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Abstract

In liquid handling systems like pumps and ducted propulsors, low pressure events in the
vicinity and downstream of the rotor tip gap can induce tip-leakage cavitation which leads
to undesirable acoustic noise, vibration, performance loss, and erosions of blade and casing
wall. In order to analyze the dynamics of the tip-clearance fiow and determine the underly-
ing mechanism for the low pressure events, a large-eddy simulation (LES) solver has been
developed. The presence of the tip gap significantly increases the complexity of the grid
topology. This complexity has been overcome by using a novel approach which combines
an immersed-boundary technique with a structured curvilinear grid. Salient features of the
numerical methodology, including the mesh topology, the immersed boundary method, the
treatment of numerical instability for non-dissipative schemes on highly skewed meshes, and
the parallelization of the code for shared memory computer platforms are discussed.

The present study is focused on a linear cascade with tip-clearance and moving end wall
matching the experimental setup of Wang (2000). The Reynolds number is 400,000 based
on the blade chord (C) and inflow free-stream velocity. The inlet turbulent boundary layer
has a Reynolds number of 780 based on the momentum thickness. The blade pitch is 0.9C,
and the blade span is 1C. The blade has a relatively high stagger angle of about 57 degrees.
The size of the baseline tip gap is 1.65%C and two additional tip gaps, of sizes one-half and
twice the baseline value, are considered as well.

An analysis of the LES results has been performed to understand the mean flow field,
turbulence characteristics, vortex dynamics, and pressure fluctuations in the vicinity and
downstream of the tip-gap region. Gross features of the tip-leakage vortex, tip-separation
vortices, and blade wake are revealed by investigating their evolutionary trajectories and
mean velocity fields, In the cascade passage, the tip-leakage jet, which is generated by
the pressure difference between the pressure and suction sides of the blade tip, is found
to produce significant mean streamwise velocity gradient, which results in highly enhanced
vorticity magnitude and significant levels of turbulent kinetic energy production. Based on
the understanding of the flow field, a guideline for reducing viscous loss in the cascade is
provided.

The dynamics of the end-wall vortical structures has been investigated throughout the
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cascade. Analyses of the energy spectra and space-time correlations of the velocity fluctu-
ations suggest that the tip-leakage vortex is subject to pitchwise wandering motion. The
largest pressure drop and most intense pressure fluctuations due to the formation of the
tip-leakage vortex are found at the location where the strongest portion of the tip-leakage
vortex is found. Present study suggests that the tip-leakage vortex needs to be controlled
in its origin to reduce cavitation in the present configuration.

The effects of tip-gap size on the end-wall vortical structures and on the velocity and
pressure fields have been investigated. For the three tip-gap sizes (3.3%C, 1.65%C, and
0.83%C) considered, the peak streamwise velocity deficit and magnitudes of the Reynolds
stresses are reduced as the tip-gap size decreases, whereas the peak magnitudes of stream-
wise and pitchwise vorticity components in the tip-leakage vortex are approximately the
same for the three tip-gap sizes examined. The present analysis indicates that the mecha-
nism for the generation of the vorticity and turbulent kinetic energy is mostly unchanged
by the tip-gap size variation. However, larger tip-gap sizes are found to be more induc-
tive to tip-leakage cavitation judged by the levels of negative mean pressure and pressure

fluctuations.

iv



Acknowledgements

The authors gratefully acknowledge the support of the Office of Naval Research under
Grant No. N00014-99-1-0389, with Drs. Ki-Han Kim and Patrick Purtell as program
managers. Computer time was provided by the U.S. Department of Defense (DoD) High
Performance Computing Modernization Program (HPCMP) Challenge Project Grant (C82)
through Army Research Laboratory (ARL) and Aeronautical Systems Center (ASC) Major
Shared Resource Centers, and by NASA Advanced Supercomputing (NAS) through Center
for Turbulence Research (CTR), Stanford University/NASA Ames Research Center. Fruit-

ful comments of Professor Sanjiva K. Lele and Professor John K. Eaton on a draft of this

report are greatly appreciated.




vi



Table of Contents

Abstract . . . . . e e e e e e e il
Acknowledgements . . . . . . . . .. .. e e e v
List of Tables . . . . . . . . . . . e e e xi
List of Figures . . . . . . . . . . e e e e, xiii
Nomenclature . . . . . . . . . . e e e e xxi
Preface . . . . . . . . e e e e e e 1
Literature Survey . . . . . . . . . e 3
Accomplishments . . .. .. .. .. L e 9

PART 1 Computational Methodology

1. Introduction . . ... ... .. . ... 13
2. Computational method . . . . . . .. . . ... ... ... . 0 0L, 15
2.1 Numerical method . .. .. .. .. ... .. L 15
2.2 Flow configuration . . . .. .. .. ... L 18
2.3 Mesh topology and immersed boundary method . . . . . . .. ... ... .. 21
2.4 QGrid skewness and numerical stability . .. ... ... .. .. ... ... .. 23
3. Validation of tip-clearance flow simulation . .. ... ... ... ...... 25
4. SUIMITATY . . . . 0 v e v e e e e e e e e e e e e e e e e e e 37

PART IT Mean Flow Field and Turbulence Statistics

1. Objectives . . . . . . . . .. e e 4]
2. Computational details . . . . . ... ... .. . . .. L 43
2.1 Inflow boundary condition . . . . . . .. ... ... Lo 43
2.2 Grid spacing and resolution . . . .. .. ... .. L L L 46

vil




23 CFLnumbereffect . .. ... ... .. . . . ... ..
3. Results and discussion . . ... .. .. ... ... ... ... ... ... ...
3.1 Overall features of theflow field . . . . . ... ... ... ... ........
3.2 Flow fleld inside the tip-gap . . . . . . . . ... . . .. ... ... .
3.3 Flow field in the cascade passage . . . . . ... ... ... .. .. ......
34 Flowfieldinthewake . ... .. ... ... .. ... ....... e
3.5  Streamwise variations of flow quantities . . ... ... ... ... ......
3.6 Contribution of subgrid-scalemodel . . ... ... ... ... ........
4. Conclusions . . . . . . . ... e

PART II1 Coherent Structures and Pressure Fluctuations
1. Objectives . . . . . . . .. .

2, Results and discussion . . . ... ... .. ... ... . ... ... .. . ....
2.1 Development of end-wall vortical structures . . . . . ... .. ........
2.2 Two-point correlations . . . . . .. . .. ... ... IR

2.3 Pressure fluctuations . . . . . . . ...

3. Conclusions . . . . . . . . . .

PART IV Effects of Tip-Gap Size
1. Motivation and objectives . . . . .. ... .. ... ... . ... ...

2. Computationalsetup . . .. ... .. ... ... . .. .. L L
21 Floweconfiguration . ... ... ... ... ........... e

22 Gridspacing and resolution . , . . . . ... ... e

3.2 Effects on vortex dynamics . . .. ... .. .. ... ...

3.3 Modification of mean flow field and turbulence statistics . . . . . ... ...

viii



3.4 Effects on the pressure and cavitation . . . ... ... ... ... ... ... 150

4, Conclusions . . . . . . . e e e e e e e e e e 157
Recommendations for Future Work . . . . . . . . . . . . . . .. . . .. .. .. 159
APPENDIX

A. A Parallelized Large Eddy Simulation Code for Fully Inhomogeneous

Incompressible Turbulent Flows . . . . .. .. ... ... . . .......... 163
A.1 Motivation and objectives . . . . . . ... ... o e 163
A2 Computationalmethod . . . . . . .. .. . ... . . ... . e 165

A.21 Numerical method . . . .. .. . ... ... . ... . o 165
A2.2 Momentum equations . . . . . . . . ... ..o 167
A23 Poissonequation . . ... ... ... L e 171
A.3 Parallelization and optimization . . . . . ... ... .. ... .. 0L, 172
A31 Momentum equations . .. ......... e e e 172
A32 Poissonequation . . ... . .. ... 177
A4 Code evaluation and validation . . . ... .. ... . ... .. ... .. .. 178
A4l Parallel performance . . . . . . ... L oL oo L 178
A.42 LES of turbulent channel flow . . . . . .. .. ... . ... ... .. 180
A43 LESofsquareductflow . . .. ... ... .. .. ... ... ... .. 181
A.44 Low Reynolds number tip-clearance flow . . . . . . .. .. ... ... 185
AB SUMMALY . . . . o o e e 185

B. Analysis of Stability and Accuracy of Finite-Difference Schemes on a

Skewed Mesh . . . . . . . . . . e 191
B.l Motivation . . .. . . o i e e e e 191
B.2 Truncation error analysis . . . . . . . . . o e e e e 195

B.2.1 Uniform Cartesianmesh . . . .. ... ... . ... ... . . ..., 201
B.2.2 Nonuniform Cartestanmesh . . . . . ... ... .. ... ... ... 201
B.2.3 Uniformskewedmesh . .. ... ... ... ... .. .. ....... 202
B.2.4 Nonuniform skewedmesh . . ... ... .. .. ... ... . ... 203
B.3 Modified wavenumber anakysis . . . .. ... ... Lo L. 204

ix




B4

B.3.1 Mesh skewness effects on numerical errors . . . . . .. . .. .. ...
B.3.2 Mesh skewness effects on time-integration schemes . . . .. .. ...
B.3.3 Flow direction and mesh skewness . . . .. .. ... . ... .....

SUIMIMATY . . . . o o o e e e e e e e e e e

C. Vortex Generation for Studying Unsteady Vortex-Rotor Interaction . .

C1
C.2
C3
C4

D. A Formulation of the Incompressible Navier-Stokes Equations in a Quasi-

Motivation and objectives . . . . . . . . . L e
Flow configuration . . . . . .. .. ... . ... . .. ... ... ... ..
Results and discussion . . . .. ... .. . ...

SUIMMNATY . o v v v v e e et e e e e e e e e e e e e

Generalized Coordinate System . . . . .. ... ... .. ........ .....

D1
D.2
D3
D4
D.5

Motivation . . . . . . ot e e e
Transformation of governing equations . . . . . ... ... ... .. .....
Plane variations and metric coefficients . . ., . . ... ... ... ... ...
Implementation and evaluation . . ............. e e

SUIMIMATY .« « v v v v v e e e e e e e e e e e e e e e e e e e

References . . . . . . . . .

206
212
216
219

225
225
228
230



List of Tables

PART I
2.1 Comparison of the results for flow over a circular cylinder from the present

immersed boundary method with body-fitted mesh simulation and experiment 23

PART II
2.1 Grid spacing and resolution along the blade suction (pressure) surface at
2fCe=02 . .. . e 47
2.2 Grid spacing and resolutionon theendwall . . . . .. . . ... ... .. .. 47
PART IV
2.1 Grid spacing and resolution on the end wall for the configuration with tip-gap
size of 0.033C . . . . . . 127
2.2 Grid spacing and resolution on the end wall for the configuration with tip-gap
size of 0.00B3C . . . . . .. e 127
APPENDIX
A.1 Wallclock times and speedups measured with up to 64 CPUs of SGI Origin
3800 by the IDRBand 2DRB . . . . . . .. .. ... 177
B.1 Truncation errors in Eq. (B.12) in terms of the source . .. ... .. .. .. 200

xi




xil



List of Figures

Preface

1

Example of a submarine ducted propeller with tip clearance . . . . . . . ..

PART I

2.1
2.2
2.3
24

2.5

3.1
3.2
3.3

3.4
3.5
3.6
3.7
3.8

3.9
3.10
311

3.12

3.13

Parallel performance of thesolver . . . . . . .. .. .. ... ... .. ...
Fiow configuration and coordinate system for LES of rotor tip-clearance flow
Cartesian mesh distributionontheblade. . . . . . . . . . ... .. .. ...
Full computational domain and curvilinear mesh in the = — y plane used in
conjunction with immersed boundary methed for tip-clearance flow . . . . .

Example of body forcing in the immersed boundary . . . .. ... .. ...

Contour plots of mean velocity (u)/Us) in a linear cascade without tip gap
Mean velocity (u3/Us) profiles on the suction surface P
Measurement planes where comparisons are made between present LES and
BXPErIMEnt . . . . . . . e e e e e e e e
Ag iso-surfaces from averaged flow field . . . . . . . . ... oL L.
Contour plot of mean spanwise velocity at 2/C, =0.025 . . ... ... ...
Pressure distributions on the blade surface . . . . . . . ... ... ... ...
Mean velocity profiles in the rotor blade wake. . . . . . ... .. ... ...
Contour plots of mean streamwise velocity normalized by the local core ve-
locity at z/Co =151 . . . . . .o
Contour plots of mean streamwise velocity normalized by the local core ve-
locity at /Ca =274 . . . . v o0 e
Contour plots of w'u/ at zfCo=151 . ... .. ... ... .. .. ..
Contour plots of wo' at 2/Cy =151 . . . . . ... ..
Instantanecus and time-averaged pressure contours in the tip-gap region
(2/Ce=0.008) ... ... . . e
Energy spectra as a function of frequency in the tip-leakage region at z/C, =
181, y/Ca=14,2/Ce=01 .. . . . . e

xifi

17
19
19

20
22

26
26

2
28
29
31
31

32

33

34

34

35




PART 11

2.1

2.2

2.3
24
2.5

3.1

3.2
3.3

34

3.5
3.6
3.7
3.8
3.9
3.10
3.11

3.12

3.13

3.14

3.16
3.16

Profiles of mean streamwise velocity in the inflow turbulent boundary layer
inwallunitsat Rep =780 . . . .. . . ... ... . ... . ... ... ...
Rms velocity and shear stress profiles in wall units at Rey = 780 in the inflow
turbulent boundary layer . . .. ... ... ... L. L,
Profiles of mean streamwise velocity at 2/C, = 0 and y/C, =0.85 . . . ..
Profiles of mean streamwise Reynolds stress at z/C, =0 and y/Ca =085 .
Time-histories of the streamwise velocity at z/C, = 0.7,y4/C, = 1.3, and
z/Cy = 0.1 using different CFL numbers . . . .. ...... ..., .....

Measurement planes for investigating the flow field in the cascade and defi-
nitions of velocity coordinates . . . . . . . ... ... L. o L.,
Ag iso-surfaces from time-averaged flow field . . . . . .. . ... ... ....
Trajectories of tip-leakage vortex core, the dominant tip-separation vortex
and the center of blade wake along the streamwise direction . . . . ... ..
Variation of the height of the tip-leakage vortex center from the end wall
along the streamwise direction . .. ... ... ....., e e
Contour plots of mean velocity components in an = — y plane at 2/C, = 0.01
Contour plots of mean velocity components in an = — y plane at 2/C, = 0.1
Contour plots of mean streamwise velocity in an = — y plane at 2/C, = 0.5
Streamlines of mean velocity field in an z — y plane at z/C, = 0.025 .
Streamlines of mean velocity field in four y — 2z planes . . .. . .. ... ..
Contour plots of mean velocity components in y — z planes . . . . ... ..
Contour plots of mean vorticity components and vorticity magnitude in a
y—zplaneat 2/Co=05 . . .. .. ... . . ...
Contour plots of mean vorticity components and vorticity magnitude in a
y—zplaneat z/C, =07 . ... . . .
Contour plots of mean vorticity components and vorticity magnitude in a
y—zplaneat x/Co =09 ... .. .. ...
Contour plots of mean Reynolds stresses in an y — z plane at z/C, = 0.5, .
Contour plotslof mean Reynolds stresses in an y — z plane at /C, =0.7. .

Contour plots of mean Reynolds stresses in an y — z plane at z/C, = 0.9 . .

Xiv

44

44
45
45

48

50
52

53

53
55
56
57
58
59
62

65

66

67
70

71 -

72



3.17

3.18

3.19

3.20

3.21

3.22
3.23

3.24

3.25

3.26

3.27

Contour plots of mean turbulent kinetic energy and turbulent kinetic energy
production in y —z pPlanes . . . . . . . . e e e
Contour plots of mean turbulent kinetic energy production components in
Eq. 33inany—zplaneat z/Co =05 ... ... ... ... ... .. ...
Contour plots of mean turbulent kinetic energy production components in
Eq.33inany—zplaneat z/Co=0.7 . .. .. ... ... ... ... ...
Contour plots of mean turbulent kinetic energy production components in
Eq.33inany—zplaneatz/C, =09 .. .. ... ... ... ...
Contour plots of mean streamwise velocity in ¥ — z planes along the stream-
wise direction . . . . . . . L e e
Contour plots of mean Reynolds stresses in an y — z plane at z/C, = 1.51 .
Variation of streamwise velocity deficit in the tip-leakage vortex along the
streamwise direction . . . . . ... L
Profiles of mean streamwise velocity along the z-axis across the tip-leakage
VOITEX COTE . . . v v v v e v n e e e e e e e e e e
Variations of peak absolute magnitude of each Reynolds stress component in
the tip-leakage vortex along the stresmwise direction . . . . . .. .. .. e
Contour plots of time-averaged eddy viscosity computed using the Lagrangian
dynamic subgrid-scale model in z —y planes. . . . . . .. ... ... ..
Contour plots of time-averaged eddy viscosity computed using the Lagrangian

dynamic subgrid-scale model iny —zplanes . . . . . . ... ... ... ...

