane interaction of a

highly loaded turbine stage.

1.3 Objective of Present Work

The goal of this work is to quantify the loss generating flow mechanisms in highly

loaded turbine stages representative of designs for the next generation of aircraft en-

gines. The focus is on a highly loaded transonic turbine stage in which unsteady shock
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interactions are significant. To accomplish this goal, the following specific research

objectives are addressed:

1. Quantify the loss sources in a 1.5 stage highly loaded transonic turbine.

2. Suggest scaling rules for loss generation in a highly loaded transonic turbine

stage. Propose guidelines for improving turbine performance.

1.4 Contributions and Findings

The 1.5 stage turbine loss measured from a blowdown test is compared to a 1.5 stage

CFD analysis. The CFD analysis includes steady and unsteady effects, purge flow,

and cooling flow consistent with the blowdown test. The 1.5 stage overall loss from

CFD is Within 6% of the measured loss. CFD simulations and reduced order analytical

models for the steady loss, unsteady loss, purge flow, and cooling flow are consistent

with the test results.

The individual loss sources of a 1.5 stage highly loaded transonic turbine are

determined and quantified for each airfoil row. A significant portion of the loss is from

steady aerodynamic mechanisms, and additional loss is from unsteady sources. In

quantitative terms, the design point 3D blade steady losses are 24% trailing edge loss,

18% profile loss, 23% shock loss from the steady trailing edge shocks, 26% tip leakage

loss, 9% endwall loss, and 1% secondary flow vortex loss. The largest 2D cascade

loss source is trailing edge loss. It is found that the calculated magnitude of trailing

edge loss has a strong functional dependence on deviation, and negative deviation

is possible in a high turning transonic turbine stage, which significantly lowers the

trailing edge loss calculated assuming no deviation. A parametric assessment of the

steady loss generating mechanisms shows a non-monotonic trend with pressure ratio

and exit Mach number, which is consistent with findings from Mee [3] and Duan [4].

The unsteady losses in the turbine stage are from the interaction between the

blade and upstream vane (NGV) wake, the blade trailing edge shock oscillation, and

the movement of the blade trailing edge shock system through the downstream vane
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row. The unsteady time averaged entropy generation in a 1.5 stage highly loaded

transonic turbine is quantified. The total unsteady loss is 13% higher than the total

steady loss. The majority of the unsteady loss is generated in the downstream vane

airfoil row, where shocks from the blade row propagate into the stationary domain.

1.5 Organization of Thesis

This thesis is organized to best communicate the contributions and findings. Chapter

2 lays out the overall approach to accomplish the goals outlined in this chapter.

Chapter 3 gives a summary and background of the turbine testing performed at the

AFRL which enables this research. Chapter 4 describes the CFD experiments that

are implemented to support the research objectives. The CFD setup, assumptions,

and methodology are described. Chapter 5 describes the analysis techniques that are

employed to quantify the various losses. This chapter is organized by loss generation

mechanisms, and a detailed description of the control volumes, assumptions, and

limitations is provided. Chapter 6 presents the results of these loss calculations for

2D cascade, 3D airfoil row, and full 1.5 stage analyses. These calculated losses are

compared to that estimated from computed flow field and test data. Chapter 6 also

gives a parametric assessment of the variation in loss mechanisms in response to

pressure ratio, exit Mach number, and incidence angle. Chapter 7 summarizes the

research findings and provides suggestions for future work.
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Chapter 2

Research Approach

Experimental results analysis, CFD simulation, and simplified control volume calcu-

lation are necessary to fully characterize the loss generating mechanisms in a highly

loaded turbine. A 1.5 stage highly loaded transonic turbine, incorporating future

generation turbine aerodynamics technology, was designed by the Air Force Research

Lab (AFRL). This design, named the High Impact Technologies (HIT) research tur-

bine, was tested in the blowdown test facility at Wright Patterson Air Force Base

(WPAFB). Figure 2-1 is a picture of the facility with the test rig in center, supply

tank at left, and discharge tanks at right. In addition to the blowdown test, station-

ary cascades of several airfoil sections were tested. All testing was completed in 2014

and an extensive data set is available for this research.

2D and 3D CFD models are created based on the HIT turbine design, and the

results are assessed against the cascade and HIT experimental data. The CFD scope

for this project ranges from blade-only 2D steady to multistage 3D unsteady models.

Boundary conditions from the CFD simulations are used to perform a complete

loss accounting of the turbine with control volume and physics based models. This

research seeks to explain the physical flow mechanisms of the observed losses, particu-

larly the shock loss and unsteady shock interaction between the blade and downstream

vane. A parametric assessment is performed to determine the loss generation trends

in a highly loaded 1.5 stage turbine. The goal of this research is to make suggestions

for improving turbine performance based on the findings.
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Figure 2-1: The High Impact Technologies turbine rig and the blowdown facility at
WPAFB where the experimental data for this thesis was collected. [15]

2.1 Entropy Generation as a Measure of Loss

The ultimate judgment of gas turbine performance is efficiency. Inefficiency in a gas

turbine is the result of a reduced ability of the flow to do work. Traditionally, many

measures have been employed to quantify turbine efficiency. Loss coefficients are

common because their inputs are readily available from test instrumentation. Loss

coefficients, however, cannot account for isentropic stagnation pressure rise or fall

from radius change of the flow in a rotating passage, and therefore are limited to

use on cascade tests. In a gas turbine, isentropic efficiency is useful for determining

the actual work of a turbine compared to the isentropic work. Isentropic efficiency

purely measures the deviation of a real flow from an isentropic process, and therefore

quantifying entropy generation is fundamental to determining isentropic efficiency.

The use of entropy generation as a method to describe losses in a turbine is

useful since it is irrelevant whether the machine is rotating or stationary. Entropy

generation is independent of reference frame. Both rotating and stationary airfoil

rows are assessed in this thesis, and it is useful to compare entropy generation across

airfoil rows of a 1.5 stage turbine.
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Entropy generation in an adiabatic gas turbine is limited to irreversible viscous

flow processes and shock loss. Thermal mixing between cooling or purge flow and

the main gas path also generates entropy; however, the loss from these processes is

generally charged to the turbine cycle efficiency. Irreversible entropy generation is the

fundamental cause of inefficiency in a gas turbine, and therefore it is the best method

for describing loss.

2.2 Loss Accounting Methodology

The losses in an airfoil row are classified by their flow mechanism or geometric source.

The steady loss generating mechanisms in a turbine airfoil row can be divided into

the following categories: profile loss, trailing edge loss, oblique shock loss, tip leakage

loss, endwall loss, secondary flow loss, and cooling and purge flow loss. Additionally,

unsteady loss generating mechanisms are present in a 1.5 stage highly loaded turbine.

Upstream vane (NGV) wakes interact with the downstream blades, trailing edge and

reflected shocks oscillate from periodic pressure fluctuations, and reflected shocks

travel upstream and downstream between airfoil rows. To identify the quantitative

contribution of these unsteady loss mechanisms, steady and unsteady computational

assessments are compared. A quasi-steady modeling approach is used by applying

steady control volume models to discrete timepoints of the unsteady analysis.

Loss components that are measured by entropy generation can be summed to find

the total entropy generated for an airfoil row. Furthermore, the entropy generated

by multiple airfoil rows can be summed to find the loss generated by the full turbine

stage. In this thesis, computational entropy generation results from control volume

analysis, CFD, and test data are compared for individual airfoil rows and the full 1.5

stage turbine.
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2.3 Computational Tools

The General Electric (GE) CFD tool TACOMA is used for this research. TACOMA

was chosen over other commercially available tools because of its ability to dovetail

with the GE HPC cluster, its robust handling of mixing plane and multistage cal-

culations, and computationally efficient unsteady analysis. The grid is a structured

grid with y+<l, and is created using commercial software Autogrid. Wall functions

are not used and the boundary layer is resolved to the wall. The boundary layer

details are needed for several loss calculations. The shear-stress transport (SST) k-w

turbulence model is used.

2.4 Summary

The loss generating mechanisms of a highly loaded transonic 1.5 stage turbine are

characterized by assessing experimental data, implementing CFD simulations, and

performing simple control volume calculations. Entropy generation is employed to

quantify the losses for individual flow mechanisms, airfoil rows, and the entire 1.5

stage turbine. A full range of physical and geometric complexities of CFD models are

utilized to determine the entropy generated from the CFD computational result and

to provide boundary conditions for the reduced order models based on simple control

volumes.
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Chapter 3

High Impact Technologies Turbine

The Air Force Research Lab (AFRL) designed and tested a highly loaded, high Mach

number, 1.5 stage turbine named the High Impact Technologies (HIT) research tur-

bine. The blowdown turbine rig is heavily instrumented with airfoil and flowpath

high-frequency static pressure taps, inlet and exit rakes, and heat flux gauges. The

turbine design is based on a modern engine cycle and is designed to exhibit a high

amount of unsteady interaction between the transonic blading and downstream vane.

A significant data set was collected from the test that can be assessed against com-

putational simulations of the design.

3.1 Test Facility

The HIT research turbine test was conducted in the AFRL's blowdown facility at

Wright Patterson Air Force Base (WPAFB) pictured in Figure 2-1. The facility is

capable of testing a full-size rig for a blowdown period of more than six seconds.

Figure 3-1 is a schematic of the rig.

Heated nitrogen is the test medium, and vacuum tanks are used to increase the

pressure ratio and prolong the blowdown period. An eddy current brake controls the

corrected speed during the blowdown.
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Figure 3-1: Schematic representation of the blowdown rig facility at WPAFB. [14]

3.2 Turbine Design

The HIT research turbine is a highly loaded transonic 1.5 stage design. The airfoil

rows are an NGV (IV), blade (1B), and downstream vane (2V). Figure 3-2 shows a

midspan section of the turbine airfoils with the velocity triangles for reference.

A

Figure 3-2: Mispan section of the 1.5 stage HIT turbine. Solid lines represent absolute
velocity vectors and dashed lines represent relative velocity vectors.
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The HIT turbine is a highly loaded design with a Zweifel coefficient of 1.13 [14].

The turbine speed is also high, with a tangential tip Mach number, MT, equal to about

0.8. These design characteristics enable high work extraction in a single stage. The

work coefficient is 2.1, larger than a typical value of 0.9-1.1 for maximum efficiency

[16]. High blade turning and a large stage pressure ratio lead to a high exit relative

Mach number. The design point exit Mach number for the HIT turbine blade is

1.3. The downstream vane performs little turning since it is designed for use with

a counter-rotating low pressure turbine. Table 3.1 is a complete list of the turbine

design parameters [141.