PART III

2.1
2.2

2.3

24

2.5
2.6

Mean streamlinesinay—zplane ., ....... ... ... ... e
Generation and evolution of end-wall vortical structures along the streamwise
direction visualized using the Ag vortex identification method . . . . . . ..
Contour plots of mean streamwise velocity and locations where the energy
spectra and two-point correlations are measured . . . . . ... L L
One-dimensional frequency spectra of velocity fluctuations in the tip-leakage

VOITEX COTE . v v v v b v ot vt v v 4 e e e e e e e e e e e

73

75

76

77

79
80

32

83

83

85

86

98

100

104

105

One-dimensional frequency spectra of velocity fluctuations in the blade wake 106

Contour plots of two-point correlations of the velocity fluctuations as a func-

tion of the pitchwise spatial and temporal separations . . .. ... ... ..

Xv




2.7

2.8
2.9
2.10
211
2.12

PART
2.1

3.1

3.2

3.3

34

3.5

3.6

3.7

3.8

3.9

3.10

Contour plots of two-point correlations of the velocity fluctuations as a func-
tion of the spanwise spatial and. temporal separations. . . . . . ... .. ..
Contour plots of mean pressure in y — 2z planes along the z-direction . . . .
Contour plots of p’p’ in = — y planes along the z-direction . . ... ... ..
Contour plots of mean pressure in y — z planes along the z-direction . .

Contour plots of ¢p’ in y — z planes along the z-direction . . . .. ... .,
Contours of space-time correlations of the pressure fluctuations as a function

of the spanwise spatial and temporal separations . . .. ... ... ... ..

v

Configuration for flow in a linear cascade with tip clearance . . . . . . . . .

Snapshots of negative pressure (blue) iso-surfaces and streamtraces (colored
lines) showing the swirling tip-leakage flow and vortex for three different
tip-gap sizes . . . . . L e e e
Trajectories of the tip-leakage vortex core, dominant tip-separation vortex,
and the peak deficit of blade wake in the linear cascades with three different
Hp-gapsizes . . . . . .. e
Vortical structures in three tip-gap configurations visualized using the Ag
vortex identification method . . . . . . . ... . L Lo L L.
Location of the end-wall normal plane in which the mean streamlines in
Fig. 35 arevisualized . .. ... ... ... . ... . ... ...
Mean streamlines from three different tip-gap size simulations showing vor-
tical structures . . . . .. . ...
Contours of mean streamwise velocity in & — y planes for three different tip-
AP SIZES . . . L L . e e e e
Contours of mean pitchwise velocity in = — y planes for three different tip-gap
BIZES . . e e e e
Contours of mean spanwise velocity in 2 —y planes for three different tip-gap
BIZES L . i e e e e e e e e e
Contour plots of mean streamwise velocity in the y — z plane at z/C, = 0.6
for three different tip-gapsizes . ... ... .. .. ... .. .. ... ....

Contour plots of mean streamwise velocity in y — z planes at z/Cy =274 .

xvi

108
112
113
114
115

116

126

130

131

133

134

135

140

141



3.11 Contour plots of mean vorticity components and vorticity magnitude in the

y — z plane at 2/Ca = 0.6 for three different tip-gap sizes . . . . . ... .. 146
3.12 Contour plots of mean Reynolds stresses in the y — z plane at z/C, = 0.6 . 149
3.13 Contour plots of mean pressure in z — y planes for three different tip-gaps . 153
3.14 Contour plots of pressure fluctuations (p'p’) for three different tip-gap sizes

in ¥ — z planes at three axial locations . . . . . . .. .. ... .. ... 154

3.15 Instantaneous and time-averaged iso-surfaces of cavitation stress (B) for

three different tip-gapsizes . . . . ... . . . . ... ... oL 155
3.16 Instantaneous and time-averaged contours of cavitation stress (B) in z — y
planes at z = 0.0546C for three different tip-gap sizes . ... ... ... .. 156
APPENDIX

A.1 Schematic diagram of coordinate transformation from Cartesian coordinates

" tocurvilinear coordinaes . . . . ... .. e e e e 168

A.2 Schematic representation of the multigrid method which consists of one-
dimensional red-black Gauss-Seidel method and line Gauss-Seidel method . 173

A.3 Schematic representation of the multigrid method which consists of two-

dimensional red-black Gauss-Seidel method and tridiagonal matrix solver . 174

A.4 Convergence histories of proposed multigrid methods . . . . .. ... ..., . 175
A5 Parallel speedups of proposed multigrid methods on SGI Origin 3800 . . . . 175
A.6 Parallel speedups achieved on various platforms . . . . . .. ... ... ... 179
A.7 Mean streamwise velocity in wall units at Re, =180 . . . .. ... ... .. 182
A.8 Rms velocity fluctuations in wall units at Re, =180 . . . ... ... .. .. 182
A9 Mean streamwise velocity in wall units at Re, =180 . . . ... ... .. .. 183
" A.10 Rms velocity fluctuations in wall units at Re, =180 . . . . .. .. ... .. 183
A.11 Mean velocity vector plots of square duct lowinay—zplane .. ... .. 184
A.12 Mean streamwise velocity in wall units . . . . . . ... . ... ... . ... 186
A.13 Rms velocity fluctuations normalized by u, in global coordinates . . . . . . 187

A.14 Flow configuration and coordinate system for LES of rotor tip-leakage flow
and streamtraces of the tip-leakage flow at Reg =10000 . . . . . .. .. .. 188

xvii




B.1 Two computational meshes used in conjunction with immersed boundary
method for flow over a compressor blade and instantaneous spanwise vorticity
CONBOUTS ., . L e e e e e e

B.2 Coordinate systems and definitions of mesh skewness angle, flow direction,
and convection velocity . . ... ... ... L L

B.3 Real and imaginary parts of A umerical — Aegact it Wavenumber spaceat 8 =10

and a=060° . . . . ...
B.4 Real and imaginary parts of A umericai — dezact I Wavenumber space at & = 60
and a=60° . . . L,

B.5 Ly error in the real part of X as a function of mesh skewness angle when flow
is parallel to one set of meshlines (6 =a) ... ... ... ... ... . ...
B.6 L error in the imaginary part of A as a function of mesh skewness angle
when flow is parallel to one set of mesh lines (@ =ca) . ... ... ......
B.7 Maximum allowable CFL number along the variation of mesh skewness angle
and flow direction ( =) with v =100 . . ... .. ... ..........
B.8 Maximum allowable CFL number along the variation of mesh skewness angle
and flow direction (¢ = o) withv =01 ... ... .. ..... .. .....
B.9 Maximum allowable CFL number along the variation of mesh skewness angle
and flow direction (# =a) with»=10"¢ . . . . .. .. .. ... .. ...
B.10 Ly error in the real part of A along the variation of mesh skewness angle with
a fixed flow direction (=860°) . .. ... ... ... .. ... .. ......
B.11 L; error in the imaginary part of A along the variation of mesh skewness
angle with a fixed flow direction («=60°) . . . .. .. ... ... ... ...
B.12 Ly error in the real part of A along the variation of flow direction with a fixed
mesh skewness angle (#=60°) . . ... ....................
B.13 L, error in the imaginary part of A along the variation of flow direction with
a fixed mesh skewness angle (#=60°) . ... .................
B.14 Maximum allowable CFL number along the variation of flow direction with
a fixed mesh skewness angle (§ =60°) with » =100 ... ..........
B.15 Maximum allowable CFL number along the variation of flow direction with
a fixed mesh skewness angle (# =60°) withv=0.1. ... ... .......
B.16 Maximum allowable CFL number along the variation of flow direction with

a fixed mesh skewness angle (§ =60°) withv =107 . ., . ... ... ...

xviii

i93
196
208
209
211
211
214
214
215
218
218
221
221
222

222



C.1 Flow configuration for studying the vortex-rotor interaction . ... ... .. 226
C.2 Flow configuration, coordinate system, and configurations of vortex generator
for CED and CFU €ases . . . . . . v v v i i v e e e i e e 229

C.3 Instantaneous and time-averaged streamwise velocity contours obtained from

CFD2 in y — z planes along the streamwise direction . . . . . ... ... .. 232
C.4 Instantaneous and time-averaged streamwise velocity contours obtained from
CIFU2 in 4 — z planes along the streamwise direction . . . . ... ... ... 233
C.5 Mean streamwise velocity, secondary velocity vectors, and mean streamwise
vorticity obtained from CFD2inay —z planeat z/h=5 . . . ... . ... 234
C.6 Mean streamwise velocity, secondary velocity vectors, and mean streamwise
vorticity obtained from CFU2inay—z planeat z/h=5 . . .. ... ... 235
C.7 Time histories of the vertical velocities . . . . . . . . .. ... ... ..... 236
C.8 Profiles of mean velocity components along the y-direction at the location of
z/h=105and 2z/h=075. . . ... ... 238
C.9 Profiles of streamwise velocities normalized by local friction velocities along
thez-axis . . ... .. . 239
C.10 Profiles of Reynolds normal and shear stresses in the CFD case along the
spanwise direction at #/h =105and z/Ah =075 .. .. ... ... ... .. 241
C.11 Profiles of Reynolds normal and shear stresses in the CFU case along the
spanwise direction at z/h=10.5and z/h =075 .. ... ... .. .. ... 242
(.12 Instantaneous and time-averaged pressure iso-surfaces of p/pU2 = —0.005
mthe CED2. . . . . . .. e e e e 243
(.13 Instantaneous and time-averaged pressure iso-surfaces of p/pU2, = —0.005
inthe CFU2. . . . . . .. . . e e 244
C.14 Mean pressure and root-mean square pressure contours obtained from CFD2
imnay—zplaneatz/Ah=105. . . ... ... ... L . . 245
C.15 Mean pressure and root-mean square pressure contours obtained from CFU2
inay—zplaneatz/h=105. ... .. .. .. ... .. ... .. 245
D.1 Schematic diagrams of coordinate transformations . . . ... ... .. ... 250
D.2 Examples of algebraic functions applicable in the proposed formulation . . . 254
D.3 A twisted compressor blade generated by mesh rotation and skewing . . . . 256
D.4 An airplane wing generated by contraction and shift . . .. ... ... ... 256

Xix




D5

D6
D.7

D8

Flow configuration and computational grid in a base z—y plane for numerical
simulation of flow over a tapered circular cylinder . . . . . .. ... ... .. 258
Instantaneous vortical structures behind a tapered circular cylinder . . . . . 259
Instantaneous spanwise vorticity (w.Dz/Ux) contours along the spanwise
direction . . . . . . L e e e 260
‘Time-history and frequency energy-spectrum of the vertical velocity at /Dy =
Ly/Da=0,2/Dy=125. . . . . . . .. 261



Nomenclature

Roman Symbols

ag, a1, bo, b1
C

J

C

ce, oV

D11D2

E’LL'LH E’U?J, E’LU‘UJ

f
fi

i
G

Gz‘

Mesh parameters

Smagorinsky coefficient

Metric quantity of the coordinate transformation, c;c = dx;/Ank
Chord length

Convection velocities in z and y directions respectively

Axial chord length

Drag coeflicient

Lift coefficient

Preséure coefficient

Divergence operator

Diameters of the small and la,rge ends of tapered cylinder respectively
One-dimensional energy spectra

Generic function; frequency

x; component of body force

Function, see equation (A.22)

e e N ey

Gradient operator

Duct half width; height of vortex generator

[T

Jacobian of the coordinate transformation, J = (Hc}”‘cﬂ"”)

Turbulent kinetic energy; wavenumber

xxi




L
Loy Ly, L,
M .

i)

N

N'i

NP

p

Po

Gr; Gy Go
Qig

Re

Length scale; domain size; length of tapered cylinder
Y+ Li; L, + L, see equations (A.16) and (D.10)
Diffusion terms without and with cross-derivative terms respectively
Subgrid stress term
Molecular diffusion term
Operator, see equation (A.8)
Computational domain sizes in z, y, and z directions respectively
Operator, see equations (A.9) and (A.25)
Time-step index; number of processors
Number of mesh points
Nonlinear convection term
Number of processors
Pressure
Stagnation pressure
Mean pressure
Turbulent kinetic energy production term
¢, q°
Volume fluxes in n!, %, and n® directions respectively

Volume flux across the faces of the numerical cells

Volume fluxes in radial, axial, and circumferential directions respectively

Operator, see equation (A.26)

Reynolds number

Xxii



Ri

Ry

Ry Ry Rurw
hy

St

Right hand side of equation (A.21)

Taper ratio, By = L/(Dy — D1}

Two-point correlations

Speedup factor

Strouhal number

Strain rate tensor

Time

Averaging time scale; turbulent kinetic energy transport term
Uy, Ug, U3

Streamwise velocity

x; component of velocity

Wall-shear velocity, (7,,/p)/?

Time-averaged streamwise velocity
Time-averaged local core streamwise velocity
Peak deficit of time-averaged local streamwise velocity
Reference velocity

Inflow free-stream velocity

Pitchwise {cross-stream) velocity
Time-averaged pitchwise (cross-stream) velocity
Moving end-wall velocity

Spanwise (wall-normal) velocity

Time-averaged spanwise (wall-normal) velocity

xxiii




Streamwise coordinate
Cartesian coordinates
Pitchwise (cross-stream} coordinate

Spanwise (wall-normal) coordinate

Greek Symbols

Mt

Angle between the convection velocity and the streamwise coordinate
Metric quantity of the coordinate transformation, a/* = J (et
Metric quantity of the coordinate transformation, 4 = J G
Dirac delta function; channel half height; boundary layer thickness
Kronecker delta

Filter width; grid spacing

Time step

Grid spacing‘in z, ¥, and z directions respectively

Grid spacing in £ and 5 directions respectively

Turbulent kinetic energy dissipation

Amplitude and phase errors respectively

Generalized curvilinear coordinates, n*, 7%, 73

Angle; momentum thickness; parameter for the Lagrangian SGS model
Generic eiéenvalue

Eigenvalue representing vortex

Molecular viscosity, 4 = pv

Turbulent viscosity, yu = piy

XX1v



4

£n

Tig
T
¢

©

Crar, Oarm
w

W,y Wy, Wy
0

Oy £y, 2,

Kinematic viscosity

Eddy viscosity

Coordinate variables in the computational domain
3.14159...

Density

Amplification factor

Subgrid-scale stress tensor

Wall-shear stress

Generic scalar variable

Skewing angle

Operators in the Lagrangian SGS model, see equations (A.5) and (A.6)
Angular frequency; vorticity

Vorticity components in x, y, and z directions respectively
Time-averaged vorticity

Time-averaged vorticity components in z, ¥, and z directions respectively

Other Symbols

0
0
0
0’
0

00

Iteration index for the Newton-iterative method
Test-filtered quantity; intermediate step in fractional-step method
Filtered quantity

Fluctuation component

© Quantity in wall-unit

Order of magnitude

XxXv




Gradient operator

Abbreviations.

ARL Army Research Laboratory

ASC Aeronautical Systems Center

CFD Computational Fluid Dynamics; Common Flow Down
CFL Courant-Friedrichs-Lewy

CFU Common Flow Up

DNS Direct Numerical Simulation

DoD Department of Defense

FFT Fast Fourier Transform

GB Gigabyte

HPCMP High Performance Computing Modernization Program
IBM Immersed Boundary Method

LES Large Eddy Simulation

MPI Message Passing Interface

MSRC Major Shared Resource Center

NUMA Nonuniform Memory Access

RANS Reynolds-Averaged Navier-Stokes

T8 Root Mean Square

SGS Subgrid Scale

XXVi



Preface

A properly designed ducted propeller can increase thrust significantly over a free propeller
of the same diameter. A further benefit of ducted propellers is that the duct aligns the
incoming and outgoing flow to the axial direction, thereby improving maneuverability of a
vehicle employing the propulsion system. Despite the above mentioned advantages, ducted
propellers have often been avoided for hydraulic applications due to an unfavorable fluid-
thermodynamical phenomenon called cavitation which is usually accompanied by detri-
mental effects such as noise, vibration, performance loss, and erosion of the blade and duct
wall,

In hydraulic ducted propulsors (Fig. 1), cavitation is caused by the phase change of
liquid in lowered pressure regions induced by the coherent vortical structures in the vicinity
of the tip gap. Because of this, the tip-leakage flow has been an active research area in the
hydi'a.ulic turbomachinery community since the early 1950’s, yet much work still remains
to be done for a complete understanding of the flow. Experimental measurements have
been the most common approach for studying the tip-leakage flow. However, numerical
approaches based on Reynolds-averaged Navier-Stokes (RANS) equations have recently been

used as a complement to experimental studies.

FIGURE 1. Example of a submarine ducted propeller with tip clearance.




It should be appreciated that much progress in understanding the flow phenomena. in the
tip-leakage configuration has been gained from previous experimental and numerical studies
which have been incorporated in the present industrial design process. However, many
aspects of the flow are still not well understood due to the limitations of the experimental and
conventional numerical methods. Cavitation related flow phenomenon is a representative
of the less-understood aspects of the tip-leakage flow. This is because both the unsteady
velocity and pressure need to be measured or computed spatially as well as temporally.

From this perspective, large eddy simulation (LES) provides the most promising and
feasible alternative to the conventional methods. However, even a simplified tip-clearance
configuration requires significant computational resources and presents a number of com-
putational challenges which have been overcome as described in this dissertation. On the
other hand, rapidly increasing computing power has dropped the turn around time of the
computation more than twofold compared to that estimated at the beginning of this study.
Accordingly, it is expected that LES will evolve as the most feasible tool for studying the
tip-leakage flow not only in academia but also in industry.

This study consists of four major parts, each addressing a major aspect of the study.
In the first part, a computational methodology for large eddy simulation of tip-clearance
flows will be presented. In part II, mean flow field and turbulence statistics of the tip-
clearance flow will be analyzed. In part III, coherent structures and space-time correlations
will be presented. In part IV, the effects of tip-gap size on the tip-clearance flow will be

investigated.



Literature Survey

The radial clearance between rotor-blade tips and casing wall in a turbomachine is indis-
pensable for its operation. However, its existence has been a major source of unfavorable
flow phenomena. Complicated vortical structures are generated by the tip-clearance flow
and its interaction with the end-wall boundary layers, the blade wake, and neighboring
blade. The tip-clearance vortical structures often induce rotating instabilities and blockage
in the flow passage which result in severe performance loss and subsequent stall of axial
compressors (Furukawa et ol 1998; Mailach et al. 2001). Also, in a transonic compressor,
interaction between passage shock and tip-clearance flow is implicated in the degradation
of efficiency as well as vibrations and noise generation (Suder 1998). These issues have
motivated a number of experimental and computational investigations of the compressor
tip-clearance flow, and some basic understanding has been achieved.

.On the other hand, in hydraulic turbomachines such as submarine propulsors and lig-
uid fuel pumps, the existence of tip clearance is considered to be the cause for cavitation,
which can result in loud acoustic noise, performance deterioration, and the erosion of bladés
and casing wall. Although it is generally recognized that cavitation is associated with low-
pressure events downstream of the tip gap, the underlying mechanisms are not well under-
stood. In order to gain insight into these mechanisms, it is necessary to study the detailed
turbulence dynamics in the rotor-blade wake and tip-clearance region. This understanding
is also a necessary precursor to devising efficient cavitation-control methodologies.

Previous experimental and numerical studies have revealed some qualitative and quan-
titative features of the tip-clearance flow (see e.g., Lakshminarayana & Ravindranath 1982;
Davino 1982; Lakshminarayana et ol. 19824,b; Pandya & Lakshminarayana 1983a,b; Lak-
shminarayana & Pandya 1984; Murthy & Lakshminarayana 1986; Lakshminarayana et al.
1986; Inoue et al. 1986; Goto 1992; Stauter 1993; Prato & Liakshminarayana 1993; Laksh-
minarayana et al. 1995; Foley & Ivey 1996; Puddu 1996}. Experimental investigations of
COIMPressor rotors achieving pressure rises of 0.4 ~ 0.5 with tip-gap sizes of 0.4% ~ 5%
chord and flow turning angles of 6° ~ 16°, with or without inlet guide vanes, have shown
consensus in the global features of the tip-leakage flow., The tip-leakage vortex originates

from the suction side of the blade tip, between 20% to 50% chord, and moves toward the




pressure side trailing edge of its neighboring blade. As the leakage vortex convects down-
stream, its size is expanded while its core is lifted away from the casing wall, and it remains
clearly distinct at even further downstream locations from the trailing edge. In those ex-
periments, the tip-leakage vortex was observed either as a streamwise velocity deficit or as
a region of circulating mean cross flow, and also appeared to be sensitive to the tip-gap size
variation.

The increase of tip gap was found to increase the size of tip-leakage vortex and to move
the origin of the vortex further downstream with an increased angle between the path of the
vortex center and that of blade wakes, The streamwise vorticity at the vortex center was
seen to increase with tip gap and decay as the vortex convects downstream at a rate that
increases with tip gap. Increasing rotor solidity (ratio of blade chord to pitch) appeared
to result in the vortex crossing the passage and interacting with the wake of the adjacent
blades (Inoue et al. 1986).

Those studies have also shown the tip-leakage vortex to be a region of intense turbulent
fluctuations. High turbulence intensities were observed in the concentrated region of the
tip-leakage flow and the region was observed to be expanded as the flow convects down-
stream. Turbulence intensities were found to be dominated by the components parallel to
the casing in the study of Puddu (1996). However, this is incongruous to Lakshminarayana
et al. (1982a)’s finding in which radial velocity fluctuations and the Reynolds shear stresses
associated with them were observed to be more important components of turbulent fluctu-
ations in the tip-leakage flow.

Pressure fluctuation and turbulence measurements made adjacent to the casing wall
show the track of developing tip-leakage vortex as a strip of high turbulence levels which
grows across the passage (Inoue et al. 1986). The pressure frequency spectra of Goto {1992)
showed a general rise in high-frequency spectral levels in the vicinity of the casing, suggesting
the presence of small scale turbulence in the region containing the tip-leakage vortex.

The low-pressure fluctuations and the resulting cavitation in the tip-leakage flow have
been one of the major concerns in hydraulic pump design. In the 1950’s, Rains (1954)
investigated cavitation phenomenon in an axial flow pump and observed that the tip-leakage
vortex forms from the leading edge of the blade, and convects downstream across the passage
for a range of tip gaps of 0.2% ~ 5.2% chord. Later, more detailed observations of the flow
were provided by Zierke et al. (1995) on a high-Reynolds-number pump facility allowing

Re = 3.9 x 108 ~ 5.5 x 10%. Their flow visualizations on the blade surface and within the



flow field indicate the existence of a trailing-edge separation vortex that migrates radially
upward along the trailing edge. This trailing-edge separation vortex then moves along the
circumferential direction near the casing and in the opposite direction of blade rotation.
They also established the trajectory of the tip-leakage vortex core with the observation of
the unsteadiness of the vortex, subject to wandering and kinking motions in the passage and
downstream. Similar unsteadiness is also discussed in the work of Goto (1992). Farrell &
Billet (1994} examined the effect of tip-gap size on tip-leakage cavitation in an axial pump
and found that cavitation inception indices increased with decreasing tip-gap size. They
also found a minimum in the cavitation inception index when the ratio of tip-gap size to the
maximum blade-tip thickness is close to 0.2. Conversely, experiments performed by Boulon
et al. (1999) did not show a minimum in the cavitation inception index when there is no
relative motion between blade tip and casing wall. Laborde et al. (1997) provided various
cavitation patterns observed in their experiments in an axial pump. From their observations,
tip-gap size has a strong effect on the tip-clearance cavitation inception, but the trends vary
considerably when other parameters are also modified. Forward and backward blade skew
is observed to reduce and increase tip-vortex cavitation, respectively. Higashi et al. (1993)
studied cavitation instabilities and the unsteady features of the cavitation.

However, quantitative studies of the flow through an actual compressor or pump have
been quite difficult and limited due to safety issues and other technical problems. Alterna-
tively, linear cascade facilities have been used to reproduce the essential features of the flow
and have shown great success for situations where blade loading and centrifugal effects are
small. Storer & Cumpsty (1990) studied the development of the leakage flow in a 5-blade
linear cascade with tip gaps between 0.5% and 4% chord. Later, they were able to confirm
the results with RANS calculations, that loss mechanism associated with the flow through
tip clearance can be well modeled experimentally and theoretically by the flow around the
tip gap in a linear cascade (Storer & Cumpsty 1994). In this study, the principal mechanism
of loss {entropy creation) caused by tip-leakage flow has been established to be the mixing
of flows with similar speeds but different directions. Kang & Hirsch (1993a,b, 1994} studied
the flow through a 7-blade linear cascade with a range of tip gaps of 1% ~ 3.3% chord and
two inflow angles of 29.3° and 36.5°. Their detailed mean flow measurements, at 2% tip
gap, showed a round tip-leakage vortex forming near the suction side of the blade leading
edge. The vortex grows approximately linearly with downstream distance, but rather than

crossing the passage, it remains attached to the suction side of the blade tip due to the lack




of relative motion between blade tip and end wall and the absence of skew that it produces
in the inlet boundary layer when seen from the rotor-blade frame of reference.

Numerical simulation based on the Reynolds-averaged Navier-Stokes equations (RANS)
has also been a viable approach for studying the tip-clearance flow, and these studies have
shown good compensation for experimental difficulties (Hah 1986; Rai 1989a,b; Liu & Boz-
zola 1993; Adamczyk et al. 1993; Copenhaver et al. 1993; Kunz et al. 1993; Storer & Cump-
sty 1994; Lee et al. 1997; Gerolymos et al. 1998; Furukawa et ol. 1999; Valkov & Tan 1999;
Gerolymos & Vallet 1999; Dorney et al. 2000; Hoeger et al. 2000; Suder et al. 2001; Shin
2001; Khorrami et al. 2002). Hah (1986) developed a numerical procedure based on the
Navier-Stokes equations in a generalized curvilinear coordinates fixed on the rotor and mov-
ing casing wall for the calculation of tip-clearance flow in an isolated compressor rotor. Rai
(19894,b) employed an unsteady, thin layer Navier-Stokes code to study a three-dimensional
rotor-stator interaction problem. Hub, outer casing, and rotor tip clearance are all an inte-
gral part of the code using patched and overlaid grids which move relative to each other to
be able to simulate the motion of rotor airfoils with respect to the stator airfoils, Valkov &
Tan (1999) found that the effects of tip-leakage vortices and blade wakes are of comparable
importance in the downstream flow field. Hoeger et al. (2000) proposed a correlation for
tip-leakage blockage in the compressor blade passage.

Numerical studies are attractive for investigating turbomachinery flows in some dan-
gerous off-design conditions such as stall and high amplitude vibration. Adamezyk et al.
{1993) performed a RANS simulation and considered the area increase of tip-leakage vortex
as it passes through the in-passage shock, which is the source of the blockage associated
with stall. Furukawa ef al. (1999) investigated the breakdown of tip-leakage vortex in a
low-speed axial compressor rotor with moderate blade loading. The results from the in-
vestigation show that the expansion of tip-leakage vortex due to the breakdown has an
extremely large blockage effect, and the vortex breakdown plays a major role in the char-
acteristics of rotor performance at near stall conditions.

Most of those RANS studies are concerned with compressible tip-leakage flows, and nu-
merical studies of incompressible tip-leakage flows are quite rare. Lee et al, {1996) studied
the tip-clearance flow in a single-stage propulsion pump using a three-dimensional incom-
pressible Navier-Stokes code while Lee et al. (1997) performed a simulation of a linear cas-
cade which was also studied experimentally by Kang & Hirsch (1993a,b, 1994). Their main

objective was to investigate the cavitation phenomena related to the tip-leakage vortex.



Many of those previous numerical studies based on RANS equations have not always
been successful even in providing mean velocities and pressure due to the limitations of
conventional single or two-equation based turbulence models (Gerolymos et al. 1998; Durbin
& Reif 2000). For example, Gerolymos et al. (1998) performed a RANS computation of
transonic turbomachinery flows with tip clearance employing a k& — ¢ model. However,
the pressure ratio was found to be overestimated due to the unsatisfactory prediction of
flow separation by the turbulence model. The stagnation point anomaly, which consists of
excessive growth of turbulent kinetic energy (k) and turbulent viscosity {24), is one of the
well known problems of two-equation based turbulence models relevant to turbomachinery
applications (Durbin & Reif 2000).

In addition, the existence of tip gaps imposes special difficulties with regard to grid
topology. Hah (1986), Pouagare & Delaney (1986), Dawes (1987), and Liu & Bozzola
(1993) predicted tip-clearance flow with the assumption of zero thickness on the blade tip,
allocating one grid line with periodic condition for the flow inside the tip-clearance region.
This model was satisfactory for very thin airfoils, such as a transonic compressor rotor.
However, thick blades such as turbine blades require full fiow field resolution in the tip-gap
region, Multi-block, zonal mesh (Gerolymos et al. 1998; Gerolymos & Vallet 1999; Dorney
et al. 2000; Hoeger et al. 2000), embedded H-type mesh (Kunz et al. 1993), and patched or
overlaid mesh (Rai 1989a,b) topologies have been applied to resolve the tip-gap region (see
section 2.3 in part I for more details on the grid topology).

In the most recent experiments performed by Devenport’s and Simpson’s groups at VPI,
Muthanna (1998, 2002}, Wang (2000), Kuhl (2001), de la Riva (2001), and Ma (2003} made
detailed measurements of the flow field downstream of rotor blades in a low speed linear
compressor cascade employing stationary and moving end walls, In those experiments, mean
velocity and vorticity components, turbulent kinetic energy, and energy spectra have been
measured downstream of the cascade for tip gaps of 0.83%, 1.65%, and 3.3% chord. Wang
(2000) employed a moving end wall and found noticeable difference in the mean velocity
and Reynolds stress distributions from the experiments which utilized a stationary end wall
(Muthanna 1998). Kuhl (2001} and Ma (2003) examined the effects of upstream vortex pairs
on the downstream tip-leakage vortex. These experiments have provided useful information
regarding the flow as well as valuable data for validating computational techniques. Shin
(2001) and Khorrami et al. (2002) performed simulations of the configuration considered

by Muthanna {1998) and showed favorable agreements with the experiment.







Accomplishments

The following list summarizes the important contributions of this work:

¢ Development of a computational methodology for LES of rotor tip-clearance flow in

a linear cascade.

¢ Development of a hybrid mesh topology combining an immersed boundary method

and a generalized curvilinear structured mesh.

e Understanding of mean velocity and vorticity fields, turbulence statistics, and mean

pressure and pressure fluctuations in the tip-clearance flow.

¢ Understanding of the development of tip-clearance vortical structures and space-time

correlations of the turbulent and pressure fluctuations.

¢ Understanding of the tip-gap size effects on the mean flow field, turbulence statistics,

vortex dynamics, and cavitation inception.

¢ Development of algorithms for shared-memory parallel computation using OpenMP

to achieve high performance, speedup, and compatibility.

o Analysis of numerical stability and accuracy of finite-difference schemes on a highly

skewed mesh.
o Generation of unsteady vortices for studying vortex-rotor interaction.

e Development of a computational methodology for LES of flow in a realistic rotor

configuration which includes spanwise variation of the blade and rotating effect.
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PART 1

Computational Methodology™

*Part I has been published, in a slightly modified form, as
You, D., Mittal, R., Wang, M., & Moin, P. 2004 Computational methodology for large-eddy simulation of
tip-clearance flows. AIAA J. 42, No. 2, 271-279.
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Chapter 1
Introduction

For liquid handling systems like axial pumps and ducted propellers {see Fig. 1 in preface),
the rotor tip clearance is considered to be the cause for tip-leakage cavitation downstream
of the rotor in the vicinity of the end wall. To understand the mechanisms for cavitation,
it is necessary to study the detailed turbulence dynamics in the rotor blade wake and the
clearance region between the rotor tip and the end-wall casing. Given the highly unsteady
nature of the flow and the need to resolve a range of important flow structures, computa-
tional approaches based on the RANS equations are not ideally suited for a detailed analysis
of this flow. In addition, time-accurate simulations of the tip-clearance configurations have
been difficult due to the geometric complexity, which often leads to highly skewed, large-
aspect-ratio meshes and very small computational time steps, and, therefore, have been
tackled by a special mesh topology (Kunz et al. 1993; Ameri ef al. 1999; Hoeger et al. 1999;
Khorrami et al. 2002) or by an unstructured mesh approach (Shin 2001).

In the present study, large eddy simulation (LES) is performed to simulate and study
this flow. LES is especially suited for this type of flow since the Reynolds numbers, typically
of © (105), are relatively low which brings these flows within the reach of LES. Furthermore,
LES provides detailed spatial and temporal information regarding a wide range of turbulence
scales which is precisely what is needed to gain better insight into the flow physics of this
configuration.

The LES flow solver that has been developed for these simulations is fully three-
dimensional with no statistically homogeneous directions and employs an immersed-bound-
ary method in combination with a structured, curvilinear mesh topology to facilitate boun-
dary condition application in the tip-gap region. This flow solver is used to simulate the
experimental configuration of Wang (2000) for a linear compressor cascade with a moving
end wall. Tt should be pointed out that despite the seeming simplicity of the chosen configu-
ration, these are some of the most complex and ambitious large eddy simulations attempted
to date; each simulation requires a grid with @ (107) points and © (10%) time steps, which
translate to O (105) single-processor CPU hours on SGI Origin 3800 per simulation. In

addition, each simulation requires over 10GB of memory and over a Terabyte of disk space.
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PART I

Therefore, these simulations are feasible only on large-scale parallel computers.

In this part, the numerical and computational aspects of the LES flow solver developed
for the tip-clearance flow is described in detail, followed by a brief discussion of results from
the simulation in comparison with the experimental measurements of Muthanna (1998) and
Wang (2000). A more systematic analysis of the spatio-temporal dynamics of the flow and
pressure flelds and their implication to cavitation inception are presented in the subsequent

parts of the report.
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Chapter 2

Computational method

2.1 Numerical method

The numerical algorithm is based on the generalized-coordinate Navier-Stokes solver orig-
inally developed by Choi et al. (1992), with significant enhancements to treat special diffi-
culties associated with the tip-clearance flow. The spatially filtered Navier-Stokes equations

for resolved scales in LES are as follows;

O, a _ op 1 8 o 31’@

5 T 52, = 55 T Reda; 0m;, B2y 21)
a7,
o5, =0 (2.2)

where 73; is the subgrid-scale (SGS) stress tensor. All the coordinate variables, velocity com-
ponents, and pressure are non-dimensionalized by the total chord C, the inflow free-stream
velocity Uy, and pU2,, respectively. The time is normalized by C'/Uy,. The governing equa-
tions (2.1) and (2.2) are rewritten in a conservative form in generalized coordinates. The
dependent variables in the transformed Navier-Stokes equations are volume fluxes across
the faces of the cells, which are equivalent to using the contravariant velocity components
on a staggered grid multiplied by the Jacobian of the coordinate transformation. With this
choice of variables, the discretized mass conservation can be easily satisfied. The terms in
the transformed equations are described in detail in appendix A. The key feature of the
numerical method is the use of a non-dissipative, central-difference spatial discretization
scheme which has been demonstrated to be crucial for retaining the accuracy and predic-
tive capability of the LES approach (Beaudan & Moin 1994; Mittal & Moin 1997).
The SGS stress tensor 7;; is modeled by a Smagorinsky type eddy-viscosity model:
1 Py

Tij — -3-51-:,-7:;5; = —2eA*|5]Sy;. (2.3)

Given that the tip-clearance flow is fully three-dimensional with no homogeneous directions,

the Lagrangian dynamic SGS model (Meneveau et al. 1996) is employed in order to compute

15




PART I

the Smagorinsky coefficient ¢. The Lagrangian dynamic model averages the model coefficient,
along the flow pathlines and therefore does not require a homogeneous direction (Germano

et ol. 1991). The equation for computing the coefficient is:

(x,1) = %, (24)
where ;o
Py = ’_dff LijMij(z(t), ¢ )e /Ty, (2.5)
—oa
t
(I)MM = %/ MijMij(Z(t),f’)em(tﬁt’)/Tdtl, (26)
—00

T is an averaging time scale and the identities L;;, M;;, and z are defined with velocity

components u;, grid spacing A, and strain rate tensor S;; as in the following:

——— o~ o~

Lij = Uty — Uiy, (2.7)

M;; = 2A2(|§|§i_j - 4I§|§ij)a (2-8)
14

2(#) = x(t) — / T(a(t"), &) dt". (2.9)
tl

The integration method used to solve the transformed governing equations is based on
a fully implicit fractional step method which avoids the severe time-step restriction that
would occur in the tip-clearance region. All terms including cross-derivative diffusion terms
are advanced using the Crank-Nicolson method in time and are discretized by the second-
order central difference in space. A Newton iterative method is used to solve the discretized
nonlinear equations.