Table 3.1: HIT turbine design parameters, comparing the engine and test rig designs.
The exit Mach number, work coefficient and blade turning are high compared to a
traditional turbine stage. [14]

Parameter Engine Rig
Fluid Air N2

Inlet Total Temperature (K) 1,961 444
Inlet Total Pressure (MPa) 4.05 0.69
Wheel Speed (rpm) 16,000 7,617
Mass Flow (kg/s) 101 37
Power (MW) 57 4.7
Work Coefficient 2.10 2.08
Flow Coefficient 0.73 0.71
Reaction (%) 49.5 49.5
Annulus Area x Wheel Speed 2 x 10-6 (M 2rpm 2) 37 8.4
(Inlet Total) Gas-to-Wall Temperature Ratio 1.36 1.36
(Inlet Total) Coolant-to-Wall Temperature Ratio 0.74 0.74
Pressure Ratio 3.63 3.75
Speed Parameter (rpm/K1 / 2 ) 361 361
Ratio of Specific Heats 1.3 1.4
Prandtl Number 0.70 0.71
Blade Exit Reynolds Number x 10-6 1.34 1.43
Blade Exit Mach Number (Local) 1.30 1.30
Blade Exit Mach Number (Isentropic) 1.45 1.45
Blade Turning (degrees) 115.4 115.5
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3.3 Instrumentation

The rig is equipped with stationary and rotating instrumentation. There are over 900

pieces of instrumentation on the rig. These include inlet and exit stagnation pressure

and temperature rakes, static pressure taps, and heat flux sensors. High-frequency

pressure taps (Kulites) are on the cooled NGV airfoils, cooled rotating blades, and

uncooled downstream vanes. There are also high-frequency pressure taps on the

downstream vane row endwalls between airfoils. The cooling flows are controlled by

two independent circuits with venturis for accurate flow measurement. The corrected

speed is controlled to be constant during the blowdown period. Figure 3-3 is a cross

section of the HIT turbine showing the position of the inlet and exit rakes.

Inlet rake position:
168% 1V chord 1V 1B 2V

Exit rake position:
134% 2V chord

Figure 3-3: HIT turbine cross section with inlet and exit rake positions.

Four traversing rakes, two at the inlet and two at the exit, sweep a total of

120 degrees during the blowdown period. Each rake has nine stagnation pressure

and temperature sensors spaced at radial positions of equal annulus area. The area

average and time average of this data is used to determine the turbine loss and to set

the boundary conditions for CFD analysis.
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3.4 Cooling Flow

The HIT research turbine has cooled airfoils on the first vane and blade rows. The

cooled airfoils are mixed with uncooled airfoils for the test. The first vane row has

16 cooled airfoils and 7 uncooled airfoils. The blade row has 34 cooled airfoils and 12

uncooled airfoils. The cooled airfoils are not distributed evenly around the annulus;

however, the 120 degree traverse of the rakes captures the average loss for the turbine.

Figure 3-4 [151 is a map of the first vane and blade configuration. The uncooled airfoils

are grouped together on the first vane row and they are distributed in groups of two

on the rotor. Heat flux gauges and thermocouples are applied to cooled and uncooled

airfoil surfaces.

M Uncooled-Heat-Flux and Thermocouples

Cooled- Non-Instrumented

Cooled - Kulltes

Cooled- Heat-Flux and Thermocouples

Cooled- Kullte, Heat-Flux, and Thermocouples

FWD Looking AFT

Figure 3-4: HIT turbine first vane and blade cooling schematic. The cooled airfoils
are not distributed evenly around the annulus. [17]

Two source plenums feed the cooling circuits. The outer diameter tank feeds the

vane outer band, vane trailing edge cooling, and blade outer air seal (BOAS) purge.

The inner diameter tank feeds the vane inner band, vane leading edge circuit, rim

purge, and blade cooling. Figure 3-5 shows the cooling flow circuit. A complete

description of the cooling flow design and configuration is found in Ooten [15].

During the HIT turbine blowdown periods assessed, the flow rate measured through
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Purge and Leakage

2V

Figure 3-5: HIT turbine cross section identifying cooling and purge flow sources.
The vane is cooled by two separate sources through leading edge and trailing edge
plenums. The blade cooling flow has the same source as the vane ID band and leading
edge plenum cooling flow.

the outer diameter tank venturi was 90% higher than the design intent, and the flow

rate measured through the inner diameter tank venturi was 69% higher than the de-

sign intent. The mass flow rate of cooling air is assumed to flow through the blades

and vane cooling circuit with the design intent proportions, but it is scaled up to

match the higher flow rate measured on test. This additional cooling flow is ac-

counted for in calculating the experimental stage loss and also modeled in the cooled

CFD assessment. The test hardware is shown in Figure 3-6. Airfoil cooling holes

are visible on the first vanes and blades, and heat flux gauges are seen on the rotor

blades.
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Figure 3-6: The HIT research turbine test hardware: nozzle guide vane (top left),
blade wheel (top right), and downstream vane (bottom). [17]

3.5 Summary

The HIT turbine testing carried out at the AFRL is crucial to the understanding

of highly loaded transonic turbine aerodynamics. The testing provides a reference

point for the CFD results presented in this paper and gives confidence in the loss

accounting models. The instrumentation on the rig is numerous and provides all the

data required to assess the results of unsteady CFD simulations.
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Chapter 4

Computational Framework

Computational Fluid Dynamics (CFD) analysis is used in this research to determine

the individual loss components in the turbine stage. The CFD results are assessed

against the experimental data to ensure the computation is representative of the flow

physics. The computed flow field is then used for deriving flow parameters required

in control volume models for loss estimation.

Several levels in physical and geometrical complexities of CFD models are for-

mulated and implemented of flow in the turbine stage. 2D models of the midspan

geometry are created to evaluate 2D flow mechanisms and provide a baseline for 3D

analysis. The 2D computation resources requirement is significantly less, providing

an advantage for effectively evaluating design and modeling changes. 3D -models

are created for a multistage simulation. The 3D multistage simulation has been im-

plemented on a steady and unsteady basis. This gives insight into unsteady loss

generating mechanisms and their contributions to overall loss. The 3D CFD analysis

is also performed with and without cooling and purge flow, allowing for isolation of

cooling and purge flow losses. These various CFD models are applied as needed to

achieve the research goals.

The CFD software is a General Electric proprietary code called TACOMA. This

is an in-house developed code with a second order finite volume scheme. A multi-grid

algorithm is used to improve solution convergence rate. The RANS simulations are

solved computationally on structured grids with a k-w shear-stress transport (SST)
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turbulence model. The grid is resolved down to the wall with a y+<1, and wall

functions are not used in order to fully resolve the boundary layer. TACOMA's

unsteady RANS (URANS) capability is used for the unsteady calculations. TACOMA

benefits from over 20 years of development and use on gas turbine applications and

is well suited for addressing the research issues posed in Chapter 1.

4.1 2D Analysis

The initial simulations implemented are for a 2D section. The section described here

is a blade midspan section that is the same geometry as the cascade test. Figure 4-1

shows the blade midspan section and the domain for the 2D analysis.

Figure 4-1: Geometry of blade midspan section for cascade analysis.

The grid is generated with Autogrid software. The domain extends by more than

50% of the airfoil axial chord upstream and more than a full axial chord downstream.

In the cascade test, the exit rake is located at 68% axial chord downstream of the

trailing edge, so this domain is able to be assessed at the rake location for a direct

comparison to test data. Three grids are created initially to demonstrate suitable

grid independence. The number of nodes in each grid is listed in Table 4.1.

Figure 4-2 is the total entropy generated for each of the grid sizes. There is a 1.9%
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Table 4.1: 2D Grid Independence
Number Entropy

Grid of Nodes Generation

Coarse 39,300 0.0416
Medium 56,300 0.0408

Fine 115,000 0.0409

difference in overall entropy generation between

a 0.2% difference between the medium and fine

0

0.045 -

0.04 -

0.035 -

0.03 -

0.025 -

0.02 -

0.015 -

0.01

0.005

the coarse and medium grid size, and

grid size.

40,000 50,000 60,000 70,000 80,000
Node Count

90,000 100,000 110,000 120,000

Figure 4-2: Grid resolution convergence of steady 2D analysis.

Adequate grid independence is achieved for the medium grid; however, the coarse

grid is utilized for this thesis. This will introduce an error of less than 2% in the overall

result, but the benefit of needing lesser computational resources for each assessment

allows for increasing the number of computations so that a broad spectrum of relevant

flow situations can be examined. This is especially important for the full 3D analysis.

The coarse grid density allows a multistage grid count of 9,300,000 nodes, whereas

the medium grid resolution would require 19,000,000 nodes with a consequential step

change in required computational resources.
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The airfoil loading of the 2D CFD result is compared against the uncooled cascade

test data in Figure 4-3. The test data is from static pressure taps on the airfoil surface.

There is a good agreement between the CFD result and the test data. The pressure

fluctuation through the suction side shock system is captured in the CFD model and

the leading edge pressure distributions agree. This indicates the incidence angle in

the CFD model closely matches the nominal test value.

18
Cascade Measuremenl

0.9
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x/CX

Figure 4-3: Surface static pressure comparison between 2D analysis result and cascade
test data.

4.2 3D Analysis

Upon completing the post-processing and analysis of the 2D computed flows, 3D

models are created for each airfoil row. Figure 4-4 shows the 3D blade domain for

CFD analysis that is created from the airfoil geometry. The 3D blade grid has a root
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fillet and tip gap that matches the hardware tested on the blowdown rig. The first

vane has root fillets modeled at the ID and OD endwalls. The second vane does not

have fillets modeled since it is able to be rotated on test and has sharp corners at the

interface between airfoil and endwall surfaces.

Figure 4-4: Geometry of blade domain for 3D analysis.

The models are built with grid densities that are consistent with the 2D coarse grid

density. The grids are again generated with Autogrid. Each individual airfoil domain

is converged with uniform inlet and exit boundary conditions. Stagnation tempera-

ture, stagnation pressure, radial flow angle, and tangential velocity are prescribed at

the inlet plane. Static pressure is prescribed at the exit plane.

4.3 Multistage Steady Analysis

Figure 4-5 depicts the full layout of the 1.5 stage turbine with three 3D airfoil do-

mains. The airfoil domains are split at the midpoint (where the mixing plane is

located) between the upstream trailing edge and downstream leading edge. The

steady multistage analysis uses a mixing plane algorithm to pass boundary condi-

tions between airfoil rows. Mass, momentum, and energy flux are conserved across

the mixing plane boundary.

49



Figure 4-5: 3D multistage CFD domains with mixing plane interfaces between airfoil
rows.

Additional models of the first vane (IV), blade (1B), and second vane (2V) airfoil

rows are created with an exit domain extended well past the multistage domain exit.

The walls of the extended region are modeled as slip walls. Figure 4-6 compares

the IV extended and multistage domains. Figure 4-7 compares the 1B extended and

multistage domains. Figure 4-8 compares the 2V extended and multistage domains.

The extended domain models are used to calculate the mixing loss downstream of

the multistage domain exit. Since the multistage exit is close to the trailing edge, the

flow is not fully mixed out. The control volume models for loss estimation assume

a fully mixed out exit condition, therefore, a fully mixing out CFD model is needed

for a back-to-back comparison. The downstream mixing loss for each airfoil row is

presented in Chapter 6.