Since the solution of the Poisson solver is the most expensive part of the computation
in this fully three-dimensional flow, it is crucial to employ a method which exhibits fast
convergence as well as high parallel efficiency. In the current simulations, we employ a highly
efficient multigrid procedure, which is also appropriate for parallelization. By experimenting
with various solution methods, we have found that a combination of the line and red-black
Gauss-Seidel multigrid method provides the most efficient solution procedure.

The entire code has been parallelized using multi-processing directives (OpenMP) for
shared memory platforms like SGI Origin 2000/3800, Compaqg GS320, and IBM Power 4.
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Ficure 2.1. Parallel performance of the solver on a SGI Origin 2000 platform. The solid line
represents linear speedup and symbols represent actual speedups obtained from three test runs at
different times.

Significant effort has been put into optimizing the parallel performance by utilizing cache-
management strategies and minimizing data dependency. Figure 2.1 shows the speedup
achieved for simulation of turbulent duct flow on a 257 x 257 x 257 grid with up to 64
processors of SGI Origin 2000. The speedup factor (S) is defined by the ratio of the
wallclock time (7}) from a unit CPU to the wallclock time (Th) achieved using N-CPU’s
(S =T1/Tn). Although comparable speedups have been observed in other shared memory
platforms with larger local memories, the present speedup may be biased by the inefficiency
of nonuniform memory access when small number of processors are used (Fatica 2003). The
solid line represents linear speedup and symbels represent actual speedups obtained from
the three different test runs at different times. The code achieves close to linear speedup,
thereby indicating nearly optimal parallel efficiency.

More details regarding the formulation, discretization, and parallelization of the code

are described in appendix A with validations and benchmarks.
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2.2 Flow configuration

The flow configuration is schematically shown in Fig. 2.2 along with coordinate definitions.
The present study is focused on a linear cascade matching the experimental setup of Wang
(2000). The rotor blade has a small tip clearance with the end wall as shown in Fig. 2.3.
"The computational domain is of size Ly x L, x L, = 1.8C x 0.929C x 0.5C, where C is the
chord length. ‘

Full computational domain and grid distribution in a plane perpendicular to the blade
(parallel to the end wall) is shown in Fig. 2.4(a). The third direction is Cartesian with
nonuniform grid distribution (see Fig. 2.3). Rotor is placed near the inflow station so
as to leave an adequate region for analysis of downstream turbulence. The simulation is
performed in a frame of reference attached to the rotor, with the moving end wall mimicking
the moving belt in the experiment (Wang 2000).

Periodic boundary conditions used along the y-direction allow us to mimic the flow
in the interior of the cascade. The y-direction domain size, L, = 0.929C, matches the
experiment. A simplification is made by terminating the blade-span at one-half chord

length and imposing inviscid flow boundary conditions on that boundary:

g—g:%=w=0 at z = 0.5C. (2.10)
This is justified by observing that the root vortex at the hub does not play any significant
role in the convected low-pressure fluctuations found near the end walls. In Wang (2000)’s
experiment, the tip-leakage vortex extends to about one-quarter of a chord length from
the end wall. The inflow turbulent boundary layer data is provided using the method of
Lund et af. (1998), modified to account for the fact that the mean flow direction is not
perpendicular to the inflow/outflow plane, No-slip boundary conditions are applied along

the rotor blade and moving end wall:
u=w=0, v= Ve atz=0 (2.11)

and the convective boundary condition,

aui
vy + U,

311‘4

5o =0 (2.12)

is applied at the exit boundary, where the convection speed U, is set equal to the mean
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FIGURE 2.2. Flow configuration and coordinate system for LES of rotor tip-clearance flow.
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Ficure 2.3. Cartesian mesh distribution on the blade in the 2 — z direction (1/2 lines plotted).
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CHAPTER 2. COMPUTATIONAL METHOD

streamwise velocity integrated across the exit plane. The blade has a relatively high stagger-
angle of about 57 degrees (see Fig. 2.4). This high stagger angle necessitates a highly skewed
mesh and requires fine control of mesh parameters such as the grid stretching ratio and cell
aspect ratio. The size of the tip clearance is 1.6% of the total chord, and the blade pitch
is 0.9 chord. The Reynolds number of this flow is 400,000 based on the chord and inflow
free-stream velocity, and the inflow turbulent boundary layer has a Reynolds number of
780 based on the momentum thickness. The same flow parameters were employed in the

experiment of Wang (2000},

2.3 Mesh topology and immersed boundary method

The presence of the tip-clearance region between the rotor tip and the end wall poses a
considerable challenge for the grid topology and resolution, and this factor has in fact been
a major obstacle to the accurate prediction of this flow. Commonly used mesh topologies are
the multi-zone mesh, which combines H- and O-type meshes (e.g., Refs. Hoeger et al. 1999;
Ameri et al. 1999; Khorrami et al. 2002), and the embedded H-type mesh (e.g., Ref. Kunz
et al. 1993). However, the zonal mesh and the embedded H mesh have significant drawbacks
for use in LES. This is due to the fact that interpolation procedures in multi-zone meshes
and the convergence of longitudinal grid lines in the leading and trailing edge regions in
embedded H-type meshes leads to high aspect and stretching ratios which are inappropriate
for non-dissipative, energy-conservative numerical schemes (Thompson et al. 1985; Mittal
& Moin 1997; You et al. 2002).

In recent years, the immersed boundary method (Fadlun et al. 2000) has emerged as a
flexible and efficient tool for treating boundary conditions in complex geometries or even
in moving geometries. With this approach, the simulations can be carried out on a simple
grid (see Figs. 2.4(b) and (c) for grid assignments near leading and trailing edges in tip-
clearance configuration), and boundary conditions are assigned by applying body forces to

the momentum equations to mimic the effect of the boundary:

" o, _ ., O 1 8 aar 07}
+ axj (uzuj) + 3:2‘:2 Re 3273' 3£Bj B;;

_ (ﬁi(desired) - ﬁﬁ)

- S (213)

Figure 2.5 shows an example of body force assignment. Applying a linear or bilinear in-

terpolation technique to point C of outside velocity, 4.1, and to B of boundary velocity
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fluid

+1

Ficure 2.5. Example of body foreing in the immersed boundary. A body force is assigned to point
A using velocity %, which is extrapolated from the velocities at B (@g) and C (% 141).

(e.g., zero in Fig. 2.5), the velocity inside of the boundary at A, 7y can be estimated.
Using this estimation and Eg. (2.13), the desired body force at the point is obtained.

The implementation of this immersed boundary method has been validated in a number
of canonical flow problems, For example, table 2.1 shows a comparison among the present
simulation with immersed boundary method, simulation on body-fitted mesh (Park et al.
1998}, and experiment (Williamson 1989} in the case of flow over a circular cylinder at low
Reynolds numbers.

Although a Cartesian mesh is preferred due to the simplicity and efficiency of the solver,
the need to resolve the thin turbulent boundary layers at high Reynolds numbers can lead to
a very large mesh size if a Cartesian mesh is to be used. To overcome the above difficulty, a
novel approach, which combines the immersed boundary technique with a structured grid in
generalized curvilinear coordinates is employed to treat the tip-gap region. The advantage
of using a curvilinear mesh is that we can generate grid lines almost parallel to the blade

surface, as demonstrated in Fig. 2.4, This ensures an adequate resolution of the boundary
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Investigations Re Cb Cyy St

Present 60 1.40 0.134 0.136

100 1.33 0.330 0.166

160 1.31 0.560 0.188

Park et al. (1998) 60 1.39 0.134 0.136
100 1.33 0.320 0.165

160 1.32 0.550 0.188

Williamson (1989) 100 0.164

Table 2.1, Comparison of the results for flow over a circular eylinder from the present immersed
boundary method with 321 x 321 mesh, body-fitted mesh simulation with 641 x 241 mesh (Park
et al.1998), and experiment (Williamson 1989). Cp, Cy, and St are drag coefficient, lift coefficient,
and Strouhal number, respectively.

layers, and allows periodic boundary conditions to be applied on the curved upper and
lower boundaries. The immersed boundary method when used with the curvilinear mesh,

obviates a complex mesh topology and allows us to use a simple single-block mesh,

2.4 Grid skewness and numerical stability

The large blade angle coupled with the need for a periodic grid in the cross-stream direction
leads to a mesh that is highly skewed over the blade surface. For such mesh topologies,
non-dissipative schemes such as the one employed here, tend to exhibit highly enhanced
dispersive error which can affect the quality of computed results and can sometimes even
lead to numerical instability. This was our experience with preliminary simulation in this
configuration as well as simulation of flow through a low-pressure turbine {Mittal et al.
2001; You et al. 2002).

It is well known that numerical instability in non-dissipative schemes is often caused
by the high local Peclet numbers, large mesh stretching ratio, large mesh aspect ratio, and
mesh unsmoothness. Among these, the effect of mesh skewness is the least understood. In
the current study, extensive tests have been carried out in order to examine various aspects
related to grid skewness. A test of various formulations of the non-linear convection terms

indicated that with a highly skewed mesh, the divergence and skew-symmetric forms lead
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to superior stability characteristics as compared to the rotational form (You et al. 2002).

In addition to this, truncation error analysis indicates that a central-difference dis-
cretization of the Navier-Stokes equations on a highly skewed and stretched mesh results
in the formation of spurious negative diffusion terms in the modified equation. However,
a quantitative analysis using modified wave numbers shows that the increase of numerical
errors is not significant up to quite a large skewness angle, which is larger than that in the
present study. Furthermore, it has been found that the mesh skewness does not alter the
order of accuracy but does degrade the stability of explicit time-integration schemes., Thus,
fully-implicit time-integration methods are more appropriate for such grids. Further details
regarding the analysis are presented in appendix B. Although grid skewness is controlled by
the geometry of the blade, its negative effect can further be alleviated through careful con-
trol of the grid stretching ratio. In the current simulation, meshes where the grid stretching
ratios in both directions are kept small, are used. This leads to an increase in the mesh size
and consequently the computational resources.

It should be pointed out that grid skewness related problems are usually not observed in
conjunction with numerical schemes that employ numerical dissipation {either through up-
winding, explicit addition of artificial dissipation or through the use of stabilizers). However,
unless carefully controlled, numerical dissipation can also overcome the SGS contribution
thereby reduce the accuracy and predictive capability of the LES approach. Furthermore,
as shown by Gresho & Lee (1981), dissipative schemes do not provide any obvious warning
of lack of resolution whereas this is usually quite clear with non-dissipative schemes due
to the appearance of the so called “-delta” waves. For these reasons, this study strongly
advocates the use of non-dissipative schemes for these types of computations despite the

increase in computational resources that usually accompanies their use.
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Chapter 3
Validation of tip-clearance flow simulation

The newly developed solver is used to analyze the three-dimensional flow structures in the
tip-clearance region and the dynamic interactions of the tip-leakage vortex with the end-wall
turbulent boundary layer. The mesh size used for the present simulation is 449 x 351 x 129
(x x ¥y x z). The grid spacings based on the chord in the streamwise, transverse, and
spanwise directions are 9.9 x 10~ < Az/C < 1.4 x 1072, 9 x 107% < Ay/C < 65 x
10~%, and 4.6 x 104 < Az/C €£1.2x 1072, respectively. In wall units, the blade-surface
resolution in the region of primary interest is within the range Azt < 50, Ayt < 3, and
Azt < 30 (AzT increases up to 90 far from the tip-gap region). A total of 36 mesh
points are allocated across the tip-gap region, and this gives a normalized spanwise spacing
of Az/C = 4.6 x 107% or 0.3 € Azt < 2.1. The end-wall resolution in the tangential
directions is 1.8 < Az™ < 95 and 1.2 < Ay™ < 100 (see tables 2.1 and 2.2 in part II
for more detailed information regarding the grid spacing and resolution). Prior to this
simulation, coarser grid simulations had been carried out (You et al 2002) to determine
the resolution requirements, and the final fine mesh was subsequently constructed using
this information. Since full investigation regarding grid resolution is virtually impossible
with current computational resources available, simulations of a three-dimensional cascade
without tip gap, which are less expensive than the present simulation, were performed with
refined meshes in all three directions, and it was confirmed that results were relatively
insensitive to the grid resolution. Figures 3.1 and 3.2 are examples of the study which show
reasonable robustness of the mean velocity, u1 /Uy, with respect to the grid resolution.

The simulation is advanced in time with maximum Courant-Friedrichs-Lewy {CFL)
number equal to 4 which corresponds to AtUx/C = 0.73 x 1073, and each time step
requires a wallclock time of about 400 seconds when 64 CPU’s of SGI Origin 3800 are used.
The present results are obtained by integrating the governing equations over an interval of
about 20C/Ux.

In the experiments (Muthanna 1998, 2002; Wang 2000), hot wire measurements were

made at four planes downstream of the blade trailing edge (two of which are shown in
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/

(b)

Fiaure 3.1. Contour plots of mean velocity (u1/Ux) in a linear cascade without tip gap. (a)
449 % 351 x 8 mesh (Az/C = 0.007); (b) 897 x 701 x 16 mesh (Az/C = 0.0035). Contour levels are
from —0.02 to 0.52 by 0.03. Negative values are dashed,

) ——
" z/Ca=10.23 | z/Ca=0.50 .

0.30}

0.20+

y/C

0.10

0.00

FIGURE 3.2, Mean velocity (u1/Uy) profiles on the suction surface.
===~ 449 x 351 x 8 mesh,

, 897 x 701 x 16.mesh;
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CHAPTER 3. VALIDATION OF TIP-CLEARANCE FLOW SIMULATION

FicurE 3.3. Measurement planes where comparisons are made between present LES and experiment
{(Wang 2000).

Fig. 3.3) in order to quantify the mean and turbulence characteristics of the end-wall tip-
leakage flow. In order to validate our LES computations, we have made qualitative as well
as quantitative comparisons with the experimental data on these planes.

Figure 3.4 shows a visualization of an averaged flow field using the Ag-vortex technigue
of Jeong & Hussain (1995). The overall flow structures mainly consist of three distinct
vortical regions. The vortical structures in A are generated near the leading edge and
rotate in the direction opposite to the tip-leakage vortex in B. Small scale vortical structures
are abundant in the trailing edge end-wall region C and are generated by the interaction
between the tip-separation vortices and the tip-leakage vortex from the neighboring blade.
Induced or passage vortical structures in region A of Fig. 3.4 along with tip-leakage vortex
are more clearly observed in Fig. 3.5 where we plot the mean spanwise velocity contours in
the z — y plane at z/C, = 0.0183. Similar observations have been reported in experiments
(Muthanna 1998, 2002; Wang 2000).

These complex vortical flows clearly affect the pressure distributions on both sides of

rotor blade. As seen in Fig. 3.6, the pressure distribution far from the end wall is generally
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FIGURE 3.4. Ap iso-surfaces from averaged flow field. A, B, and C represent distinct vortical regions.

28

e



CHAPTER 3. VALIDATION OF TIP-CLEARANCE FL.OW SIMULATION

1.5 -
1 -
I~ &
SN
=
05
i '0(’;;?
0+ ~2 a4
i 1 ] P 1 i 1 | 1 L 1 } I : 1 | L
0 0.5 1 1.5
z/C

FIGURE 3.5. Contour plot of mean spanwise velocity at z/C, = 0.025. 16 contour levels are shown
from —0.6 to 0.2, Negative values are dashed.
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comparable with that of experiment (Ma 2003) and indicates that the current mesh topology
is capable of resolving the gross features of the flow. Marginal grid resolution on the
blade boundary layer, especially near leading and trailing edges may be responsible for the
discrepancies observed in the pressure distribution in these regions.

The wake profiles, which are obtained at z/C, == 1 in the present LES and in the
experiment with a stationary end wall (Muthanna 1998), are plotted in Fig. 3.7 in terms
of the mean streamwise velocity. Here C, is the axial chord length by which the locations
are normalized. These wake profiles are normalized by the local core velocity in the plane
to account for any mass leakage in the experiments (Muthanna 1998, 2002; Wang 2000;
Khorrami et al. 2002). As seen in Fig. 3.7, the wake location is captured correctly by the
LES in all the measurement planes. The wider wake predicted by LES, which is also evident
in Figs. 3.8-3.11 is most likely due to the dispersive numerical errors inherent in the central-
difference scheme, Discrepancies in velocity magnitudes, particularly on the pressure side,
are also observed in the three downstream locations.

Figures 3.8 and 3.9 represent the streamwise velocity contours from the present LES
and experiment (Wang 2000) at z/C, = 1.51 and z/C, = 2.74, respectively, as seen by an
observer looking upstream (see Fig. 3.3). Vertical bundles of the mean streamwise velocity
contours are present in the wakes of rotor blades, and the tip-leakage vortices are found near
the end wall in both the present LES and the experiment. Compared with the experimental
findings, the tip-leakage vortex predicted by the LES is reasonable in size and location. An
additional simulation configured with a double spanwise domain size (é.e., L, = C) has also
been carried out to investigate the domain size effect on the computed tip-leakage vortex.
In Figs. 3.8(a) and (b), we compare the computed tip-leakage vortex at the downstream
plane for these two simulations and it is noted that the differences are quite small. Thus,
in contrast to Shin (2001)’s RANS study of a stationary end-wall case, which generates a
stronger and bigger tip-leakage vortex, a spanwise domain size of L, = 0.5C seems to be
adequate in the case of a moving end wall.

The corresponding Reynolds stresses also appear reasonable relative to experimental
measurements. As seen in Figs. 3.10 and 3.11, the tip-leakage vortex is the main source
of turbulence generation in the downstream flow field and results in low-pressure fluctua-
tions near the end-wall region. The discrepancy between the computed and experimental
turbulence intensity levels is most likely due to the sampling time over which statistics are

accumulated. Obtaining adequate statistical samples for these fully inhomogeneous flows
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Fiaure 3.6. Pressure distributions on the blade surface at z/C, = 0.916. Upper and lower lines and
circles are from suction and pressure surfaces, respectively.
1998).
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Ficure 3.7. Mean velocity profiles in the rotor blade wake. Lines are from the present LES,
and symbols are from the experiment (Muthanna 1998).
zfC, = 2.062; -, A, 2/C, = 2,74,
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FIGUrRE 3.8. Contour plots of mean streamwise velocity normalized by the local core velocity at
z/C, = 1.51. (a} present LES, half span; (b) present LES, full span; (c) experiment (Wang 2000).
16 contour levels are shown from 0.45 to 0.75 and from 0.38 to 0.71 for the present LES and the
experiment, respectively.
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Figure 3.9. Contour plots of mean streamwise velocity normalized by the local core velocity at
z/Cy = 2.74. (a) present LES, half span; (b} experiment (Wang 2000). 16 contour levels are shown
from 0.57 to 0.75 and from 0.51 to 0.71 for the present LES and the experiment, respectively.

remains a challenge for these computer intensive simulations.

Figure 3.12 shows the instantaneous and time-averaged pressure contours in an z — y
plane very close to the moving end wall (z = 0.008C,). The spatial variations of the negative
pressure relative to the mean values appear to be highly correlated with the tip-leakage flow.
These results indicate that a strong circular motion is developed by the tip-leakage vortex
around the low-pressure core, and this structure travels downstream expanding in size and
generating intense fluctuations in the end-wall region.

The energy spectra from the present LES and the experiment (Wang 2000) in the tip-
leakage region (z = 1.51C,, y = 1.4C,, z = 0.1C,) are shown in Fig. 3.13. The spectra from
both the LES and the experiment clearly show the presence of the inertial subrange. The
spectral peaks suggest the presence of distinct coherent motions in the tip-leakage flow. It
is also important to note that the present numerical scheme appears to be satisfactory in

predicting the energetics in a wide frequency range without excessive numerical dissipation.
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FicURE 3.10. Contour plots of 't/ at ©/C, = 1.51. (a) present LES; (b) experiment (Wang 2000).
16 contour levels are shown from 0.002 to 0.014 and from 0.0012 to 0.01 for the present LES and
the experiment, respectively.

FicURE 3.11. Contour plots of w27 at z/C, = 1.51. (a) present LES; (b) experiment (Wang 2000),
16 contour levels are shown from -0.005 to 0.005 and from -0.004 to 0.004 for the present LES and
the experiment, respectively. Negative values are dashed.
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)

(b)

FIGURE 3.12. (o) Instantaneous and (b) time-averaged pressure contours in the tip-gap region
(2/C. = 0.008). Contour levels are from —0.35 to 0.18 by 0.03. Negative values are dashed.
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Chapter 4
Summary

In order to analyze the temporal and spatial dynamics of the rotor tip-clearance flow and
determine the underlying mechanism for the low-pressure fluctuations, a large-eddy simula-
tion code which combines an immersed-boundary technique with a generalized curvilinear
structured grid has been developed. Key numerical aspects, including the implementation
of immersed boundary method, the SGS model for fully inhomogeneous flow, and grid skew-
ness have been examined. Results from the simulations show that the method is capable
of capturing the complex flow features observed in well documented experiments. The flow
field is found to exhibit strong circular motions associated with the tip-leakage and tip-
separation vortices. These vortical structures are found to convect downstream, expand in
size, and generate intense turbulent fAluctuations in the end-wall region. Qualitative and
quantitative agreements with experiments in terms of velocity, Reynolds stresses, and en-
ergy spectra have been observed in the downstream measurement locations. A detailed
analysis of the data generated from these simulations should allow us to gain some insight
into the spatio-temporal dynamics of the tip-clearance flow and mechanisms for cavitation-
inducing low-pressure fluctuations. Results from this analysis are presented in the following

parts in detail.
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Mean Flow Field and Turbulence
Statistics
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Chapter 1
Objectives

In order to gain insight into the mechanisms for tip-leakage cavitation in hydraulic tur-
bomachines, it is necessary to study the detailed turbulence dynamics in the rotor-blade
wake and the tip-clearance region. As the first step towards investigating the tip-clearance
flow, a computational approach especially appropriate for non-dissipative large-eddy simu-
lation (LES) has been developed as discussed in part I. In this second part, discussion will
be focused on an analysis of the characteristics of the mean velocity and vorticity fields,
and turbulence statistics, Particular attention will be paid to regions in the vicinity and
downstream of the rotor blade tip gap.

Much research has been carried out previously to reveal the qualitative and quantitative
features of the tip-clearance flow in compressor rotor or linear cascade. Although earlier
investigations have revealed gross features of the tip-leakage vortex and related flow phe-
nomena, the turbulence characteristics such as the intensity of the turbulent fluctuations
and production of the turbulent kinetic energy in the end-wall tip-leakage flow are less well
understood (see the literature survey in this report}. To improve the understanding, De-
venport’s and Simpson’s groups at Virginia Tech (Muthanna 1998, 2002; Wang 2000; Kuhl
2001; de la Riva 2001; Ma 2003) made detailed measurements of the flow field downstream
of rotor blades in a low speed linear compressor cascade employing stationary and mov-
ing end walls. In these experiments, mean velocity components, mean vorticity, turbulent
kinetic energy, and energy spectra have been measured downstream of the cascade for tip
gaps of 0.83%, 1.65%, and 3.3% chord.

With the downstream measurements, the experiments were able to describe the tip-
leakage vortex and blade wake after they have been convected for some distance. However,
the detailed mechanisms for the generation and evolution of the tip-leakage vortex and other
important end-wall flow structures, which occur in the cascade passage and close to the blade
tip gap, were not clearly revealed due to difficulties in conducting measurements in these
regions, particularly in the moving end-wall case. In addition, these experiments could not
provide information regarding the mean pressure and pressure fluctuations in the cascade

passage region. Ma (2003) performed pressure measurements in the far downstream planes
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using microphones but indicated that the measured mean pressure and pressure fluctuations
could be affected by the noise in the cascade tunnel, probe interference, and wind induced
noise inside the microphone.

This part focuses on the analysis of the LES results with an emphasis on understanding
the mean flow field, turbulence characteristics, and vortex dynamics in the vicinity and
downstream of the tip-gap region. In contrast to the experimental studies which only
addressed the downstream convection stage of the tip-leakage vortex, this analysis will
describe the whole life-span of the tip-leakage vortex throughout the generation, evolution,
and convection stages.

The baseline study investigating the mean flow and turbulence statistics of the tip-
leakage flow is presented in this part. The dynamics of the vortical structures and the
space-time correlations of the velocity and pressure fluctuations are addressed in part III,
and the effects of tip-gap size on the tip-clearance flow are discussed in part IV.

The present part is organized as follows: Computational details such as inflow, grid
resolution, and CFI: number effects are described in chapter 2. Chapter 3 discusses the

results obtained from the present study, followed by conclusions in chapter 4.
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Chapter 2

Computational details

2.1 Inflow boundary condition

The numerical algorithms and their implementation are described in detail in chapter 2
of part 1 and appendix A. Here, details pertaining to the inflow boundary condition and
spatial and temporal resolutions are discussed.

The inflow turbulent boundary layer, at Reynolds number of 780 based on the momen-
tum thickness, is generated by a modified Spalart method (Lund et al. 1998). The mean
velocity and turbulence intensity profiles of the inflow are shown in Figs. 2.1 and 2.2. The
results agree well with other previous studies (Spalart 1988; Rai & Moin 1991). Up to
2zt < 200, the present mean velocity profile slightly over-predicts the logarithmic region
compared to Spalart (1988)’s results, while good agreement with Rai & Moin (1991)’s pro-
file is observed (Fig. 2.1). Further away from the end wall (z* > 200), the mean velocity
profile is closer to that of Spalart (1988).

Figure 2.2 shows root-mean-square (rms) of velocity fluctuations and shear stress pro-
files. The present results are also in reasonable agreement with calculations of Spalart
(1988) and Rai & Moin (1991). Deviations consist of an overprediction of the streamwise
- fluctuation (ul.,.) and underprediction of the pitchwise and spanwise fluctuations (v, and
wl..). This defect is a common feature of LES results. Similar behaviors of velocity fluc-
tuations have also been observed in a number of finite-difference calculations of turbulent
channel and pipe flows (Akselvoll & Moin 1995; Gullbrand & Chow 2002).

In Figs. 2.3 and 2.4, the mean streamwise velocity and the intensity of streamwise
velocity flactuations obtained from the present LES and the experiment of Wang (2000) are
compared at an inlet location (z/C, = 0 and y/C, = 0.85 in Fig. 3.1). Here new velocity
coordinates as shown in Fig. 3.1 are used. Compared to the velocity profiles in Fig. 2.1,
the streamwise velocity on the end wall becomes non-zero to satisfy the no-slip condition
on the moving end wall. Except for the region very close to the end wall, the comparisons
are reagonable considering experimental difficulty of measuring velocities very close to the

end wall.
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Fioure 2.1. Mean streamwise velocity in the inflow turbulent boundary layer in wall units at
Rey = 780. , LES; o, Spalart (1988); e, Rai & Moin {1991).

Z/50

FIGURE 2.2. RMS velocity and shear stress profiles in wall units at Reg = 780 in the inflow turbulent
boundary layer, , LES; o, Spalart (1988); e, Rai & Moin (1991).
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Ficurg 2.3. Profiles of mean streamwise velocity at z/C, = 0 and y/C, = 0.85. , LES; o,
g, A, experiment {Wang 2000). Different symbols represent different measurement locations in the
7-blade cascade.
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2.2 Grid spacing and resolution

The mesh size used for the present simulation is 449 x 351 x 129 (z X ¥ X z). Grid lines are
clustered around the tip gap, blade surfaces, and end wall to ensure appropriate resolution
on important flow regions. A total of 36 mesh points are allocated across the tip-gap region.
The grid spacing based on the chord and the resolution in wall units in the important regions
are presented in tables 2.1 and 2.2.

In general, the grid resolution on the blade pressure surface is coarser than the one
found in the suction surface (table 2.1). However, since most of the pressure side boundary
layer is in the laminar flow regime, and therefore the relatively coarse grid resolution in
the direction normal to the blade-surface (Ay) is of less concern. However, the blade wake
may be affected by the less resolved boundary layer. In addition, it is worth noting that
the effective first cell wall-normal spacing for the streamwise velocity becomes a half of the
regular first cell spacing when a staggered mesh is employed. However, in this study, a full
cell spaciné is used to define the wall normal resolution {Ay™) on the blade surfaces to
avoid arbitrariness in the definition of the resolution from the use of an immersed boundary
method, which enforces boundary conditions on the non-mesh conforming surfaces. The
streamwise and spanwise resolutions on the blade suction and pressure surfaces are quite
good compared to the resolutions found in previous LES studies of wall bounded turbulent
flows using a similar numerical method to that employed here {Akselvoll & Moin 1995;
Kaltenbach et el 1999). This is intended to avoid the numerical instability and numerical
errors due to mesh-skewness. As shown in appendix B, the mesh-skewness related errors
can be remedied by limiting the grid-cell aspect ratio. Grid resolution normal to the end
wall (Az*) is also found to be reasonable, while in the tangential directions, Azt and Ayt
increase to 95.~ 100 (table 2.2). The maximum Azt and Ay?t are found in an end-wall
location where the end-wall boundary layer becomes very thin due to the strong tip-leakage
vortex. Except for this local region, Az+ and Ay™ are less than 50.

Prior to this simulation, coarser grid simulations had been carried out (You et al. 2002) to
determine the resolution requirements, and the final fine mesh was subsequently constructed
using this information. In addition, simulations of a three-dimensional cascade without a
tip gap, which are less expensive than the present simulation, were performed with refined
meshes in all three directions, and it was confirmed that results were relatively insensitive

to the grid resolution (see part I for more details).
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z/C, Az/C Azt " Ay/C Ayt Az/C Azt

0.1 0.0019 6.608 (3.462) 0.0009 3.13 (1.64) 0.0045 15.65 (8.200)
0.3 00031 9.541 (15.22) 0.0009 2.77 (4.42) 0.0045 13.85 (22.10)
0.5 0.0031 10.64 (16.81) 0.0009 3.09 (4.88) 0.0045 15.45 (24.40)
0.7 0.0033 10.82 (19.65) 0.0009 2.95 (5.36) 0.0045 14.75 (26.80)
0.0 0.0057 14.38 (36.61) 0.0009 2.27 (5.78) 0.0045 11.35 (28.90)

Table 2.1. Grid spacing and resolution along the blade suction (pressure) surface at z/C, = 0.2.

Ag/C Azt Ay/C Ayt Az/C Azt

0.001 ~0.0138 1.82~095 0.0009 ~0.0066 1.2~ 100 0.000046 0.3~2.1

Table 2.2. Grid spacing and resolution on the end wall.

2.3 CFL number effect

-The simulation is advanced in time with the maximum CFL number equal to 4 which
corresponds to AtUs/C = 0.73 x 1073, and each time step requires a wallclock time of
about 900 seconds when 32 CPU’s of an SGI Origin 3800 are used.

In order to examine the CFL number effect on the solution, test simulations have been
performed with CFI, numbers of 1.5, 2.5, 4 and 5. Since the complete comparison of the
mean flow and turbulent statistics in those test simulations are extremely expensive, the
effects of CFL number on the flow field is qualitatively examined. Time-histories of velocity
components at a nurmber of spatial locations are compared and one of the results is shown
in Fig. 2.5. For this comparison, a time span of TU,/C = 0.25 has been advanced from
the same initial field by employing the four different CFL numbers.

In terms of the amplitude and phase, the variations of streamwise velocity are reasonably
robust up to a CFL number of 4. With a CFL number of 5, the velocity time-history
shows noticeable differences from those with lower CFL numbers. As the CFL number
increases, the phase of the computed velocity is lagged and this is a well known property
of the Crank-Nicolson method. In addition, the amplitude slightly increases with the CFL
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FIGURE 2.5. Time-histories of the streamwise velocity at 2/C, = 0.7,3/C, = 1.3 and z/C, = 0.1
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number. This may be caused by the truncation error on a highly skewed mesh. Employing a
linear advection-diffusion equation, it has been shown that a second-order central difference
scheme such as the one employed here generates enhanced amplitude error in a skewed and
stretched mesh region (see section B.2.4 of appendix B for more details).

The convergence property of the Newton-iteration method which is employed for solving
a set of nonlinear equations also limits the maximum allowable CFL number. In general, the
number of iterations for obtaining a required convergence increases with the CFL number.
For example, 6 ~ 7 iterations are required when a CFL number of 4 is employed, while,
sometimes, convergence is never achieved for higher CFL numbers.

In wall units, the time step is in the range of 0.078 < Att = Atu?/v < 3.79. The
maximum Att is found underneath the blade tip, and except for this location, Att is
generally less than 0.8. The LES results which will be discussed henceforth are obtained by

integrating the governing equations over a time interval of about 20C/U.
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Chapter 3
Results and discussion

An extensive analysis of the mean flow and turbulence statistics has been made in a number
of # — y planes parallel to the end wall and y — 2z planes perpendicular to both the end
wall and the streamwise direction (see Fig. 3.1 for illustration of measurement planes).
In Wang (2000)’s experiment, measurements were taken at three different y — z planes
at the axial locations, z/C, = 1.51,2/C, = 2.74, and z/C, = 3.75. In this study, LES
results are compared with the experimental data at the first two locations; the last plane
{(z/Cq = 3.75) is beyond the computational domain. In the present study, each velocity

component is decomposed as:

w = U+
v = V42
w = W+ (3.1)

where U, V, and W represent time-averaged streamwise, pitchwise, and spanwise velocity
components in the velocity coordinates shown in Fig. 3.1, respectively, and «/,+', and '
are the corresponding fluctuating components, All velocity components presented hereafter
are normalized by the inflow free-stream velocity (Us).