The blade midspan section pressure distribution from the multistage analysis is

different than the cascade test pressure distribution. This is caused by a difference in

vane exit flow angle, which translates into blade incidence angle. A 2D CFD analysis

confirms this assessment. Figure 4-9 shows the design intent 2D pressure distribution,

a pressure distribution from 2D analysis with incidence increased by 12 degrees, and

the result from the 3D multistage analysis. A difference of 3.5 degrees of vane exit



(a)

pppf77j
(b)

Figure 4-6: First vane (a) multistage domain and (b) extended domain.

(a)

(b)

Figure 4-7: Blade (a) multistage domain and (b) extended domain.
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(a)

(b) 91

Figure 4-8: Second vane (a) multistage domain and (b) extended domain.

angle results in 12 degrees blade incidence difference. The 2D model with an increased

angle of incidence is used to compare loss results with the 3D multistage model.
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Figure 4-9: 1B midspan static pressure comparison between nominal 2D CFD result,
2D CFD result with increased incidence, 3D CFD result, and cascade test data.

4.4 Cooled Multistage Analysis

The HIT turbine is tested with purge flow and cooling flow, therefore, a CFD model

that implements these sources of coolant flows is necessary for a direct comparison to

the experimental data. The multistage analysis is expanded by the addition of purge

and cooling flow in two steps. The first step is to add the purge flow alone to the

simulation. Figure 4-10 shows the full multistage domain and the locations of purge

flow. Cool purge flow is introduced with source terms at the hub between the first

vane and blade and at the casing upstream of the blade. The hub flow is injected

at a tangential velocity equal to 1/2 the rotor hub rotational speed (swirl=0.5) and

a meridional angle of 45 degrees. The blade outer air seal (BOAS) flow is injected
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radially from the casing. The multistage mixing planes are depicted in Figure 4-10

as lines between the airfoil rows. The hub flow is introduced upstream of the first

mixing plane, and the BOAS flow is introduced after the mixing plane.

Figure 4-10: The full multistage domain showing the locations of the purge flow

injection by the black arrows. The purge flow is introduced on the hub and casing,

upstream and downstream of the first mixing plane, respectively.

The purge flow enters the flowpath all around the annulus; however, only a subset

of the airfoils are cooled. To analyze the cooling loss from an individual cooled airfoil,

a fully cooled stage is modeled as shown in Figure 4-11.

The losses from these two cooled models are combined to account for the ratio

of cooled first vane airfoils and cooled blades, and also considering the full annulus

purge flow. The amount of flow modeled in this analysis matches the venturi measured

cooling mass flow rate from the blowdown test. The cooling flow source temperature

and pressure measured from test are also used for the cooling loss calculations.
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Figure 4-11: The full multistage domain showing the locations of the purge and
cooling flow source terms. The purge flow is the same as the previous analysis, and
film, band, and trailing edge cooling is added to the first vane and blade.

4.5 Multistage Unsteady Analysis

The multistage unsteady analysis is implemented by specifying a sliding mesh inter-

face between airfoil rows instead of the mixing planes used in the steady analysis.

Periodic convergence and time step size convergence are achieved, and the unsteady

computation is compared to the high-frequency test data. The results and conver-

gence of the unsteady analysis are assessed by inspecting periodic pressure traces,

discrete Fourier transform (DFT) results, and overall entropy generation.

4.5.1 Periodic Convergence

Periodic convergence must be achieved for the unsteady computational solution, de-

fined by convergence of time-averaged inlet and exit temperature, pressure, mass flow,

and entropy. The CFD iterations are carried out for 20 to 30 blade passing periods

before periodic convergence is achieved. The unsteady analysis is also performed at

several time step sizes, and each of these must reach periodic convergence before they

can be compared. The periodic convergence of the unsteady pressure field is visu-

alized by comparing two sequential periods of a local static pressure result. Figures
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4-12, 4-13, and 4-14 show comparisons for 200, 400, and 1,000 time steps per period

for the last two periods of the blade unsteady computation (denoted Period A and

Period B). The location of the static pressure trace is the blade suction side loca-

tion shown in Figure 4-22. Periodic convergence of the unsteady flow computation is

achieved for each of the time step sizes. The flow is periodic at the frequency of the

stationary vane rows, which have 1/2 as many airfoils as the blade. The vane passing

period is 0.353 ms.

0.55-
- Period A
- Period B

0.5-

0.45-

0.4-

0.35-

0.3 -

0.25 -
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time (ms)

Figure 4-12: lB periodic convergence - 200 timesteps per period.

Figures 4-15, 4-16, and 4-17 also show comparisons for 200, 400, and 1,000 time

steps per period for the last two periods of the 2V unsteady computation (denoted

Period A and Period B). The location of the static pressure trace is the endwall

location shown in Figure 4-24. Periodic convergence of the unsteady flow computation

is achieved for each of the time step sizes. The flow is periodic at the frequency of the

upstream blade row, which has 2x as many airfoils as the vane. The blade passing

period is 0.177 ms.
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Figure 4-13: 1B periodic convergence - 400 timesteps per period.
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Figure 4-14: 1B periodic convergence - 1000 timesteps per period.
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Figure 4-15: 2V periodic convergence - 200 timesteps per period.
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Figure 4-16: 2V periodic convergence - 400 timesteps per period.
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Figure 4-17: 2V periodic convergence - 1000 timesteps per period.

4.5.2 Time Step Size Convergence

A time step convergence assessment is conducted by comparing overall entropy gener-

ation for three time step sizes. 200, 400, and 1,000 time steps per period are analyzed.

The results of the assessment in Table 4.2 and Figure 4-18 show that there is 0.3%

difference in overall entropy generation for the full 1.5 stage domain between 400 and

1,000 time steps per period. A model with 1,000 time steps per period is selected for

all the unsteady computations presented in this thesis; however, analysis with 400

time steps is adequate for future assessments to reduce the needed computational

resources.

Table 4.2: 3D Unsteady Timestep Independence
Timesteps 1V 1B 2V Stage
per Period ( _ _ _ _

200 0.0966 0.3337 0.1379 0.5686
400 0.0948 0.3325 0.1367 0.5644

1,000 0.0941 0.3321 0.1358 0.5625

The static pressure is compared for 200, 400, and 1000 time steps for a location

59



- 1V Time Average Entropy Generatior
- -1 B Time Average Entropy Generatior

- 2V Time Average Entropy Generatior

I I I I I I

200 400 600
Timesteps per Period

Figure 4-18: Time step convergence of unsteady multistage analysis individual airfoil

row entropy generation .

200 600
Timesteps per Period

Figure 4-19: Time step convergence of unsteady multistage analysis overall stage

entropy generation.
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on the blade suction side surface in Figure 4-20, and a location on the downstream

endwall in Figure 4-21.

-200 timesteps
-400 timesteps
-1000 timesteps

0.251
0 0.05 0.1 0.15 0.2 0.25

Time (ms)
0.3 0.35

Figure 4-20: Timesteps per period comparison of unsteady pressure trace on the blade
surface.
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Figure 4-21: Timesteps per period comparison of unsteady pressure trace on the
downstream vane hub surface.
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The results for 400 and 1,000 time steps per period are comparable and show

similar pressure response characteristics. Either solution is acceptable for comparison

to the test data or estimating entropy generation.

4.5.3 Comparison of Unsteady Computation and Test Data

The unsteady CFD computational result is compared against the test data by per-

forming a DFT analysis on the time dependent pressure trace. The Kulite locations

on the airfoil suction side surfaces are overlaid on a 2D image of the 1.5 stage turbine

in Figure 4-22. The contour in Figure 4-22 is the magnitude of the DFT response

at a frequency equal to 2x the blade passing frequency. The DFT magnitude results

presented here were calculated by the AFRL 1171. High values of DFT magnitude

correspond to large static pressure fluctuations.

Ps

Poin

0.06

PRTT1 5 
0.05

0.04

0.03

0.02

0.01

Figure 4-22: Calculated DFT magnitude of the airfoil suction side surfaces, overlaid

with the locations of the high-frequency pressure taps on the blowdown rig. Probe

PRTT15 is used for the blade suction side pressure comparisons in this thesis.

Computational results are recorded at locations on the CFD domain walls coin-

cident with the location of the Kulites on test. Figure 4-23 is a comparison between

the CFD result, unfiltered rig Kulite data, and the cyclically averaged rig data at a

location on the blade suction side at midspan near the trailing edge. The test result
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frequencies and general trend of signal power magnitude is captured by the CFD

result.

0.025 -

- Unfiltered Test Data
- Ensemble Averaged Test Data

- Unsteady CFD Solution
0.02 -

0.015

0.01
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0
0 5 10 15 20 25 30 35
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Figure 4-23: DFT comparison between unsteady CFD result and blowdown test
Kulite data. The location is on the blade suction side at probe PRTT15.

The largest magnitude DFT response is at twice the vane passing frequency. This

is a result of the rotor trailing edge shock reflecting off the downstream airfoil, travel-

ing back upstream, and impinging on the suction side surface. The reflected trailing

edge shock creates a large pressure fluctuation at the probe PRTT15 location. This

result can also be observed in Figure 4-14, where in one vane passing period two large

pressure peaks are observed.

Kulites are also located on the endwalls of the downstream vane row. Figure 4-24

is the magnitude of the DFT response for 2x the blade passing frequency on the inner

diameter endwall and also shows the locations of the pressure taps.

The unsteady computational result and experimental data are compared for a

location on the endwall near the 2V airfoil leading edge. Figure 4-25 is the DFT

response at this location.

The magnitude of the response and frequencies are similar between CFD and

test data. In both the CFD computation and test result, the dominant response
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Figure 4-24: Calculated DFT magnitude of the 2V ID endwall surfaces, overlaid

with the locations of the high-frequency pressure taps on the blowdown rig. Probe

P2VYI21 is used for the 2V endwall pressure comparisons in this thesis.

frequencies are multiples of the blade passing frequency. Also, the value of the 2V

endwall DFT response is lower than that on the blade suction side, indicating a lower

level of unsteadiness.
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Figure 4-25: DFT comparison between unsteady CFD result and blowdown test
Kulite data. The location is on the 2V ID endwall at probe P2VYI21.

4.6 Summary

Various levels in physical and geometric complexities of CFD simulations have been

implemented; these include flow situations in a 2D and 3D domain, single stage and

multistage, and steady and unsteady. Simulations are implemented with the vanes

and blades uncooled and cooled, and with and without purge flow. Both discrete

temporal and spatial convergence of the solution were assessed for selecting the ap-

propriate time step size in which computations are to be implemented. The computed

results have also been assessed against test data from the AFRL blowdown facility.

The computed results and their use in identifying and quantifying various loss mech-

anisms are described and presented in Chapter 5 that follows.
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Chapter 5

Estimation of Sources of Loss

This chapter describes methods for calculating losses in a 1.5 stage turbine. The

methods include direct estimation of loss from the CFD computed flow fields and

measurements taken in AFRL blowdown test, mixed-out loss estimation, as well as

use of known correlations.

Where it is meaningful, a comparison is made between two methods of loss calcu-

lation. As discussed in Section 2.1, the loss components in a gas turbine are calculated

from the entropy generation caused by the underlying flow mechanism, and the use

of stagnation pressure coefficients is avoided. The airfoil row losses are normalized

by the exit flow state, shown in Equation 5.1. If the losses are compared across the

entire stage, the stage exit condition is used for normalization.