In part I, reasonable agreements with experimental data were observed in the pressure
distribution on the blade surface, blade wake profiles, mean velocity, Reynolds stresses, and

energy spectra.

3.1 Overall features of the flow field

Gross features of the end-wall vortical structures found in the present study are visualized
using the Az vortex identification method (Jeong & Hussain 1995) and shown in Fig. 3.2.
The most dominant vortical structure is the tip-leakage vortex which originates at about
20% to 30% of the axial chord downstream from the leading edge. This vortex and tip-

separation under the blade tip near the leading edge generate induced vortices. Highly
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unsteady vortical actions are found in the trailing edge region. In this region, tip-separation
vortices become highly complicated due to the interaction with the tip-leakage vortex and
blade wake. Similar observations have been reported by other experimental and numerical
studies in tip-clearance configurations {Zierke & Straks 1996; Muthanna 1998; Wang 2000).

Trajectories of the tip-leakage vortex core, the dominant tip-separation vortex, and blade
wake are compared in Fig. 3.3 with experimental measurements (Wang 2000). The core of
the tip-leakage vortex is defined as the point of maximum streamwise vorticity through
the tip-leakage vortex similar to that in the experiment (Wang 2000). The dominant tip-
separation vortex is found using the Ay vortex identification method and the core of the Ay
contour is used fo determine its trajectory. To describe the trajectory of the blade wake,
locations of peak streamwise velocity deficits at z/C, = 0.9 are traced.

The trajectories of the tip-leakage vortex and blade wake are in good agreement with
experimental data. However, details regarding the tip-separation vortices were not clearly
identified in the experimental study. This may be due to high-speed motion of the end
wall hindering measurements of flow quantities near the end wall. In particular, the spatial
resolution of their measurements is found to be insufficient to resolve the end-wall vortical
structures. The insufficient spatial resolution of experimental measurements and its effects
on the predicted flow field will be discussed in more detail in section 3.4.

The trajectories of the tip-leakage vortex in the cascade passage region (z/C, < 1) and
tip-separation vortex downstream of the trailing edge show larger propagation angles with
the streamwise coordinate compared to those found in the rest of the tip-leakage vortex and
the blade wake. Since the tip-leakage vortex in the cascade passage and the downétream
tip-separation vortices are located close to the end wall, their locations are strongly affected
by the end-wall motion in the positive pitchwise direction. Downstream of the trailing edge,
the tip-leakage vortex is lifted from the end wall. Its trajectory and the trajectory of the
blade wake are hence aligned with the cascade main stream.

Figure 3.4 shows the variation of the height of the tip-leakage vortex center in terms of
the minimum secondary velocity magnitude along the streamwise direction. In the blade
passage, the height increases nearly linearly, while the slope of the variation is reduced as
the tip-leakage vortex convects downstream from the trailing edge. In the two downstream
locations, 2/C, = 1.51 and 2.74, the vortex core locations predicted in the present study
are comparable with the experimental data.

To examine the quantitative features of the tip-leakage flow, contour plots of mean
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FIGURE 3.2. ), iso-surfaces from time-averaged flow field. (a) Downstream view; (b) upstream

view.
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velocity components in a number of z —y planes along the blade span are shown in Figs. 3.5-
3.7. In the plane at 2/C, = 0.01, which is very close to the end wall (Fig. 3.5), it is found
that a significant blockage to the end-wall passage flow is developed in the region of high
streamwise veioéity deficit which is noticeable along the line connecting the trailing edges
of the neighboring two blades. In addition, steep variations of the mean streamwise velocity
are found along the locus of the tip-leakage vortex. The pitchwise velocity component
attains its peak around the tip-separation region and tip-leakage vortex. In the spanwise
velocity contours, the tip-leakage vortex and induced vortex are clearly identified as the
upward (solid contour lines) and downward (dashed contour lines) flow motions.

In the end-wall parallel plane at z/C, = 0.1, the streamwise velocity deficit is mainly
found along the tip-leakage vortex (Fig. 3.6). In contrast to the mean pitchwise velocity
distribution at z/C, = 0.01 as shown in Fig. 3.5, a region of negative velocity is found near
the suction surface. This combination of negative pitchwise velocity and spanwise velocity
showing upward and downward flow motions indicates a circulating tip-leakage vortex. The
influence of the tip-leakage vortex is found to be limited to about one-quarter of the axial
chord from the end wall. Far from the end wall, a typical two-dimensional flow over a blade
is observed (Fig. 3.7).

Mechanisms for the generation and evolution of the vortical structures found in the

present study will be discussed in more detail in part III.

3.2 Flow field inside the tip-gap

The pressure difference between the pressure and suction sides of the blade tip and the
moving end wall drive the tip-leakage flow across the tip gap. The streamlines in an z — y
plane close to the end wall are shown in Fig. 3.8, which reveal the driving mechanism
for tip-leakage flow. A convergence of the streamlines along the locus of the tip-leakage
vortex is observed. The tip-gap flow experiences a sudden change of flow direction across
the converging streamlines. Upstream of the converging streamlines, the flow direction
is approximately aligned with the blade chord, while the flow direction is altered to the
positive pitchwise direction in the region between the tip-leakage vortex and the blade
suction surface. Streamlines in the region between the tip-leakage vortex and the blade
suction surface also indicate significantly reduced streamwise velocity (Fig. 3.6).

In previous studies, numerical prediction of these flow features has been difficult due to
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F1GURE 3.7. Contour plots of mean streamwise velocity in an z — y plane at 2/C, = 0.5.

the requirement for grid topology and grid resolution in the tip-gap region. Oil or paint film
visualization techniques have been the most common way of experimentally investigating
the flow field inside the tip gap.

An accurate prediction of the flow field underneath the blade tip is crucial for under-
standing the vortical structures and their generation and evolution mechanisms. As will
be discussed in detail in part III, the strong streamwise vorticity underneath the blade tip
induces vorticity in the opposite direction on the end wall. By this mechanism, a secondary
vortex called an induced or scraping vortex is generated. This observation differs from the
previous experimental and numerical observations where induced or scraping vortex is be-
lieved to exist only by the action of the tip-leakage vortex. In order to resolve the boundary
layers and their separation underneath the tip gap and end wall, a significant number of
mesh points needs to be allocated along the pitchwise and spanwise directions in the tip-gap
region.

Fig. 3.9 shows streamlines at four different ¥ — 2z planes in the tip-gap region. In the
blade tip near the leading edge (z/C, < 0.3), separating flow is not clearly identified,

while in the mid chord locations, strong separation and the vena-contracta which reduces
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FIGURE 3.8. Streamlines of mean velocity field in an x — y plane at z/C, = 0.025.

effective tip-gap area are noticeable (z/C, = 0.5 ~ 0.7). The flow inside the tip gap is
highly unsteady and generates strong turbulent and pressure fluctuations. In addition, the
jet-like high speed leakage flow induces significantly lowered pressure underneath the tip
gap. This lowered pressure region is susceptible to cavitation which can erode the blade tip
and the end wall. Near the trailing edge (z/C, = 0.9), boundary layer separation is also

observed in the blade suction surface.

3.3 Flow field in the cascade passage

In this section, the mean flow field and turbulence statistics in the cascade passage, where
the tip-leakage and tip-separation vortices and induced vortices are generated and evolve,
are discussed. Figure 3.10 shows mean velocity components in ¢ — 2 planes from the view-
point of an observer looking upstream (see Fig. 3.1 for the locations of measurement planes).
Left- and right-hand side walls represent the suction and pressure surfaces of two neighboring
blades, respectively.

At 2/C, = 0.3, the tip-leakage vortex starts being identified as a region of streamwise
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Ficure 3.9. Streamlines of mean velocity field in four ¥ — 2 planes.
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velocity deficit near the suction side of the blade tip. In this region, the magnitudes of
streamwise and pitchwise velocity components are respectively higher and lower than those
outside the tip-leakage vortex. The pitchwise and spanwise velocity components reveal a
circular motion of the tip-leakage vortex and a small scale counter-rotating vortex in the
right-hand side of the tip-leakage vortex close to the end wall (Fig. 3.10(a)). In the mid-
chord location (z/C, = 0.5), the tip-leakage vortex forms a noticeable streamwise velocity
deficit, and the location and size of the increased tip-leakage vortex are also clearly visualized
in the cross-stream velocity contours. In addition, in the spanwise velocity contour, a weak
induced vortex is also observed on the lower right side of the tip-leakage vortex (Fig. 3.10(b)).

The tip-leakage vortex approaches the pressure side of the neighboring blade with in-
creased axial chord (Fig. 3.10). As the flow passes through the cascade passage, it is observed
that the magnitudes of the streamwise velocity in the cascade core region and the pitchwise
velocity near the end wall are rapidly reduced. This is a desired transition of dynamic head
to static pressure rise in axial compressors or pumps.

The magnitude of the spanwise velocity is significantly smaller than those of streamwise
and pitchwise velocity components. The core of the tip-leakage vortex is well defined as the
sign changes of the pitchwise and spanwise velocity contours. In Fig. 3.10, it is found that
the pitchwise and spanwise locations of the tip-leakage vortex core vary almost linearly with
the streamwise coordinate (also see Figs. 3.3 and 3.4 for the trajectory of the tip-leakage
vortex along the axial direction).

A more detailed examination shows that the peak streamwise velocity deficit is slightly
further away from the suction surface in the pitchwise direction than the tip-leakage vortex
core. At z/C, = 0.9, the spanwise velocity contour shows the tip separation near the suction
side of the blade tip (Fig. 3.10).

The tip-leakage vortex is also often identified as the region of high vorticity magnitudes,
Figures 3.11-3.13 show the contour plots of each mean vorticity component and vorticity
magnitude in y — z planes at three different streamwise locations (z/C, = 0.5,0.7, and
0.9). In the end-wall region, the streamwise (Q,C/Uy) and pitchwise (Q,C/Uy) vorticity
components dominate the vorticity field and this suggests that the tip-leakage vortex evolves
in a helical configuration. The jet-like leakage flow underneath the blade tip produces higher
vorticity levels in the streamwise and pitchwise components compared to that in the tip-

leakage vortex.
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On the blade pressure and suction surfaces, the spanwise vorticity (Q,C/Us) is domi-
nant due to the boundary layer development. In general, in the blade passage, the regions
of tip-leakage, blade-tip, and blade boundary layer generate stréng vorficity magnitudes
(I2|C/Ux). Among them, the vorticity magnitude underneath the blade tip overwhelms
the magnitudes found in the regions of the tip-leakage vortex and the blade boundary layer
separation. In those regions, the vorticity magnitudes of the tip-leakage vortex and blade
boundary layer separation are comparable, Especially in the region of the tip-leakage vor-
tex, the location of peak streamwise vorticity corresponds to the tip-leakage vortex core.
Pitchwise vorticity magnitude is found to reach its maximum along the spanwise line cross-
ing the tip-leakage vortex core, while the spanwise vorticity changes its sign across the
line. This trend is maintained throughout the blade passage where the tip-leakage vortex
exists (see Figs. 3.11-3.13). The peak vorticity magnitude in the tip-leakage vortex decays
as it develops downstream. In addition, as also noticed in Wang (2000)’s experiments,
the tip-leakage vortex further downstream from the trailing edge decays rapidly with the
streamwise coordinate.

In the mid-chord location (x/C, = 0.5), negative streamwise vorticity contours are
observed in the regions of induced vortex near the end wall and above the tip-leakage
vortex (Fig. 3.11). It was argued by Wang {2000) that the negative streamwise vorticity
above the tip-leakage vortex may be a footprint of a counter-rotating secondary vortex to
the tip-leakage vortex. However, in the present study, its existence has not been confirmed
by the cross-stream velocity vector or the Ay vortex identification method.

A region of high pitchwise vorticity is found between the tip-leakage vortex and the
suction side of the blade tip (Figs. 3.11-3.13). Intensive negative pitchwise vorticity is
found along the jet-like leakage flow near the end wall and this is closely related to the
direction of tip-leakage fiow. As shown in Fig. 3.8, the end-wall leakage flow, which is
directed upstream by the pressure difference between two sides of the blade tip and the
end-wall motion along the positive pitchwise direction, generates strong negative pitchwise
vorticity (9, = 1/2(8U/8z — 8W/dz) ~ 0U/0z < 0). On the contrary, significant levels
of positive pitchwise vorticity are produced in the adjacent upper region where the leakage
flow and cascade core flow generate large positive spanwise derivatives of the streamwise
velocity (8U/8z > 0}.

A vortex generator can be utilized to diminish the strength of the tip-leakage vortex.

Kuhl (2001) and Ma (2003) examined the effects of an upstream counter-rotating vortex
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pair produced by a vortex generator on the tip-leakage vortex. They observed significant
modification of the downstream tip-leakage flow field. However, from the perspective in
the streamwise vorticity field which mainly consists of counter-clock wise rotating vortices
(from the view-point of an observer looking upstream from a downstream location}, it is
expected to be more desirable to employ a vortex generator which generates only clockwise
rotating vortices instead of the counter-rotating vortex pair, In order to control the pitchwise
vorticity, which is quite significant in the tip-leakage jet region, shape modification of the
blade cross-sectional profile and blade tip seems to be more appropriate since the direction
and magnitude of the pressure gradient across the blade tip is the major source of the
vorticity.

Previous experimental and numerical studies have reported the tip-leakage vortex, tip-
separation, and blade boundary layer as the main sources of turbulent fluctuations. Fig-
ures 3.14-3.16 show contour plots of Reynolds stresses in y— 2 planes at three axial locations
of /C, = 0.5, 0.7, and 0.9. In the plane at 50% axial chord (Fig. 3.14), the boundary layer
on the blade suction surface and tip-leakage jet generate slightly higher magnitudes of u/2/
than what the tip-leakage vortex produces. However, for v'v' and w'w’, the contribution of
blade boundary layer becomes smaller than those of the tip-leakage flow. The core of the tip-
leakage vortex also corresponds to the region of intensive Reynolds shear stresses, and their
gross magnitudes appear to be about an order of magnitude less than those of Reynolds nor-
mal stress components. ¥’ and ww’ components show sign changes across the tip-leakage
vortex core. However, the v/w’ component is mostly positive and also shows a considerable
amount of fluctuation around the pressure side of the blade-tip region (Fig. 3.14).

As shown in Fig. 3.15, in the 70% axial chord location, most of the end-wall region and
the region near the blade suction surface involve high turbulent fluctuations. In particular,
the region close to the suction surface blade-tip, where the tip-leakage jet and tip-separation
occur, is observed to generate most active turbulent fluctuations. At this axial chord loca-
tion, sign changes of ¥t/ are observed in the tip-leakage core region, while ww’ and v'u’
components are mostly dominated by negative and positive values, respectively, Similar
trends of the Reynolds stress distributions are observed at more downstream locations such
as 2/C, = 0.9, In this plane, the region of active turbulent fluctuations extends to about
20% axial chord in the spanwise direction from the end wall (Fig. 3.16).

Throughout the cascade passage, the Reynolds normal stress components develop Gaus-

sian function like distributions along the spanwise line crossing the tip-leakage vortex, while
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Figure 3.11. Contour plots of mean vorticity components and vorticity magnitude in a y — z
plane at x/C, = 0.5. 16 contour levels are shown in the ranges of +30, 430, 20, and 1 ~ 60, for
0:C. Uso, 0,00/ Usg, §1.C, /U, and |QJC, /U, respectively.
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Figurg 3.12. Contour plots of mean vorticity components and vorticity magnitude in a y — 2
plane at £/C, = 0.7, 16 contour levels are shown in the ranges of £20, £15, 415, and 1 ~ 60, for
Q:CofUso, 0yCa/Use, 22C4/Ucq, and |Q]C, /Uy, respectively.
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QC/Uss

Ficure 3.13. Contour plots of mean vorticity components and vorticity magnitude in a y — z plane
at ©/C, = 0.9. 16 contour levels are shown in the ranges of —5 ~ 16, £10, £6, and 1 ~ 20, for
0.C. /Uy yCa/Us, Q,C, /Us, and |Q|C, /U, respectively.
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an antisymmetric profile for wv/ is observed along the line. Near the blade suction surface,
the Reynolds normal stress components show their peak slightly away from the surface as
usnally observed in the flat-wall turbulent boundary layer,

Distribution of each Reynolds normal stress component shows anisotropic feature of
the end-wall turbulent flow field, while the Reynolds shear stresses are dominated by v'w’
component near the end wall. It is expected that the contributions of the secondary shear
stress and the anisotropy of the secondary normal stresses become significant especially in
the region where the cross-stream variation of the streamwise velocity and spanwise mean
vorticity are negligible (see Fig. 3.10). Therefore, the flow features induced by this mecha-
nism may be beyond the predictability of the one or two-equation based RANS models.

As shown in Figs. 3.14-3.16, the tip-leakage vortex, tip-leakage jet, and blade boundary
layer separation generate strong turbulent fluctuations. Among them, the Reynolds normal
stresses can be compiled as turbulent kinetic energy, k, and the governing equation for

turbulent kinetic energy is expressed as:

Dk
where
k %uﬁu‘;,
== 0U
) “uiuj"é";;’
g (f— 1—orr 2 —
2

Understanding the typical behavior of turbulent kinetic energy and mechanisms for its
producfion will be useful in devising or improving & based turbulence models for tip-leakage
flow configurations.