Lsnorm = As Texi (5.1)
0.5V2I

5.1 Experimental Overall Stage Loss Estimation

The loss in the experiment is calculated by comparing the time and area averaged

stagnation pressure and temperature of the upstream and downstream rakes. The

blowdown test also includes cooling and purge flow, so this must be considered. The

mass flow weighted Hartsel turbine efficiency method as described by Young and

Horlock [181 is adapted for the cooled stage entropy generation calculation. Equation
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5.2 is applied to three flow streams: mainstream flow, inner tank flow, and outer

tank flow, and the respective entropy generation is weighted by mass flow rate. The

reference condition is the inlet relative stagnation temperature and pressure for each

respective stream.

S - Sref= CpIn (T/Tref) - R in (PiPref) (5.2)

This method may overestimate the turbine loss if some of the cooling flow is leaked

into the test cell instead of entering the main gas path.

5.2 CFD Loss Estimation

The analytical loss is calculated from the CFD models using mass flow averaged flux

quantities as described by Zlatinov [8]. Individual airfoil row loss is determined by

comparing the entropy flux difference between inlet and exit planes. Entropy in the

CFD result is calculated with Equation 5.2, using the inlet relative condition as a

reference. Additionally, the entropy generation across an airfoil row is determined by

discretizing the CFD domain into axial cut planes and calculating the entropy content

at each plane relative to the inlet. The results of entropy generation as a function of

x/Cx are in Section 6.2.

Since the flow is not completely mixed out at the exit plane of the shortened

multistage domains, the downstream mixing loss is determined from the entropy flux

difference between an axial cut plane coincident with the multistage domain exit

and the exit plane of an extended slip wall duct section. The domains used for

these calculations have been described in Chapter 4. The iterative methodology for

calculating mixed out loss described by Prasad [19] was considered; however, the

downstream mixing from the CFD domains is used instead for ease of computation.

Future work may consider comparing the CFD solution downstream mixing loss result

to Prasad's mixed out calculation.

In this thesis, the estimation of trailing edge loss, tip leakage loss, and secondary

flow loss using control volume methods [11 120] assumes the downstream condition to
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be fully mixed out. Therefore, to attribute the loss model results (i.e. loss estimated

using a control volume approach) to their corresponding CFD domains properly, the

CFD result (i.e. loss estimated directly using computed flow) for downstream mixing

loss is attributed to the downstream airfoil row and subtracted from the airfoil row's

accounting. The downstream mixing components are identified in the loss accounting

results in Chapter 6.

The loss in a turbine stage can be qualitatively inspected by calculating the vol-

umetric entropy generation rate 18]. Equation 5.3 [8] is the viscous portion of the

volumetric entropy generation rate.

SV'jSC= -Tij (5.3)

Figure 5-1 is a contour of the viscous entropy generation rate for the entire stage

flow field at the midspan section.
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Figure 5-1: Normalized viscous entropy generation rate applied to the entire stage
flow field. Boundary layer loss, trailing edge mixing loss, and shock loss are observed.

The boundary layer loss, trailing edge mixing loss, and shock losses are seen clearly.

The results show some locations with high viscous entropy generation rate, such as
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the downstream vane leading edge, which may be overestimated because of the grid

resolution or computational discontinuities. Zlatinov [81 discusses the limitations of

using viscous entropy generation rate to quantitatively determine the loss in a turbine;

however, it is a useful tool for identifying the locations of loss generation. All losses

in this thesis are quantified with Equation 5.2 and control volume models.

5.3 Profile Loss Estimation

Profile loss results from viscous forces in the boundary layer at the airfoil surface.

Denton [1] estimates the profile loss is about 1/3 of an airfoil row loss. There are

three methods for determining profile loss of an airfoil. The first is to use a constant

dissipation coefficient (Cd) of 0.002 [1] across the entire airfoil surface. The second

method is to calculate Cd from the Reynolds number correlation for a turbulent

boundary layer in Equation 5.4 [1]. The last method is to calculate Cd explicitly from

the boundary layer flow properties. This method is explained in detail in this section.

Cd = 0.0056Reo1 /6  (5.4)

The boundary layer details are determined from the CFD solution by extracting

the flow properties at vectors normal to the airfoil surface. Figure 5-2 shows the nor-

mal vectors that are applied to the blade. The boundary layer velocity, temperature,

and pressure profiles are determined for each of the discretized locations. The bound-

ary layer edge is defined by the boundary layer entropy thickness, 6,. The entropy

profile of the boundary layer is calculated with Equation 5.2 using the free stream

condition as a reference.

The edge of the boundary layer is defined when the incremental entropy generation

reaches <0.1% of the total entropy contained in the boundary layer. The method is

iterative, but the solution converges rapidly. Figures 5-3 and 5-4 show the entropy

boundary layer profile and the velocity profile at the suction side trailing edge. The

free stream properties are defined at y=6,.

Once the boundary layer thickness is determined from the entropy thickness, the
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Figure 5-2: Vectors normal to the blade surface.
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Figure 5-3: Entropy Boundary Layer Profile.
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Figure 5-4: Velocity Boundary Layer Profile.
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momentum and displacement thicknesses are calculated from the velocity and density

profiles by applying Equations 5.5 and 5.6 for compressible flow.

6* = ( P(Y)U(Y) dy
0 Psus

0 = y 1()()( - U() dy
P SUS us)

(5.5)

(5.6)

The momentum and displacement boundary layer thicknesses are shown as a func-

tion of axial chord in Figure 5-5.
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Figure 5-5: Boundary layer thickness as a function of axial chord.

At each position along the chord of the airfoil the entropy content of the boundary

layer can be calculated by integrating the entropy profile from the wall to the free

stream. The entropy content in the boundary layer relative to the inlet entropy is

given by Equation 5.7. Equation 5.8 is the total rate of entropy creation in the airfoil

surface boundary layer.
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6
S,, = JOpU(s - s,5) dy

d =I pU(s - s6) dy (5.8)
dx 0

The entropy content in the boundary layer is shown as a function of axial chord

in Figure 5-6. The entropy content is normalized and expressed on a per unit mass

flow basis, so the value at the trailing edge (x/Cx = 1) is the total entropy generated

by the airfoil boundary layer. A sharp rise in entropy generation rate is observed at

the location on the suction side around 80% chord where the trailing edge shock from

the adjacent airfoil impinges.
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Figure 5-6: SS and PS entropy content in the boundary layer.

An analytical dissipation coefficient is calculated from the boundary layer entropy

creation rate. Equation 5.9 is the definition of Cd. The analytical Cd depends on

local entropy creation rate, and is compared to the value for Cd proposed by Denton

[11 of 0.002 in Figure 5-7.

74

(5.7)

- -



_d TSa
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---- Cd = .002
Calculated Cd

Figure 5-7: Comparison of the calculated value of Cd vs 0.002.

The surface area averaged analytical Cd for the midspan blade section is 0.002.

However, the suction side average analytical Cd is greater than 0.002, and the pressure

side average analytical Cd is less than 0.002. The method for calculating the profile

loss from boundary layer flow attributes yields a solution closely tied to the flow

physics, but the implementation is more complex. The loss accounting in Chapter 6

uses the profile loss calculated from the Reynolds number correlation for Cd, which

is about equal to the result for Cd=0.002 on the entire surface.

The 2D profile loss method described in this section is applied to the 3D solution
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by using the midspan results and applying them to the entire airfoil. The profile loss

calculation can be improved at the expense of added complexity by assessing the loss

over the entire 3D airfoil surface instead of the midspan section alone.

5.4 Trailing Edge Loss Estimation

The trailing edge loss is the loss associated with mixing out of the flow downstream

of the trailing edge. The loss is a result of the sudden expansion of flow around the

trailing edge, the shear layer that forms between pressure side and suction side flows,

and the low base pressure at the trailing edge. Denton [11 describes a control volume

method for estimating the trailing edge loss, shown in Figure 5-8.

V2
Control Volume

w-t

Figure 5-8: Denton's control volume for thick trailing edge loss.

Denton's control volume result is simplified to Equation 5.10.

C2 (5.10)

This result assumes incompressible flow, zero flow deviation, and the suction side

surface pressure is equal to the downstream pressure. The first term in Equation 5.10

is the base pressure loss, the second term represents the mixing out of the suction
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and pressure side shear layers, and the third term is the sudden expansion loss from

the trailing edge thickness and boundary layer blockage.

The compressible result for the trailing edge control volume is derived to assess

the validity of Denton's assumptions. Figure 5-9 shows the control volume chosen for

this analysis.

t
P

Pb

L -- - - -- - -

P w-- -- ---
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Figure 5-9: Control volume for trailing edge loss.

Since the deviation and suction side pressure are variables in this analysis, both

x and y-momentum must be balanced. The suction side pressure can be calculated

if the deviation is known from CFD analysis. Alternatively, an assumption can be

made about the suction side surface pressure similar to Denton's approach. Equation

5.11 is the y-momentum balance for this control volume, and Equation 5.12 is the

x-momentum balance which is expressed as a loss coefficient. For a 3D analysis, h is

the flowpath passage height at the control volume inlet and exit.
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(P, - Pb)h1t sin a = m 2 sin(a - 6) - mV sin a + pV,20h1 sin a

-Cbt coS2 a p1V2 2m cos 2 aV1  2cos 2(a - 6)> p1V2
(= +0 +

w P2V22 hiwp2 V2 W P2V

+ 2(h2 - h1)P2  (P - Ps) t sin atan a cos a 1 (5.12)
hIp 2V2 + 0.5p 2 V2 w

Equation 5.12 is dependent on the flow deviation. For a blade design with exit

flow angle greater than 65 degrees, deviation is important in calculating trailing edge

loss. A small deviation can have a significant change to the momentum flux through

the exit boundary. The sensitivity to flow deviation is shown in Chapter 6. The

importance of including the deviation in a trailing edge loss calculation is discussed.

A new model is derived that does not eliminate the effect of deviation. Equation 5.13

is the resultant extended trailing edge loss model.

2cos(a - 6) cos 6 )((w - t -6*) cos a 2

Cos ae W cos(a - 6

+ 2(t +* +0) Cpt w cos(a - 6) 2 (5.13)
W W -(W- t- 6*) cos a

This equation appears significantly more complex than the simplified model in

Equation 5.10; however, the only additional unknowns are the deviation angle and

exit flow angle. The deviation angle can be determined from a computational solution

or estimated from similar designs, and the exit flow angle is known from the one-

dimensional turbine design. Loss accounting results are presented in Chapter 6, with

results estimated from both the simplified Equation 5.10 and extended Equation 5.13

models for trailing edge loss. The trailing edge loss model with deviation is shown to

represent the trailing edge loss in a highly loaded turbine more closely.
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5.5 Secondary Flow Loss Estimation

The secondary flow loss is composed of three parts: endwall loss, secondary kinetic

energy (SKE) loss from the passage vortex, and boundary layer loss on the airfoil

suction side below the separation line [21]. The endwall loss is accounted for inde-

pendently in Section 5.6 and is omitted from the definition of secondary flow loss in

this section. Furthermore, it is assumed that the boundary layer loss on the airfoil

suction side in the secondary flow region is the same as at the midspan section. The

secondary flow loss in this thesis is only related to the loss of SKE from the mixing

out of the passage vortex.