Figure 3.17 shows contour plots of mean turbulent kinetic energy (k/UZ2) and kinetic
energy production (p/UxC) in y — z planes at three streamwise locations. The gross
shape of the turbulent kinetic energy distribution is similar to those found in the mean
streamwise velocity and Reynolds normal stress contour plots (Figs. 3.10 and 3.14-3.16).

The tip-leakage vortex, tip-leakage jet, and blade boundary layer are the main sources of
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active turbulent kinetic energy. More precisely, turbulent kinetic energy found in the tip-
leakage jet and blade boundary layer are slightly higher than that in the tip-leakage vortex.
Dominance of turbulent kinetic energy in the tip-leakage jet and blade boundary layer
region is 'consistently observed throughout the blade passage. In general, the magnitude of
turbulent kinetic energy in the cross-stream measurement plane decreases along the axial
direction.

A similar distribution shape is also observed in the turbulent kinetic energy production
contours (Fig. 3.17). The end-wall region is quite active in producing the turbulent kinetic
energy and, as seen in Figs. 3.17(a) and (b), the sign of the kinetic energy production is
altered across the boundary of the tip-leakage jet and high speed cascade core. Turbulent
kinetic energy production in the mid-chord location, /C, = 0.5, is higher in magnitude
than those in the 70% and 90% axial chord locations. In the 90% axial chord location,
increased positive production is observed from that in the 70% axial chord, while peak
magnitude of negative production decreases (Fig. 3.17(h) and (¢)).

To examine the turbulent kinetic energy production in more detail, each term in p

(Eq. 3.2) is considered separately. The production term is decomposed as:

e —l —— 0V ——OW
p=—uvv— —vve— —wiv—
Oz Oy Oz
\..._v.._../ W—-’ N
P2

(3U BV)

(3.3)

Since the production term, —u v %2 becomes negligible, only the remaining 5 terms are
considered in Figs. 3.18-3.20 in y — 2 planes at three streamwise locations (z/C, = 0.5,0.7,
and 0.9).
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PART II

In the cascade passage, the turbulent kinetic energy production near the end wall is
dominated by the p4 and ps terms. Considering that the magnitudes of Reynolds shear
stress components are an order of magnitude smaller than those of Reynolds normal stress
components, it is evident that the spanwise derivatives of the mean streamwise and pitch-
wise velocity components are major sources of turbulent kinetic energy production. The
contribution of the g3 term to the total p is also noticeable due to the pitchwise derivative
of the streamwise velocity. A more detailed examination shows higher magnitudes of p3
on each side of the tip-leakage vortex core where the pitchwise derivative of the streamwise
velocity is significant. The g3 term is also found to dominate the turbulent kinetic energy
production on the blade suction surface. The gy and po terms are divided into four quad-
rants by their signs around the tip-leakage vortex core, and their quadrants are in opposite
phase to each other.

Throughout the blade passage, tip-leakage jet produces the most significant levels of
turbulent kinetic energy production. This is due to the large spanwise derivatives of the
streamwise or pitchwise velocity components caused by the rapid change of flow direction
across the tip gap. Therefore, from these observations it is conclusive that significant
turbulent kinetic energy is produced mainly by the streamwise and pitchwise velocity deficits
in the tip-leakage flow. Muthanna (1998, 2002) and Wang (2000) also reported that most
of the turbulence is generated by the axial deficit of the tip-leakage vortex rather than its

rotating motion.

3.4 Flow field in the wake

Most of the experimental data provided by Muthanna (1998, 2002) and Wang (2000) were
measured in the y—z planes downstream of the blade trailing edge. Using the data, they dis-
cussed the characteristics of mean velocity, vorticity, Reynolds stress, and turbulent kinetic
energy. In part I, some of the present LES results were compared with the experimental
data and showed reasonable agreement. In addition, most of the present results in the
downstream flow field from the cascade passage appear to be similar to the experimental
observations.

Since there are no significant fluid dynamical mechanisms intensifying and manipulating
the tip-leakage vortex downstream of the cascade, its motion can be described as a ‘con-

vection stage’. As shown in Fig. 3.4, the core of the tip-leakage vortex is lifted from the
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FIGURE 3.18. Contour plots of mean turbulent kinetic energy production components in Eq. 3.3 in
an y —z plane at 2/C, = 0.5.
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FIGURE 3.19. Contour plots of mean turbulent kinetic energy production components in Eq. 3.3 in

an y — z plane at z/C, = 0.7,
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FIGURE 3.20. Contour plots of mean turbulent kinetic energy production components in Eq. 3.3 in
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end wall, and therefore the convection direction of the tip-leakage vortex is nearly aligned
to that of the cascade main stream. In the downstream flow field, the tip-leakage vortex is
also identified by either a streamwise velocity deficit or streamwise vorticity.

Figure 3.21 presents contours of mean streamwise velocity at several downstream loca-
tions from the trailing edge. The figures clearly show the overall low structures downstream
of the linear cascade. The two vertical striped regions are the wakes of two neighboring
blades and the low speed region near the end wall represents the tip-leakage vortex. At
z/Cq = 1.1, the tip-leakage vortex and blade wakes are clearly identified as separate re-
gions. Very close to the end wall and underneath the suction side of the blade wake, a
small and pitchwise stretched region of low streamwise velocity is observed. This region
is closely related to the tip-leakage jet near the trailing edge which eventually develops
tip-separation vortices (these vortical structures were identified as trailing-edge vortices in
the Zierke et al. (1995); Zierke & Straka (1996)). At z/C, = 1.51, where the experimental
data (Wang 2000} are compared with present LES results, the tip-leakage vortex begins to
merge with the blade wake. At further downstream locations (z/C, > 2.0), the core of the
tip-leakage vortex is observed underneath the blade wake and its position relative to the
blade wake is maintained along the streamwise direction (also see Fig. 3.3).

As shown in Fig. 3.21, the peak deficit drops rapidly as the tip-leakage vortex convects
downstream. The low speed end-wall structure between the tip-leakage vortex and blade
wake is consistently observed in the downstream measurement planes and its shift along
the pitchwise direction appears faster than those of the tip-leakage vortex and blade wake.
Wang (2000) also observed the structure, but less clearly due to the insufficient end-wall
resolution of the measurement, and assumed that the low speed region is not a vortical
region but a part of the end-wall boundary layer.

Compared to results reported in the Muthanna (1998, 2002)’s experiment employing
a stationary end wall, the moving end wall stretches the tip-leakage vortex through the
pitchwise end-wall motion. It was found that the strength of the circulation is reduced when
a moving end wall is employed. In addition, the end-wall motion drags the tip-leakage vortex
in the positive pitchwise direction and promotes the interaction of the tip-leakage vortex
with the tip-separation vortices and blade wake near the trailing edge of the neighboring
blade. This mechanism is also responsible for the reduced strength of the downstream

tip-leakage vortex.
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z/C, = 1.51

Hhemly

% -5

y/ Co ~ Ywake

Ficure 3.21. Contour plots of mean streamwise velocity in ¥ — z planes along the streamwise
direction. Ywake denotes the location of peak deficit in the blade wake.
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CHAPTER 3. RESULTS AND DISCUSSION

The contour plots of mean Reynolds stresses are shown in Fig. 3.22. In the convection
stage of the tip-leakage vortex, intensities of Reynolds normal stress components are found
to be surprisingly similar to each other. In addition, it was also found that the energy
spectra for the three velocity components in the end-wall region resemble one another (see

parts I and IIT for the velocity energy spectra).

3.5 Streamwise variations of flow quantities

The axial variations of flow quantities are of great interest in the turbomachinery community
since the variations are closely related to the mechanisms for static pressure rise and total
pressure loss. Variation of the streamwise velocity deficit in the tip-leakage vortex along the
streamwise direction is shown in Fig. 3.23. In the two downstream locations of z/C, = 1.51
and 2.74, the experimental values (Wang 2000) are also shown. At location z/C, = 1.51, the
present LES predicts a smaller deficit than the experiment while this becomes comparable
in the downstream location, z/C, = 2.74. The mass leakage issue in the experiment might
be a partial cause of the deviation (see part I}. The deficit increases up to 70% axial chord
and then experiences a rapid drop in the region of 70% ~ 100% axial chord. The rapid drop
of the deficit is mainly due to the significantly reduced cascade core velocity (U.), while
the streamwise velocity (U) in the tip-leakage vortex core is reduced by a smaller amount.
The variation of the deficit becomes mild in further downstream locations.

The variation of the streamwise velocity is examined in more detail in Fig. 3.24 where
the streamwise velocity profiles along the spanwise axis crossing the tip-leakage vortex core
at several streamwise locations are compared. In the upstream locations (z/C, < 0.8),
the peak deficits are found slightly more distant from the end wall while boundary layer
separation is observed in downstream locations (z/C, > 0.7).

Variations of the peak magnitudes of the individual Reynolds stress components in
the tip-leakage vortex along the streamwise direction are shown in Fig. 3.25. Significant
variations of the peak values are found in the blade passage where the streamwise Reynolds
normal stress component dominates other components. The streamwise Reynolds normal
stress component first experiences a rapid drop in the peak magnitude up to 80% axial
chord location, after which the magnitude slightly increases by the trailing edge. Similar
behavior is observed for the spanwise Reynolds normal stress component while the pitchwise

Reynolds normal stress does not show an increase in magnitude near the trailing edge.
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In general, as observed in Figs. 3.14-3.16, the Reynolds normal stress components attain
higher magnitudes than Reynolds shear stress components throughout the whole cascade.
The |42/} component shows behavior similar to the streamwise Reynolds normal stress
components, while other Reynolds shear stress components show peaks at about the 60%
axial chord location.

In further downstream locations from the trailing edge, all the Reynolds normal stresses
decay roughly to the same magnitude. However, their decay rates are more rapid than those
of the Reynolds shear stress components which also converge to approximately the same
magnitude in downstream locations. Compared to experimental findings, higher values of
Reynolds stresses are observed. This may partly be due to the deficiency of LES based on
a second-order finite-difference method. The peak magnitudes of Reynolds normal stresses
in the downstream end-wall region are about 10% of the reference velocity, Uy, which is
similar to the values observed in the LES of turbulent flow over a backward facing step
{(Akselvoll & Moin (1995)).

0.7 et
0.6
: 0.5}
2 o4 .
=y :
> 03t |
S
0.1F ]
| R R A

z/C,

FIaUuRE 3.23. Variation of streamwise velocity deficit in the tip-leakage vortex along the streamwise
direction. U, and U, represent mean streamwise velocities in the cores of the cascade passage and
tip-leakage vortex. , present LES; o , experiment (Wang 2000).
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FIGURE 3.24. Profiles of mean streamwise velocity along the z-axis across the tip-leakage
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FiqurE 3.25. Variations of peak absolute magnitude of each Reynolds stress component in the
tip-leakage vortex along the streamwise direction. Lines are from the present LES and symbols are
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3.6 Contribution of subgrid-scale model

Figures 3.26 and 3.27 show the contour plots of the time-averaged eddy viscosity compute&
using the Lagrangian dynamic subgrid-scale model in a number of © — y and y — z planes.
As seen in Fig. 3.26(a), the region of the tip-leakage vortex induces high levels of eddy
viscosity, In general, the flow field near the suction surface necessitates enhanced eddy
viscosity compared to the pressure side where the eddy-viscosity becomes negligible because
of very low level of turbulence activity.

In a plane far from the end wall {Fig. 3.27), the blade wake generates significant eddy
viscosities and their magnitudes are higher than those found in the plane close to the end
wall. This is likely caused by the fact that grid resolution in the end-wall region is much
finer than that found in planes away from the end wall, Also, streamwise and pitchwise
grid stretching results in large magnitudes of eddy viscosity in the downstream flow field
from the trailing edge. The peak magnitudes of mean eddy viscosity appear to be roughly
7 ~ 20 times the molecular viscosity in the tip-leakage and blade wake regions, Except for
the relatively coarse mesh region in the blade wake far from the end wall, the mean eddy
viscosity is usually less than 10 times the value of the molecular viscosity, which is similar to
the magnitude observed in the LES study of backward facing step flow {Akselvoll & Moin
1995).
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y/C

y/C

xfC

Freurg 3.26. Contour plots of time-averaged eddy viscosity computed using the Lagrangian dy-
namic subgrid-scale model in « — y planes. (a) z/C, = 0.1; (b} z/C, = 0.5.
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FIGURE 3.27. Contour plots of time-averaged eddy viscosity computed using the Lagrangian dy-
namic subgrid-scale model in y — z planes.
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Chapter 4
Conclusions

In this part, extensive analysis of LES results has been performed with an emphasis on
understanding the mean flow field, turbulence characteristics, and vortex structures in the
vicinity and downstream of the tip-gap region. In contrast to the benchmark experimental
studies (Muthanna 1998, 2002; Wang 2000) which only addressed the downstream convec-
tion stage of the tip-leakage vortex, the present analysis provided a systematic examination
of the whole life-span of the tip-leakage vortex throughout the generation, evolution, and
convection stages.

Gross features of the tip-leakage vortex, tip-separation vortices, and blade wake have
been revealed by investigating their evolutionary trajectories and mean velocity fields. The
tip-leakage vortex is found to be the most dominant vortical structure in the end-wall
region. It is observed to originate on the suction side of the blade tip at about 20% to
30% axial chord downstream from the leading edge. The tip-leakage vortex expands in
size and approaches the pressure side of the neighboring blade with increasing axial chord.
The trajectory of the tip-leakage vortex in the cascade passage is strongly affected by the
moving end wall while the trajectory is mostly influenced by the cascade main stream after
passing the trailing edge, where the core of the tip-leakage vortex is sufficiently lifted from
the end wall. The evolution of the tip-separation vortices, which are noticeable downstream
from the blade tip near the trailing edge, are also found to be significantly affected by the
end-wall motion since they are located close to the end wall.

In addition, the end-wall vortical structures, including the tip-leakage vortex, are well
identified by significantly reduced streamwise velocity and by the sign changes in the cross-
stream velocity components indicating circulating motions. As the tip-leakage vortex con-
vects downstream, it is observed that the magnitudes of streamwise velocity in the cascade
core and the pitchwise velocity near the end wall are rapidly reduced. By this mechanism,
the static pressure downstream of the pump increases. The magnitude of the spanwise
velocity is significantly smaller than those of the streamwise and pitchwise velocity compo-
nents.

The tip-leakage vortex is also identified by the region of high streamwise and pitchwise
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vorticity magnitudes which suggest a helical configuration. The peak vorticity magnitude
in the tip-leakage vortex is observed to decay as it develops downstream. Interestingly, the
end-wall region between the blade tip and the tip-leakage vortex produces higher vorticity
levels in the streamwise and pitchwise components compared to those in the tip-leakage
vortex. This is closely related to the direction of the tip-leakage jet which is generated
by the pressure difference between the pressure and suction sides of the blade tip. The
tip-leakage jet is found to produce significant spanwise and pitchwise derivatives of the
streamwise and pitchwise velocity components which result in highly enhanced vorticity
magnitudes.

The tip-leakage vortex, tip-leakage jet, and blade wake are found to generate most of
the Reynolds stresses and turbulent kinetic energy. Among them, the tip-leakage jet is
found to produce higher levels of the turbulent quantities compared to those generated by
the tip-leakage vortex and blade wake throughout the blade passage. This is also due to
the large spanwise derivatives of the streamwise or pitchwise velocity components in the
tip-leakage jet.

In the downstream end-wall region where the status of the tip-leakage vortex can be
described as a convection stage, the tip-leakage vortex and blade wake are found to be
sources of the streamwise velocity deficit, vorticity, and turbulent fluctuations. The peak
deficit and turbulent fluctuations are found to drop rapidly as the tip-leakage vortex con-
vects downstream. In the cascade passage, w/u' dominates the Reynolds stresses while the
three Reynolds normal stress components are of comparable magnitude at the downstream
convection stage. In general, Reynolds normal stress components are found to attain higher
magnitudes than Reynolds shear stress components throughout the cascade. As one may
expect, the end-wall region of the tip-leakage vortex and tip-leakage jet and the region of
blade wake correspond to larger subgrid-scale eddy viscosity.

The strong influence of the tip-ledkage jet on the production of vorticity and turbulent
kinetic energy have been, surprisingly, less clearly identified in previous studies. This may
be due to the difficulty in measuring the strong jet-like flow very close to the moving end
wall using conventional experimental techniques and due to the limitations of the RANS
based numerical approaches which usually predict the mean flow field. Considering that the
spanwise derivative of the streamwise velocity plays a major role in producing vorticity and

turbulent kinetic energy, the present observation suggests that the use of a two-dimensional
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configuration which only considers cross-stream phenomenon of the tip-clearance flow can-
not provide the important features of the tip-clearance flow in an actual pump or in a linear
cascade.

In addition, it seems that the viscous loss due to the tip-leakage jet can be alleviated by
changing the direction of the tip-leakage jet such that the spanwise and pitchwise derivatives
of the mean velocity in it are reduced. Modifications of the blade profile and blade tip may
be a feasible way of achieving this. For instance, one may employ a rib like structure
to channel the leakage jet towards a desirable direction. As mentioned in section 3.3, a
vortex generator which generates vortices rotating in an opposite direction to that of the
tip-leakage vortex can also be utilized to diminish its strength.