The SKE is calculated from the CFD flow field at the trailing edge. The velocity

components of the flow moving perpendicular to the average exit flow angle contribute

to the SKE. Equations 5.14 and 5.15 [22 relate the SKE to the velocity components.

The total SKE is a mass average of the exit plane SKE. The fluid mass fraction

involved in the passage vortex is equal to the ratio of displacement boundary layer

thickness to span 123].

Vsec= V, sind + V, cos - (5.14)

SKE = 0.5p(V2e +V12 (5.15)

A coefficient of secondary kinetic energy (CSKE) is defined as the SKE normalized

by exit dynamic pressure. The contour of CSKE in Figure 5-10 shows the location

of high passage vortex loss near the suction side ID corners of the blade. The second

vane CSKE contours in Figure 5-12 show high loss at both ID and OD suction side

corners.

Equation 5.16 is the total entropy generation from loss of SKE, where 6* is the

endwall boundary layer displacement thickness and h is the span height.

P* SKE
AsSKE = -2 (5.16)

(h ) .5 pVexit
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Figure 5-10: 1B trailing edge plane CSKE contour.

U
Figure 5-11: IV trailing edge plane CSKE contour.
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Figure 5-12: 2V trailing edge plane CSKE contour.

5.6 Endwall Loss Estimation

The endwall loss is calculated by a similar method to the profile loss; however, a

uniform dissipation coefficient of 0.002 is used. This value is suggested by Denton [11
for turbulent boundary layers. The endwall free stream velocity is shown in Figure

5-13.

V.ree/vexft
1.238

1.100

0.962

0.825

0.687

0.550

0.412

0.275

0.137

Figure 5-13: 2V inner endwall free stream velocity normalized by exit average velocity.
The airfoil suction side has a high velocity.
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The entropy generation is calculated by applying Equation 5.17 over the endwall

area. Regions of high free stream velocity create large endwall losses.

S j dA (5.17)
0o T6

Figure 5-14 is the resulting entropy generation rate per unit area on the 2V inner

endwall surface. The highest entropy generation is at the suction side where the

velocity is maximum.

dsnom,/dA

6.044

5.372

4.701

4.029

3.358

2.686

2.014

1.343

0.671

Figure 5-14: 2V inner endwall entropy generation per unit area. The highest entropy

generation is at the airfoil suction side endwall coincident with the region of high free

stream velocity.

The ID and OD endwall entropy generations are summed to give the total airfoil

row endwall loss. The results are reported in Chapter 6.

5.7 Tip Leakage Loss Estimation

Blade tip clearance loss is a result of pressure driven flow between the airfoil pressure

and suction sides. The leakage flow enters the gap on the pressure side and separates

over the blade tip corner. For a thick trailing edge, the flow reattaches within the tip

gap before discharging into the mainstream -flow on the suction side [1].
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The absolute velocity profile in the HIT turbine blade tip gap is shown in Figure

5-15. A separation bubble can be seen at the left side of the tip gap (pressure side

entrance) on the blade surface. After the separation bubble, the flow reattaches before

exiting the gap on the suction side.

PS SS

100%
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80%

V/UItp a. 70%
2.5

2.22 60%
1.94 5050%
1.66

1.38 .40%
1.11 30%

10.83
0.55 20%
0.27 10%g
0

10%
0.0 0.5 1.0 1.5 2.0 2.5

V/UtjP

Figure 5-15: Flow is attached across the blade tip clearance gap. At the tip gap exit,
the velocity distribution is used to calculate the mass flow across the tip gap at each
location along the chord.

The leakage flow exits the tip gap on the airfoil suction side and tip leakage loss

occurs from mixing of the leakage flow with the mainstream flow. The viscous loss

from the boundary layer in the tip gap is assumed to be negligible in this analysis.

Huang [61 shows that the losses within the clearance gap are small. The mixing loss

model is a simple control volume for two stream mixing, applied to discrete axial

locations along the suction side chord. Figure 5-16 is a diagram of the mixing loss

model.

Vm is the velocity of the mainstream flow, and Vlceak is the velocity of the tip leakage

flow with an angle 6 relative to the mainstream flow direction. The mainstream flow

direction is assumed to be the angle of the suction side surface for this analysis. This

control volume calculation is carried out over the length of the suction side. Figure

5-17 shows the divided blade tip section, the blue lines represent the inlet and exit
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Vm%

Vexit

Figure 5-16: Mixing of tip leakage flow with mainstream flow.

for each individual control volume. The red arrows are the relative tip leakage flow

angles and the purple arrows are the suction side angles (mainstream flow angles) for

three representative locations. The arrow size represents the relative flow velocities

for tip leakage and mainstream flow.

Figure 5-17: Discretization of blade tip gap with leakage flow angle.

The entropy generated by the total tip leakage loss is expressed in Equation 5.18

1241. It is an integration across the blade surface of the control volume solution [201.

84



T Asgen = IVek s L Kak + V - 2VmVeak COS E] + cpT - dT) dA

(5.18)

The entropy generation from the static temperature difference is neglected in this

analysis. Huang [24] estimates the right hand term of Equation 5.18 contributes less

than 5% to the calculated loss since T ~ Tin.

5.8 Oblique Shock Loss Estimation

The entropy generated from the shock system of a highly loaded turbine blade is

determined by analyzing the shock as normal passage shocks. Usually the shocks are

at an angle relative to the mainstream flow and are treated as oblique shocks. Normal

shock relations are used to calculate the entropy generated for flow across a normal

shock. The exact equation for normal shock loss is in Equation 5.19 [25]. For a weak

shock, the relation can be simplified to Equation 5.20.

'ys+27 - 4 1)My a
Agen = In + 2y (M 2 - 1) (5.19)

R - + 1 (-y - 1)M12 + 2

Asgen _ 2 _(m2 _W (5.20)
R 3(7+1)2 1

Equation 5.20 is applied by dividing the length of a shock into several individual

control volumes. This is necessary since the flow angle and velocity change across

the passage, and therefore change along the shock. The shock strength is different

across the passage. The shock strength is generally larger near the suction side where

velocities are higher, and the majority of the shock loss occurs at this location.

The shocks in the blade passage are identified with contours of velocity divergence,

relative Mach number, and static pressure. Figure 5-18 is a contour of velocity diver-

gence at a 1B midspan section. The contours show the shock location by identifying

areas of negative velocity divergence, i.e. compression.
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Figure 5-18: 1B midspan velocity divergence.

The two trailing edge shocks are seen clearly, along with the pressure side trail-

ing edge shock reflection off the adjacent suction side. A fourth shock is identified

originating from the suction side at about 50% chord. Data is queried from the CFD

solution along the shock length for each individual shock. This data is used in equa-

tion 5.20 to calculate the shock loss from the oblique shocks. The shock angle is

subject to interpretation since the shock front is not necessarily linear. The average

of several measurements of shock angle is used for the calculation.

5.9 Cooling and Purge Flow Loss Estimation

The viscous and thermal mixing of purge and cooling flow with the mainstream is

a source of entropy generation. This entropy generation can be estimated with a

simplified control volume model of cooling flow injection into a mainstream flow,

shown in Figure 5-19. This is an analogous model to the model used for the tip
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leakage loss.

The control volume result for three dimensional cooling injection is described

by Lim [12]. Equation 5.21 is the entropy generated by the injection of a single

cooling stream into the mainstream flow. The total cooling flow loss is calculated by

prescribing this relation for all the cooling sources in the turbine stage. There are

652 holes on the first vane (1V) and 425 holes on the blade (1B). This control volume

result can also be applied to the purge flow entering the flowpath through inter-row

gaps.

ASgen = me c - dT +cmmRmM [(- cos K)2+ ( sin )

(5.21)

Mainstrea

Contro Vol ------------------Control Volume -

m flow Vm mixing V2

Vn

Injected flow

Figure 5-19: Mixing of injected cooling or purge flow with mainstream flow. The
angle K is a 3D angle between the cooling flow injection and mainstream flow.

The first term in Equation 5.21 is the entropy generation from thermal mixing

of the cooling stream and mainstream temperatures. The second term is an ap-

proximation for the viscous losses of the cooling injection, assuming that all of the

mainstream-flow-normal kinetic energy component of the cooling stream is lost.
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5.10 Unsteady Loss Estimation

The overall unsteady loss is a time average of the unsteady multistage CFD calcu-

lation. Equation 5.2 is applied to determine the inlet-to-exit entropy generation for

each airfoil row. The unsteady losses from each airfoil row are normalized to the exit

rake flow condition to compare the total stage unsteady loss to the experimental loss.

The sliding mesh implemented in the unsteady analysis allows shocks from the

rotor domain to travel downstream and enter the stationary vane row. These shocks

travel through the vane domain with a tangential velocity equal to the rotor rotational

speed. The shocks reflect off the second vane airfoil surfaces and travel back upstream

toward the rotor. It is hypothesized that unsteady loss in the downstream vane is

generated by this shock system. Figure 5-20 depicts the velocity divergence contour

at the second vane midspan section. The negative velocity divergence indicates a

shock, and one period of the shock system is identified with white dashed lines.

v-V
0
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-200
-300

-400U -500

-600
-700

-800

Figure 5-20: Application of the steady shock loss model to a single timepoint of the
unsteady solution.
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The steady shock loss calculation is used when evaluating the shock loss of the

unsteady results. Single time points from the unsteady solution are analyzed indi-

vidually. The procedure for determining shock loss using Equation 5.20 is applied to

these individual time points, and to each shock identified in Figure 5-20.

5.11 Summary

Models for estimating various sources of loss in a 1.5 stage turbine are presented in

this chapter; these models use fluid mechanics principles to determine loss from 3D

complex flow using simple control volume representations. This allows a detailed

inspection of the sources of loss in a turbine stage, since inefficiency can be traced

back to its specific fluid mechanism. The models described in this chapter cover

profile loss, trailing edge loss, shock loss, tip leakage loss, endwall loss, secondary

flow vortex loss, cooling flow loss, and unsteady losses. The methodology of this

thesis is to independently consider each mechanism. Using this approach, the loss

accounting models can be added together and compared against the CFD solution

and the experimental loss results.
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Chapter 6

Results on Quantification of Loss in a

Turbine Stage

The loss model calculations described in Chapter 5 are applied to all three airfoil rows.

The loss models are applied to 2D and 3D representations of the rotor blade airfoil

row and assessed against the CFD computational result. Additionally, the control

volume loss models are applied to the first and second vane rows and compared to

3D CFD computational results.

The unsteady loss is determined from unsteady CFD simulations and assessed

against the steady loss. The unsteady loss is quantified for each airfoil row. Ad-

ditionally, the losses from the cooling and purge flow are presented for each airfoil

row and the entire stage. These results are assessed against the HIT turbine loss

estimated from measurements.

A key finding of this research is that the flow angle deviation from the trailing

edge metal angle has a significant effect on the trailing edge loss calculation. This

effect is important for a highly loaded transonic airfoil with a large exit angle. Since

this effect is mentioned throughout this chapter, the first section discusses the trailing

edge loss calculation sensitivity in detail.
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6.1 Trailing Edge Loss Sensitivity

The trailing edge loss calculation methods described in Section 5.4 are sensitive to

the boundary condition inputs. Equation 5.10 is quantitatively inaccurate for flow

situations involving transonic-supersonic turbine blade design with high flow deflec-

tion greater than 65 degrees, but the key physics are preserved which capture the

effects of trailing edge thickness, base pressure, and boundary layer thickness. The

full control volume calculation, Equation 5.12, conserves mass and momentum and

therefore is quantitatively accurate for capturing the fully mixed out trailing edge

loss. This full control volume approach, however, is still sensitive to each term in the

equation, and the implementation of this full control volume approach requires nu-

merous flow quantities from a CFD computation. The extended trailing edge model

is proposed, Equation 5.13, which adds the deviation and exit flow angle effect to

Denton's simplified compressible model.

Deviation is the incremental flow angle change after the flow has moved past

the physical trailing edge of the airfoil. A positive deviation occurs when the flow

moves toward the suction side, and a negative deviation when the flow moves toward

the pressure side. For a subsonic airfoil, the deviation is likely positive as streamlines

curve from pressure side to suction side at the trailing edge while satisfying the Kutta

condition. A negative deviation can occur for a transonic airfoil when the trailing

edge suction side shock is stronger than the trailing edge pressure side shock. This

results in a higher static pressure aft of the trailing edge on the suction side, and the

flow turns toward the pressure side.

Figure 6-1 is the mass averaged passage flow angle of the HIT turbine blade row.

After the trailing edge, which is at the location x/Cx = 1, there is significant turning

of the flow in excess of the blade metal angle. This negative deviation is about 3.3

degrees.

It is noted by Denton 12] that a negative deviation acts to reduce the calculated

trailing edge loss, but the magnitude of this reduction is not quantified. It is found in

this thesis that for a blade exit metal angle of >65 degrees, a deviation of -2 degrees
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Figure 6-1: Trailing edge negative flow deviation for the blade airfoil caused by trailing
edge shock turning. The flow turns an additional 3.3 degrees after the trailing edge

(X/CX = 1).

is capable of reducing the calculated trailing edge loss by 30%. Figure 6-2 shows

the variation in calculated trailing edge loss for the HIT turbine blade with Denton's

simplified model and the extended model from Section 5.4 at the nominal pressure

ratio and incidence angle.
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Figure 6-2: The calculated trailing edge loss from Denton's simplified model and the

extended trailing edge loss model. Calculated trailing edge loss is reduced significantly

for negative deviation.

In Figure 6-2, all model variables are fixed, and the deviation is varied. The

calculated trailing edge loss is sensitive to deviation when the extended model is

applied, which is derived from the full control volume result. The larger the exit

angle of the flow, the larger the sensitivity to deviation. For large airfoil turning, a

small change in flow angle equates to a large change in momentum flux through the

domain exit. Therefore, trailing edge loss calculation for highly loaded airfoils with

large turning is particularly sensitive to flow deviation. This is especially the case for

transonic highly loaded airfoils with negative deviation from trailing edge shocks.

The extended trailing edge loss model preserves the original sensitivity to bound-

ary layer thickness, trailing edge thickness, and base pressure from Denton's model.

Figure 6-3 shows the change in trailing edge loss calculation with variation in trailing

edge thickness, and it is the same for both models.
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Figure 6-3: Trailing edge loss calculation dependence on trailing edge thickness for two

loss models. The extended trailing edge model preserves the trailing edge thickness

sensitivity of Denton's simplified model.

The assumption of zero deviation in the simplified incompressible approach is not

appropriate for high turning transonic airfoils since it overestimates the trailing edge

loss. In place of Denton's model, the extended model is implemented that accounts

for flow deviation. In the following sections, the loss accounting results are shown

with both Denton's trailing edge model and the extended trailing edge model for

comparison.

6.2 Steady Uncooled Loss Results

6.2.1 Blade Row Results

The creation of entropy through an airfoil row is calculated from the CFD solution

by dividing the domain into axial planes and calculating the mass averaged entropy

for each plane (with the domain inlet as the reference). The axial progression of

entropy generation through the blade row is shown in Figure 6-4. The 2D cascade,
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3D midspan, and 3D full domain are shown. The 3D domain result shows the highest

entropy creation since additional losses from endwall loss, secondary flow vortex loss,

and tip leakage loss are present. It is notable that a large portion of the loss in

an airfoil row occurs downstream of the trailing edge, denoted by x/Cx=1. This

downstream loss is attributed to the trailing edge mixing loss, the tip leakage flow that

mixes out past the trailing edge, the secondary flow vortex mixing, and endwall loss

downstream of the trailing edge. There may also be oblique shock loss downstream

of the trailing edge depending on the configuration and strength of the trailing edge

shocks.
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Figure 6-4: Entropy generation of the blade row for a domain with extended exit.
The 2D cascade result and the 3D midspan section results are similar. The 3D full
domain result shows the additional loss from 3D effects.

Figure 6-5 is a comparison between the 3D short multistage domain result and the

3D extended domain result. A significant portion of the overall entropy is generated

downstream of the multistage domain exit. This mixing loss occurs in the down-

stream second vane airfoil row for the multistage analysis. The 3D short domain and

3D extended domain results have negligible difference up until the end of the short

domain.
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Figure 6-5: Entropy generation of the blade row for a domain with extended exit
compared to the axially shorter multistage domain. The entropy generation is similar
up until the multistage domain exit. The mixing loss downstream of the short blade
domain is realized in the downstream 2V domain.

The loss accounting models are initially assessed for the blade midspan section

via 2D analysis. In the 2D analysis, the only loss generating mechanisms are trailing

edge loss, profile loss, and oblique shock loss. Downstream mixing loss is subtracted

since the flow is not fully mixed out at an axial location consistent with the rake

location in the cascade test. The downstream mixing component is determined from

a CFD solution where the TE wake is mixed out at constant area and with a slip

wall boundary condition. Alternatively, the fully mixed out loss could be calculated

by the iterative procedure described by Prasad [191. In Figure 6-6, the simplified

incompressible TE loss calculation, Equation 5.10, is applied with the assumption

that deviation is negligible. With this trailing edge loss model, the sum of the loss

models is 78% over that determined from the CFD computation. Denton's trailing

edge loss model neglects the impact of deviation, and yields a significantly higher

level of trailing edge loss. The use of this assumption for highly loaded, high turning

airfoils likely overestimates the loss significantly.

In Figure 6-7, the trailing edge loss is recalculated with the extended simplified
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Figure 6-6: 1B control volume loss accounting for 2D cascade analysis with 6 = 0
assumption. The trailing edge loss is dominant, and the sum of the control volume
results exceeds the computational result.
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incompressible approach, Equation 5.13. The trailing edge loss is now a similar mag-

nitude to the profile and oblique shock loss, and the sum of the control volume models

is within 6% of the entropy generation estimated from CFD computed flow.
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Figure 6-7: 1B control volume loss accounting for 2D cascade analysis with 6 # 0.
The trailing edge loss is the largest loss component, and the sum of the control volume
results is comparable to the computational result.

The results for the trailing edge calculation including the deviation angle is quan-

titatively closer to the CFD result. For both approaches, the trailing edge loss is the

largest loss mechanism.

Mee [31 analyzed and tested a turbine cascade at a range of Mach numbers from 0.6

to 1.2. Extrapolating this result to the HIT turbine design point of Mach 1.3, it can

be compared to the HIT turbine 2D results. The turbine design in Mee's experiment

has a t/w=6.3%, the same value as the HIT turbine design. For both assessments, the

trailing edge mixing loss is dominant, providing support for the observation of large

trailing edge losses for transonic turbine blades. Figure 6-8 shows the relationship

between Mee's loss estimate and the HIT results in Figure 6-7 as a percentage of total
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entropy generation.
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Figure 6-8: Mee's loss accounting for a high Mach number cascade compared to HIT
cascade result. The trailing edge loss is highest for both analyses.

Mee's mixing loss result is calculated with traverse total pressure measurements

at the trailing edge compared to the exit total pressure [3]. Consequently, some of

the downstream shock loss may be attributed to the downstream mixing loss. If this

factor were to be resolved, Mee's result may be more in-line with the HIT cascade

control volume loss accounting result (i.e. higher shock loss and lower trailing edge

mixing loss).

After the 2D analysis is complete, the loss accounting models are applied to the

3D geometry and flow. A 3D airfoil row has several loss generating mechanisms that

are not present in the 2D flow field. Tip leakage loss, endwall loss, secondary flow

vortex loss, and multistage mixing loss must be considered. Figure 6-9 presents the

3D blade row loss accounting with the simplified (Equation 5.10) trailing edge loss

model. The trailing edge loss is dominant, and the total loss accounting overestimates

the CFD result.

The results are re-calculated with the extended trailing edge loss model and shown

in Figure 6-10. Consistent with the 2D result, the calculated trailing edge loss is
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Figure 6-9: 1B control volume loss accounting for 3D multistage analysis with 6 = 0
assumption. The trailing edge loss is dominant, and the sum of the control volume
results exceeds the computational result.
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greatly reduced. The trailing edge loss is now the second largest loss mechanism,

behind the tip leakage loss. The tip leakage loss, trailing edge loss, and oblique shock

loss are each about one quarter of the blade loss. The profile loss is still significant,

but lower than the three previously listed. The secondary flow and endwall losses are

the smallest loss contributions. Compared to profile loss, the small endwall loss is

reasonable since there is little endwall area on the high aspect ratio blade with small

axial gaps between airfoil rows.
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Figure 6-10: lB control volume loss accounting for 3D multistage analysis with 6 # 0.
The trailing edge loss and tip leakage loss are the largest loss components, and the

sum of the control volume results is comparable to the computational result.

The result in Figure 6-10 denoted by "CFD Inlet-Exit Solution" is determined

from the multistage blade row CFD solution that uses as the inlet condition the

flow at the mixing plane downstream of lv; likewise it uses an outflow condition the

flow at the mixing plane upstream of 2V. Therefore, the CFD simulation does not

have uniform inlet and exit boundary conditions (pressure, temperature, and velocity

profiles) and there is a loss associated with mixing out the flow non-uniformities. The
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mixing out of the blade inlet (1V exit) is added to the blade row loss accounting, and

the mixing out of the blade row exit (2V inlet) is subtracted. After these adjustments,

the sum of the 3D blade control volume models is within 2% of the CFD inlet-to-exit

solution.

The tip leakage loss is the largest loss component in the blade row. Tip clearance

gap is an important design parameter and effects the performance of the turbine. To

assess the impact of varying tip clearance on blade row loss, CFD simulations are

implemented with varying levels of tip clearance. Figure 6-11 shows the loss trend

with tip clearance gap.
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- CFD Result Blade Row Loss

* Control Volume Result

0.2 -

0.15 -
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0.05

0.
0% 0.5% 1% 1.5% 2% 2.5%

Tip Clearance (g/h)

Figure 6-11: Overall loss from a CFD solution of an extended blade row 3D domain
with varying tip clearance from 0.02% to 2% of span. The CFD computed loss
difference between nominal and vanishingly small clearance is comparable to the tip
leakage loss difference calculated using the control volume model.

The variation in CFD computed blade row loss with tip clearance is comparable

to the difference calculated using the control volume model for tip clearance loss.

Several assumptions explain differences between the control volume loss account-

ing and the CFD computed loss for the airfoil row. The profile loss, shock loss, and

trailing edge loss calculation results are determined from the midspan section of the

3D blade. Each of these loss components may be different at other span locations.
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The viscous loss of the tip leakage flow through the tip gap and the thermal compo-

nent of tip leakage mixing are both neglected; both could add additional calculated

loss. Also, the full mixing out of the airfoil downstream flow is considered. In the ac-

tual flow, the full mixed out loss may not be realized. Furthermore, several of the loss

accounting control volume models make simplifying assumptions (e.g. incompressible

flow, uniform mainstream flow, linear shock fronts, etc).

6.2.2 First Vane Row Results

The entropy generation in the first vane row is calculated for axial cut planes through

the domain. Figure 6-12 is the entropy generation of the first vane row for the 3D

multistage short domain and the 3D extended domain.
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Figure 6-12: Entropy generation of the first vane row (1V) for a domain with extended

exit compared to the axially shorter multistage domain. The entropy generation is

similar up until the multistage domain exit. The mixing loss downstream of the

multistage domain is realized in the downstream 1B domain.

Figure 6-13 compares the loss accounting models to the steady CFD computed

loss for the first vane row. In this result, the trailing edge loss is the largest calculated

loss component. The high trailing edge loss is likely the reason the sum of the loss
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models is above the loss level calculated from the CFD result.
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Figure 6-13: 1V control volume loss accounting for 3D multistage analysis with 6 = 0
assumption. The trailing edge loss is dominant, and the sum of the control volume
results exceeds the computational result.

The 1V airfoil has an exit relative Mach number above Mach 1 and turning of 80

degrees. This high turning angle makes the trailing edge result sensitive to deviation.

In the CFD solution, a small negative deviation is observed as a result of a shock

near the trailing edge on the suction side. When the negative deviation is accounted

for using the Equation 5.13 model, the sum of the control volume models is within

10% of the CFD inlet-to-exit solution. This result is shown in Figure 6-14.

The trailing edge loss is now the third largest loss component, behind the profile

loss and shock loss. The secondary flow vortices are small for the lV and the secondary

flow loss is small. The endwall loss is more significant for the 1V than for the blade

row since the endwall area is larger. The downstream mixing loss that occurs past

the exit mixing plane location is significant, shown in Figure 6-12, and is subtracted

from the 1V loss accounting result.
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Figure 6-14: 1V control volume loss accounting for 3D multistage analysis with 6 $ 0.

The shock loss is the largest loss component, and the sum of the control volume results

is comparable to the computational result.
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6.2.3 Second Vane Row Results

The entropy generation in the second vane row is calculated for axial cut planes

through the domain. Figure 6-15 is the entropy generation of the second vane row

for the 3D multistage short domain and the 3D extended domain. The short domain

only extends to the axial location of the blowdown rig exit rake.
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Figure 6-15: Entropy generation of the second vane row (2V) for a domain with
extended exit compared to the axially shorter domain which ends at the downstream
rake location. The entropy generation result is similar up until the exit rake. The
mixing loss downstream of the exit rake is accounted for in the 2V loss accounting.

The loss components for the second vane row (2V) are computed. Figure 6-16
compares the loss accounting models to the steady CFD computational result. This

result is with Denton's simplified trailing edge model. The sum of the control volume

models is within 6% of the CFD inlet-to-exit solution.

The 2V trailing edge losses are re-calculated with the extended trailing edge model.

Figure 6-17 summarizes the result.

Since the 2V exit flow angle is less than 55 degrees and the deviation is small, there

is little difference between the two trailing edge models. With the extended trailing

edge loss model, the loss accounting is within 2% of the CFD computed result.
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Figure 6-16: 2V control volume loss accounting for 3D multistage analysis with 6 = 0

assumption. The trailing edge loss and 1B downstream mixing loss is dominant, and

the sum of the control volume results slightly exceeds the computational result.
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Figure 6-17: 2V control volume loss accounting for 3D multistage analysis with 6 # 0.
The trailing edge loss and 1B downstream mixing loss is dominant, and the sum of
the control volume results is comparable to the computational result.
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6.2.4 Steady Loss Accounting Summary

In general, the trailing edge loss is a significant loss component for all airfoil rows.

Oblique shock losses contribute to the loss of a transonic stage; these shock losses

would not be present if the blade design remained in the subsonic flow regime. Figure

6-18 compares the control volume loss accounting result with the computational result

for all three airfoil rows and the full 1.5 stage turbine.

0.8 r-
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0

Control Volume Loss Accounting
Steady CFD Result
Experimental Result
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0.5 -

0.4 -

1V Loss 1B Loss 2V Loss 1.5 Stage 1.5 Stage Test

Figure 6-18: The control volume loss accounting model results for each airfoil row and

the entire stage are quantitatively comparable to the 3D multistage CFD inlet-exit

results.

The 3D 1.5 stage control volume loss accounting is within 5% of the computational

result. The time averaged experimental result from the HIT turbine blowdown rig is

also shown. The loss accounting and CFD results are for steady, uncooled models,

therefore, unsteady and cooling flow effects are needed to fully explain the blowdown

test data. The losses from unsteady flow, airfoil cooling, and purge flow are described

in Sections 6.3 and 6.4 below.

110

0.3

0.2

0.1

0



6.3 Unsteady Loss Results

Upon completing the formulation and development of loss models to account for the

steady analysis results, the unsteady CFD computation is post-processed to determine

the unsteady loss. The unsteady analysis allows the first vane wakes to travel into the

blade row domain, and for the blade trailing edge wakes and shocks to propagate into

the downstream 2V airfoil row. Figure 6-19 shows the contour of the divergence of

velocity from the steady and unsteady solution of the downstream vane; the unsteady

flow at a particular instant shows the presence of shock systems in the 2V passage.

These shocks move through the second vane domain with a tangential velocity equal

to the rotor speed.

Steady Multistage Unsteady Multistage

Figure 6-19: Velocity divergence in a steady analysis compared to an unsteady analy-
sis. The negative velocity divergence shows the location of shocks that have traveled
into the 2V domain from the 1B trailing edge. Reflected shocks travel upstream after
reflecting off the 2V pressure side.

There is significant interaction between the shocks and the airfoils. The blade
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trailing edge shocks reflect off the 2V airfoils, travel back upstream, and impact the

blade suction side. The blade suction side boundary layer thickness changes during

and after this shock impingement. Shocks also reflect off the 2V pressure side and then

impact the adjacent 2V suction side. Additionally, as the blade trailing edge shocks

pass by the bow waves of the 2V airfoils, the shock angle oscillates. This oscillation

creates additional loss as the shock becomes more normal to the flow direction. The

time variation of entropy generation in a 1.5 stage highly loaded turbine is shown in

Figure 6-20.
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-1B
-2V

0.5 - - - 1.5 Stage
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Figure 6-20: Unsteady entropy generation for the 1V, 1B, and 2V airfoil rows over 4
blade passing periods (2 vane passing periods). The total 1.5 stage entropy generation
is the sum of the three airfoil rows. The steady computational result is shown at right
for comparison.

Figure 6-21 shows a comparison of the inlet-to-exit CFD entropy generation for

the steady and time averaged unsteady solutions. It is inferred that the addition

of unsteady loss mechanisms yields a result in improved accord with the measured

loss from the test data; nevertheless there is still a difference between the model and

experimentally determined stage loss.

The unsteady entropy generation contributes an additional 13% to the overall loss,
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Figure 6-21: Steady loss compared to time averaged unsteady loss for a 3D multi-
stage computation. The time averaged unsteady loss is in improved accord with the
measured loss from test data.

and a significant portion of this loss occurs in the downstream 2V blade row. The

oblique shock calculations described in Section 5.10 are carried out to identify the

major contributing factor for the high unsteady losses in the second vane row. The

result for the oblique shock model is in Figure 6-22.

The blue points represent the steady second vane CFD loss plus the oblique shock

loss from control volume calculation. This is a quasi-steady calculation for individual

time points. There is variation in the calculation result since the shock angle and

location is based upon the graphical interpretation of the shock location. The error

bars represent the maximum and minimum calculation result after 10 independent

graphical shock position selections. An improved algorithm to better identify shock

position and angle will reduce this variation. It can be seen that the oblique shock loss

accounts for much of the additional loss observed in the downstream vane row in the

unsteady CFD analysis. This result assumes that the profile loss, trailing edge loss,

and endwall loss are constant between steady and unsteady conditions. In reality,

these loss mechanisms will also vary, but likely much less than the additional shock
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Figure 6-22: Oblique shock loss contribution to second vane row unsteady loss.

loss that is not present in the steady solution.
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6.4 Loss in a Cooled Turbine Stage

The entropy generated by the introduction of purge and cooling flow can be estimated

from the control volume method described in Section 5.9. Figure 6-23 shows the

entropy generation estimated from the control volume method compared to the CFD

result for each airfoil row and also the total stage. The purge flow loss and cooling

flow loss are estimated separately, so they can be individually assessed against the

CFD results.
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Figure 6-23: Control volume estimation of cooling loss compared against CFD com-
putational result for cooling loss.

The first purge flow source is introduced into the first vane domain at the hub

surface aft of the trailing edge. It is modeled with source terms on the hub surface

and represents the flow through the rotor-stator gap. A second purge flow source is

introduced in the 1B domain at the outer diameter case surface forward of the blade

leading edge. This represents the flow through the blade outer air seal (BOAS). The

cooling flow is introduced through 652 holes on the first vane airfoil and endwalls and
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425 holes on the blade. The entropy generation for each cooling hole is estimated

individually and added together for the result in Figure 6-23. The loss estimated

from the control volume method is quantitatively comparable to the CFD result.

The control volume estimation for stage cooling and purge loss is within 9% of the

CFD result.

The steady uncooled, unsteady, purge flow only, and cooled CFD simulations are

synthesized to yield a loss level for assessment against the experimentally determined

1.5 stage turbine loss. The cooling flow result is calculated considering that only 16

out of 23 vanes are cooled in the blowdown rig and only 34 out of 46 blades are cooled.

The losses for each airfoil row and the 1.5 stage total are shown in Figure 6-24.

0.8 r
Steady Uncooled Loss
Unsteady Loss
Purge Flow Loss

[=]iCooling Flow Loss
Experimental Loss

mNE""7
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1V Loss 1B Loss 2V Loss 1.5 Stage CFD 1.5 Stage Test

Figure 6-24: Computational entropy generation results for the individual airfoil rows

and entire 1.5 stage turbine are compared to the experimentally determined entropy

generation of the HIT blowdown rig. The steady uncooled loss, unsteady loss, purge

flow loss, and cooling flow loss are identified separately.

The first vane has considerable purge flow and cooling losses, and negligibly small

loss contribution from flow unsteadiness. The bow wave from the blade does not
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greatly influence the time averaged entropy generation of the first vane row. The blade

has significant unsteady loss from shock oscillation, interaction with the first vane

wake, and reflected shocks traveling upstream from the second vane and interacting

with the blade suction side boundary layer. The blade also has significant loss from

the BOAS purge flow and the cooling flow. The second vane has a loss from purge

flow injection, even though the purge flow is introduced upstream of the blade leading

edge, because of a higher mass flow rate through the second vane. The second vane

row has a large loss from unsteady effects. The unsteady loss is determined to be

caused by blade trailing edge shocks propagating into the downstream vane row. The

quasi-steady application of normal shock relations yields a loss comparable to the

unsteady loss level estimated using unsteady CFD simulations.

The results of Figure 6-24 can also be shown in terms of overall 1.5 stage total-

total efficiency. The Hartsel efficiency definition [18] is used to account for the cooling

flow introduction. Figure 6-25 is a walk from the steady uncooled to the unsteady

cooled 1.5 stage computed efficiency compared to the experimentally determined 1.5

stage efficiency.
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Figure 6-25: Stage efficiency walk from steady, unsteady, purge flow, and cooling flow
losses compared to blowdown rig test data.

The overall loss from the CFD assessment is 5.6% lower than the experiment
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result (see Figure 6-24), and the difference in stage efficiency is 3.3% (see Figure 6-

25). The difference between analysis and test may be explained by additional loss

generating mechanisms that are not modeled in the CFD, or it may be inherent to

the RANS CFD modeling used. Additional loss could be generated by the blade and

vane mounted instrumentation, rakes, or imperfect flowpath surfaces. Heat transfer

to the test hardware during the relatively fast blowdown period increases the apparent

experimentally measured efficiency compared to the adiabatic CFD result, therefore, if

heat transfer is accounted for the results will be more dissimilar. A major assumption

of the efficiency calculation is that all measured venturi flow from the cooling and

purge air circuits enters the flowpath. If any of this flow exits the test rig as leakage

or downstream of the exit rake, the calculated efficiency will be higher. Overall,

the CFD analysis and experimental data are quantitatively comparable, and this

gives confidence that the blowdown rig physics are captured in the 1.5 stage CFD

assessment.

6.5 Mach Number and Pressure Ratio Variation

The simple control volume loss model results closely represent the CFD computed loss

and test results for overall stage loss. Parameter variation is performed to assess the

impacts of pressure ratio, exit Mach number, and incidence angle on the individual

loss components of the rotor blade. For the parametric assessment of loss, only 2D

computations are implemented at varying boundary conditions.

Denton's trailing edge loss model [1] and the extended trailing edge model in

Equation 5.13 are compared to the CFD computation. Figure 6-26 depicts the con-

trol volume loss and the CFD computed loss dependence on Mach number. The

simplified trailing edge model from Denton [1] is used, and the total loss model result

overestimates the CFD result by up to 50%.

The extended trailing edge model that accounts for deviation is applied, and

Figure 6-27 is the updated result. The loss models now reflect the same trend and

general magnitude as the CFD computed result.
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Figure 6-26: Control volume models and CFD computed loss versus exit Mach num-
ber. The trailing edge model assumes 6 = 0, and the control volume models overes-
timate the loss.
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Figure 6-27: Control volume models and CFD computed loss versus exit Mach num-

ber. The trailing edge model assumes 6 # 0, and the control volume model result is

comparable to the computational result.
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The loss accounting control volume models result in the same maximum as the

CFD solution at Mach 0.95. At this condition, the pressure side trailing edge shock

is perpendicular to the airfoil throat and the shock loss is large. As the Mach number

increases, the trailing edge shock becomes more oblique to the flow direction with

a resulting decrease in shock loss. At Mach 1.5 the velocity is high enough that

the reflected shock loss (pressure side trailing edge shock reflecting off the adjacent

airfoil suction side) becomes significant. The loss models yield a result with the same

minimum as the CFD computed result at Mach 1.35.

Similar loss trends are observed in the parametric variation with pressure ratio,

since pressure ratio is directly related to blade exit Mach number. Figure 6-28 shows

the loss variation with the pressure ratio across the blade row.
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Figure 6-28: Control volume models and CFD computed loss versus turbine blade
pressure ratio. The control volume model trends and magnitude are comparable to
the computational result.

Figure 6-29 is the change in trailing edge deviation with blade exit Mach number.

The trailing edge deviation becomes more negative as the trailing edge shock strength
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increases and the shock angles change. When the blade row exit Mach number ap-

proaches 1, there is a step change in deviation. It is important to account for this

deviation when estimating trailing edge loss for highly loaded transonic airfoils with

an exit angle above 65 degrees.
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Figure 6-29: Trailing edge deviation angle variation with exit Mach number.

6.6 Incidence Angle Variation

Incidence angle is also varied to assess the effect on loss. Figure 6-30 is the loss

component dependency on blade row incidence angle.

The design point incidence angle is 48.5 degrees; however, the multistage result

shows the blade operates at a higher incidence of 60.5 degrees during the blowdown

test. The loss accounting model results are quantitatively comparable to the CFD

computed results. There is little variation in loss for angles from 30 to 60.5 degrees.

At 70 degrees there is fully separated flow on the suction side, resulting in a large
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Figure 6-30:
1.3.

Loss component variation with blade incidence angle variation at Mexit =
The sum of the individual loss accounting model results is comparable to the

computational result.

boundary layer thickness. The trailing edge loss model robustly estimates the overall

rise in entropy in accord with the CFD computed result.
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6.7 Summary

The loss models are applied to three airfoil rows of a 1.5 stage highly loaded transonic

turbine. The simple control volume loss accounting results are quantitatively compa-

rable to the computational entropy generation from CFD. An extended trailing edge

loss model is used which accounts for negative deviation observed in a highly loaded

transonic airfoil. Application of the extended trailing edge loss model brings the

simple control volume results into improved accord with the computational solution.

Steady, unsteady, and cooled 1.5 stage simulations are implemented to compare the

computational results to the experimental data. The steady loss, unsteady loss, purge

flow loss, and cooling flow loss are calculated from the CFD results, and the total

1.5 stage loss is within 6% of the blowdown test result. A parametric assessment of

the loss accounting models, applied to the blade cascade, results in a non-monotonic

trend with exit Mach number, pressure ratio, and incidence angle.
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Chapter 7

Summary and Future Work

The flow in a 1.5 stage highly loaded transonic turbine representative of future gen-

eration turbine aerodynamics technology is assessed for its role in loss generation.

Steady and unsteady flow computations, complemented by simplistic control volume

analyses as well as test data, provide results for determining the quantitative level of

loss from each source. The geometry for computational assessments of flow matches

the geometry tested in a cascade and blowdown turbine research rig. The overall loss

determined from unsteady three-dimensional flow computations of a cooled 1.5 stage

turbine is within 6% of that inferred from the blowdown turbine rig test data. The

computed flows are post-processed to allow an estimation using control volumes of

blade profile loss, trailing edge loss, shock loss, endwall loss, secondary flow loss, tip

leakage loss, cooling injection loss, and unsteady flow loss.

7.1 Summary and Key Findings

The individual loss sources for a 1.5 stage highly loaded transonic turbine are quanti-

fied for each airfoil row with control volume based loss models. The entropy generation

estimated from the loss accounting models is within 10% of the two-dimensional and

three-dimensional computational results. The dominant loss sources are determined

to be trailing edge loss, profile loss, and tip leakage loss.

The estimated trailing edge loss is found to have a strong functional dependence
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on deviation angle. The computed flows show that the flow deviation in a highly

loaded transonic turbine airfoil with trailing edge shocks is negative (-2' to -4O), and

estimating the trailing edge loss by assuming zero flow deviation in a simple control

volume approach would yield a significantly higher value. An extended trailing edge

loss model is implemented which accounts for trailing edge deviation. The results

from the extended model agree closely with the computational results for a range of

stage pressure ratios, Mach numbers, and incidence angles.

Unsteady effects increase the loss in a 1.5 stage highly loaded turbine by 13%. The

majority of the unsteady loss is concentrated in the downstream vane row. The loss is

generated by rotor trailing edge shocks propagating into the downstream vane domain.

The shocks reflect off of the downstream vane surface and travel upstream to interact

with the blade. Normal shock loss calculations applied to individual timepoints of

the unsteady analysis give a result commensurate with the downstream vane row

unsteady computed flow fields.

Parametric assessment of the loss models shows a non-monotonic trend with pres-

sure ratio and exit Mach number. An increase in loss at an exit Mach number of 0.95

is identified, and the loss is a minimum between Mach 1.3 and 1.4. At higher Mach

numbers the loss increases with increased shock loss. A parametric variation of the

loss accounting control volume models is comparable to the magnitude and trend of

computational results.

The results are consistent with Mee's assessment of a turbine cascade 13] which

found downstream mixing loss (composed mostly of trailing edge loss) is larger than

profile and shock loss at high Mach numbers. Mee also identifies a sharp rise in shock

loss at an exit Mach number of 0.95 and a decrease in shock loss above Mach 1.1. The

loss trends also agree with Duan's conclusion for the blade 1 cascade [4I; however, the

trends are more pronounced for the HIT design which is more highly loaded and has

a thicker trailing edge. The shock loss and trailing edge loss are significantly higher

for the HIT turbine.
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7.2 Recommendation for Future Work

The conclusions in this thesis rely on assumptions and simplifications that can be chal-

lenged to increase the understanding of loss generating fluid mechanisms in highly

loaded transonic turbine stages. The following topics are suggested for future study.

1. Develop a simple quasi-steady model for quantifying the unsteady downstream

loss in a highly loaded transonic turbine stage.

2. Assess the extended trailing edge loss model against additional turbine designs

and design parameters. The trailing edge loss model accuracy depends on the

process for interrogating the computational solution and is sensitive to devia-

tion. The extended model is intended to be a simple trailing edge loss model

that captures effects of negative deviation, boundary layer thickness, geometry,

and base pressure. Simplified studies can be carried out to assess the appli-

cation of this extended model. Future work to estimate deviation angle from

trailing edge shock strength and angle would be useful to the turbine designer.

3. Extend the loss accounting framework by increasing the fidelity of the loss

categorization. Spanwise variation in loss generating mechanisms can be iden-

tified and quantified. Second order effects such as the interaction between loss

mechanisms can be assessed. For example, what is the impact of cooling flow

injection on shock loss?

4. Perform experiments to identify loss reduction opportunities from modifying

the downstream vane. The AFRL shows that blade unsteadiness is greatly re-

duced by a bowed vane configuration; however, it will be useful to quantify the

loss impact on a back-to-back basis.

5. Use unsteady computational models to determine the unsteady forcing on

the blade and vane rows from shock impingement. An aeromechanical forced

response assessment will be useful to quantify the fatigue life impact of various

second vane designs.
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