Although the understanding of the mean velocity, vorticity, and turbulent fluctuations
described in this part can provide useful guidelines in improving the performance of tur-
bomachines by diminishing the viscous losses in the tip-clearance flow, it is insufficient for
understanding and controlling the tip-leakage cavitation. In order to address the latter issue,
the present study needs to be supplemented with the understanding of dymamic behaviors
of the end-wall vortical structures and resulting mean pressure and pressure fluctuations.

This will be investigated in part III.
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PART III

Coherent Structures and Pressure

Fluctuations
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Chapter 1
Objectives

This is the third part of the present LES study of the tip-clearance flow and resulting low
pressure events inside and downstream of a linear cascade. Although the linear cascade is
configured with a number of simplifications, it provides most of the important flow features
observed in axial hydraulic pumps or propulsors. A novel LES methodology capable of
handling the complex three-dimensional flow in the tip-clearance configuration has been
devised and its main features have been discussed in the first part of this study (part I).

In the second part, mean velocity and vorticity fields, and turbulence statistics were
investigated. This study differs from the previous experimental and numerical studies in that
it provides a detailed description of the whole life-span of the tip-leakage flow throughout
the cascade. In the cascade passage, vorticity and turbulent kinetic energy production in the
tip-leakage flow were found to be highly correlated with the end-wall tip-leakage jet which
is driven by the pressure difference across the blade tip and by the moving end wall (see
part II for more details). Experimental measurements of the tip-leakage flow in the vicinity
of the tip gap very close to the end wall have been difficult due to technical and safety
issues. In addition, the strong unsteadiness of the tip-leakage flow limits the applicability
of conventional Reynolds-averaged Navier-Stokes (RANS) approaches.

These difficulties have been major obstacles in understanding the detailed mechanisms
for the generation and evolution of important vortical structures in the tip-leakage flow.
Although, there is a general understanding of the gross feature of the tip-leakage vortex,
the underlying physics for the induced or scraping vortices and tip-separation vortices,
and for their interaction with the tip-leakage vortex, still remains less understood. In
particular, the pressure fluctuations, which are responsible for the cavitation and acoustic
noise in hydraulic turbomachines, are one of the least studied aspects of the incompressible
tip-leakage flow.

In order to gain insights into the mechanism for generation of cavitation and broadband
noise, it is necessary to investigate the coherent structures present in the tip-leakage flow and
their spatial and temporal correlations, In a recent experiment employing a stationary end

wall, Wenger et al. (2002) performed two-point measurements of the turbulent fluctuations
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in the downstream tip-leakage flow, and showed conclusively that the tip-leakage vortex
is not subject to low-frequency wandering motions. On the other hand, an experiment
employing a moving end wall (Wang 2000) showed a noticeable low-frequency spectral peak
in the pitchwise .velocity energy spectra which is quite different from the peak in the blade
wake. However, no further investigation regarding the origin and mechanism of this low-
frequency peak were made. Since these experimental measurements were limited to the flow
field at least one and half chord lengths downstream from the trailing edge, they could not
shed light on the upstream flow features which are critically important.

In this study, the tip-leakage flow particularly in regions not studied experimentally will
be further investigated using large-eddy simulation results. The objective of the present
study is to gain an improved understanding of the characteristics of vortical structures
found in the typical tip-clearance configuration, and to examine the space-time correlations
of the coherent turbulence structures present in the end-wall tip-leakage flow. In addition,
a detailed investigation regarding mean pressure and pressure fluctuations will be made
to gain a deeper insight into the tip-leakage cavitation. This is expected to benefit the
turbomachinery community by providing insights into the tip-leakage cavitation and the
resulting broadband acoustic noise.

Details of the vortex dynamics, coherent structures, velocity and pressure fluctuations,
and their space-time correlations are discussed in chapter 2, followed by conclusions in

chapter 3,

94



Chapter 2

Results and discussion

2.1 Development of end~wall vortical structures

The pressure difference across the blade tip generates a strong jet-like flow through the
blade tip gap. In part II, it was reported that the tip-leakage jet produces tip-leakage
vortex, tip-separation vortices, and several other secondary vortices such as induced or
scraping vortices. Although many aspecfs of the tip-leakage vortex have been reported
in the literature, details regarding the evolutionary features of the tip-leakage vortex and
other secondary vortices have not been well understood. This understanding is crucial in
predicting and eventually controlling the cavitation phenomena in hydraulic tip-clearance
configurations since the behavior and pattern of the tip-leakage cavitation are closely related
to those of the end-wall vortical structures, _

In this section, streamlines and Ay contours (Jeong & Hussain 1995) are utilized to
visualize the end-wall vortical structures and investigate their behaviors along their evo-
lutionary paths. Figure 2.1 shows streamlines in the mean velocity field in an end-wall
normal cross-sectional plane which is nearly orthogonal to the path of the tip-leakage vor-
tex (Fig. 2.1(a)). In this plot, a pitchwise velocity which corresponds to the moving end-wall
velocity is subtracted from the mean flow field to elucidate the end-wall vortices. Among the
distinet vortical structures, the tip-leakage vortex which is found near the suction side of the
blade dominates the field. To the right of the tip-leakage vortex, three secondary vortices
are also noticed. Among the noticeable end-wall vortices, an induced vortex (induced 1 in
Fig. 2.1(b)) is found to rotate in opposite direction relative to those of the other vortices, In
this figure, a pitchwise stretched recirculating region is also observed underneath the blade
tip. This circulation is closely related to the tip-separation vortices near the trailing edge.

The generation and evolution of end-wall vortical structures are illustrated in Fig. 2.2,
which shows Ay contours representing vortices in a series of ¥ — z planes along the streamwise
direction as viewed by an observer looking upstream. Since the Ag contours cannot provide
the rotational direction of a vortex, the rotational direction for each end-wall vortex is

determined using streamlines as shown in Fig. 2.1(b).

95




PART IIT

At about 7% axial chord, a secondary vortex is induced by the tip separation and by
the moving end wall. This secondary vortex rotates in a counter-clock wise direction and
corresponds to the induced vortex 2 in Fig. 2.1(b). The tip-leakage vortex begins to be
identified at around z/C, = 11% ~ 20% axial chord. In this range of axial chord, a
small secondary vortex is also observed slightly above the tip-leakage vortex near the blade
suction surface. However, the strength of the secondary vortex is weak and is not observed
in further downstream locations. At 22% axial chord, the strong tip-leakage vortex and
the induced vortex 2 which is generated in the upstream induce another secondary vortex
(induced vortex 1 in Fig. 2.1(b)) between them. The induced vortex 1 is found to rotate
in the opposite direction of the other vortices and its rotational strength increases with the
strength of the tip-leakage vortex. During the course of its evolution, the strength of the
first induced vortex decreases rapidly after 30% axial chord. The mechanism for generation
of the third secondary vortex (induced vortex 3 in Fig. 2.1(b)) is unclear. It is observable
from the plane at 11% axial chord location, but its rotational strength is much weaker than
those of the other vortices, It may be induced by the end-wall motion which drags the
inflow turbulent boundary layer in the positive pitchwise direction.

The strength of the induced vortices is significantly reduced at about 37% axial chord,
where the rotational strength of the tip-leakage vortex reaches its maximum. Then, the
strength of the tip-leakage vortex decreases with axial chord and pitchwise stretching of the
vortex becomes significant (z/C, = 0.40 and 0.44). As seen at 51% and 59% axial chords,
the induced vortices are still identifiable near the pressure side of the neighboring blade, but
their strengths are much reduced and they eventually dissipate. Muthanna (1998, 2002) and
Wang (2000) also observed the induced vortices, but they could not clarify the mechanisms
for their generation, propagation, and decay. In their experiments, it was assumed that the
induced vortices disappear from the end wall by being engulfed by the tip-leakage vortex,
not by dissipation.

From 51% axial chord location, another noticeable vortical structure is found on the
blade suction surface which corresponds to the blade boundary layer separation. The suc-
tion surface boundary layer separation is usually not significant in actual hydraulic pumps
where the blade profile is designed to avoid separation and the resulting cavitation. In order
to reduce or delay the blade boundary layer separation, Muthanna (1998, 2002) examined
effects of a boundary layer trip which is installed near the leading edge, however no sig-

nificant changes of the blade boundary layer separation and downstream blade wake were
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observed. Considering that no boundary layer trip is employed in the present study, the
separation points could be located slightly upstream compared to the experiments and this
may have caused the thickened wake profile in the downstream flow field, especially in the
suction side of the wake {see parts I and II for the thickened wake profiles).

Tip-separation vortices become significant near the suction side of the blade tip after the
mid-chord. Unlike the tip-leakage vortex which is formed by the roll-up of the tip-leakage
jet, tip-separation vortices are generated by the circulating region which is dragged by the
tip-leakage jet (Fig. 2.1(b)).

An interesting development of the tip-leakage vortex is found at about 73% axial chord.
At this location, the pitchwise stretched tip-leakage vortex bresks up near the end wall
and its shape becomes more complicated. However, even at further downstream locations
(z/Co = 0.81), the core of the main part of the tip-leakage vortex is still well defined. Near
the trailing edge (z/C, = 0.95), the end-wall vortical field becomes highly complicated due
to the tip-leakage vortex separation, the tip-separation vortices, and the blade wake near
the blade tip. The end-wall region further downstream is characterized by the interaction
of these vortical structures.

As mentioned earlier in this section, the main objective of this investigation is to effec-
tively relate the vortical dynamics to the coherent structures in the tip-leakage flow and
the mean and fluctuating pressure fields which are directly relevant to cavitation inception.

These issues will be addressed in the following sections.

2.2 Two-point correlations

In this section, the spatial and temporal behaviors of the coherent structures present in the
tip-leakage flow are examined more quantitatively. Two-point correlations of the velocity
fluctuations are often computed to elucidate the coherent structures embedded in the end-
wall tip-leakage flow. Figure 2.3 shows the locations where the two-point correlations of
velocity fluctuations are computed. In order to obtain an energy spectrum of each velocity
component and space-time correlations which will be discussed later in this section, about
15,000 samples of streamwise, pitchwise, and spanwise velocities were collected over a time
interval TUs/C ~ 20. The Lomb periodogram technique (Press et al. 1992) with an
oversampling factor of four was used to perform the spectral analysis of unevenly sampled

data. Note that the time step is not constant because the filtered Navier-Stokes equations
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tip-separation tip-leakage induced 1 induced 2 induced 3

y/Ca

FIGURE 2.1. Mean streamlines in a y — z plane. (a) location of the plane; (b} vortical structures in
the end-wall region. ' '
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z/C, = 0.04 z/Cy = 0.26

FIGURE 2.2. For caption see the following page.
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x/ca. = (.95
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FIGURE 2.2. Generation and evolution of end-wall vortical structures along the streamwise direction
visualized using the Ao vortex identification method (Jeong & Hussain 1995).
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are integrated in time using a fully-implicit method with a fixed CFL number.

Figure 2.4 shows normalized energy spectra of velocity fluctuations computed in the core
of the tip-leakage vortex along its streamwise locations (see Fig. 2.3 for the locations). The
spectral density and frequency are normalized using the inflow free-stream velocity (Uy)
and blade chord (C). Energy spectra for the velocity components in the three streamwise
locations show broadband characteristics of the turbulent fluctuations present in the end-
wall tip-leakage flow. Energy spectra in all three axial locations predict an inertial subrange
which is typically described with the slope of —5/3. In addition, the present results at
x/C, = 1,51 show favorable agreement with the experimental data provided by Wang
(2000).

In the core of the tip-leakage vortex inside the cascade passage (x/C, = 0.7}, the
velocity spectra do not reveal any dominant coherent structures in the tip-leakage flow
(Fig. 77). On the contrary, in the downstream locations from the trailing edge (Fig. 2.3(b)
and. (¢)), noticeable spectral peaks are observed in the energy spectra of the pitchwise
velocity component, while no indications of significant low-frequency coherent structures
are found in the energy spectra of other velocity components. The spectral peaks in both
locations (z/C, = 1.1 and 1.51) are observed to be concentrated in the non-dimensional
frequency of 1.5.

The existence of the spectral peak in the pitchwise velocity fluctuations has also been
reported by Wang (2000). However, it was unclear in Wang (2000)’s experiment as to what
caused the low-frequency spectral peak. The frequency of the spectral peak was found to
be different from that measured in the blade wake. This finding was not in accordance with
the observations in the experiments employing a stationary end wall (Muthanna 1998, 2002;
Wenger et al. 2002) where low-frequency spectral peaks were not observed except for the
peak found in the blade wake. By analyzing two-point correlations of the velocity fluctua-
tions in the end-wall tip-leakage flow, Wenger et al. (2002} concluded that the wandering
motion of the tip-leakage vortex was not present in their experiments.

From the observation of the gross features of the tip-clearance flow and vortical struc-
tures, three possible causes can be conjectured for the low-frequency coherent motion: vor-
tex shedding at the blade trailing edge, tip-separation, and pitchwise wandering motion of
the tip-leakage vortex. In order to investigate the possibility that the blade wake causes the
observed low-frequency coherent motion, the energy spectrum of each velocity component
in the blade wake at a location of z/C, = 1.51,4/C, = 2.2, and z/C, = 0.9, which is far
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from the end wall, is computed. In Fig. 2.5, the present LES results are compared with
experimental data. The LES results show earlier drops of energy in the high frequency re-
gion, especially of the spanwise velocity component. This is related to the relatively coarse
resolution along the span far away from the end wall. The energy spectrum for pitchwise
velocity fluctuations shows a prominant spectral peak which indicates existence of periodic
shedding of the blade wake. However, the measured frequency for the wake shedding is
found to be around fC/Us = & ~ 6 which is quite different from the peak frequency
(fC/Usx = 1.5) measured in the end-wall tip-leakage vortex. Therefore the shedding of
the blade wake does not directly influence the pitchwise coherent motion in the end-wall
tip-leakage flow.

In order to examine the remaining possibilities based on the conjectures with the tip-
separation and the wandering motion of the tip-leakage vortex, space-time correlations of the
velocity fluctuations in the core of the tip-leakage vortex and in the region of tip-separation
vortices are considered (see Fig. 2.3 for the locations where the two-point correlations are
computed).

Streamwise, pitchwise, and spanwise velocities were sampled at every other mesh point
along the spanwise and pitchwise lines as shown in Fig 2.3. Energy spectra of each velocity
fluctuation, which are computed using the transformed data set, are processed by an inverse

Fourier transform to obtain the normalized space-time correlation coefficients,

Zw Euiu,- (y: Ay) 2, AZ, W)B_iwt
uf(y, z)

Ry, (y, Ay, 2, Az, AT) = , (2.1)
where Ay, Az, and A7 represent spatial separations in the pitchwise and spanwise di-
rections, and the temporal separation, respectively. ¢ = 1,2, and 3 correspond to the
streamwise, pitchwise, and spanwise directions, respectively.

Considering that the spectral peak is significant in the pitchwise velocity fluctuations,
the space-time correlation coefficient for each velocity component is computed in the domain
of pitchwise and temporal separations first. Figure‘2.6 shows the space-time correlations of
the velocity fluctuations in the core of the tip-leakage vortex (Fig. 2.6(a)) and in the region
of the tip-separation vortices (Fig. 2.6(b)) as indicated in the Fig. 2.3. For all velocity
fluctuations at both locations, significant levels of correlation coefficients are concentrated
in the elliptic region which is inclined to a diagonal axis with a positive slope in the domain

of pitchwise and temporal separations,
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However, significant differences are observed in the correlation coefficients obtained in
the two locations, when the pitchwise separation approaches zero. In the location corre-
sponding to the tip-leakage vortex core, the major axis is found to be nearly parallel to the
time sepé.ra,tion axis. This tendency is especially significant in the pitchwise velocity fluc-
tuations. This may indicate the existence of pitchwise wandering coherent structures which
are well correlated with longer time delay. The enhanced time correlation for zero pitchwise
separation is not observed in the region of the tip separation. Therefore it is more likely
that the low-frequency spectral peak observed in the energy spectrum of pitchwise velocity
fluctuations is related to the wandering motion of the tip-leakage vortex. The pitchwise
stretched Ao contours of the tip-leakage vortex in Fig. 2.2 also suggests the possibility of
the pitchwise variation of the tip-leakage vortex. Sign changes of the correlation coefficients
are also observed in both locations (Figs. 2.6(a) and (b)). For all velocity fluctuations,
elongated negative correlation regions, whose major axis is nearly parallel to that of the
positive main correlation coefficients, are ohserved.

The space-time correlations of velocity fluctuations as a function of spanwise spatial and
temporal separations are shown in Fig. 2.7. The distributions of the correlation coefficients
are qualitatively similar in both the upstream (Fig. 2.7(a)) and downstream (Fig. 2.7(3))
locations in terms of their shapes. In addition, the extent of the correlation coefficients
suggests the presence of a large scale structure within the tip-leakage vortex. This large
scale structure appears noticeably anisotropic in terms of the shape of the correlation co-
efficient for each velocity component. Compared to the spanwise velocity fluctuations, the
streamwise and pitchwise velocity fluctuations are found to be better correlated in temporal

separation.

2.3 Pressure fluctuations

The dynamic behaviors of end-wall vortical structures are also reflected in the distributions
of mean pressure and pressure fluctuations. As already discussed in section 2.1, insight re-
garding fhe end-wall vortical structures will be useful in predicting the pattern of tip-leakage
cavitation. Although with the single phase flow approach employed here, the resulting pres-
sure field is most relevant to the cavitation inception. The mean pressure fields obtained
from the present LES are shown in Fig. 2.8 in the = — y planes along the span. In the plane

very close to the end wall (2/C, = 0.01), negative pressure is observed in the upstream
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y/ca — Ywake

y/ca ~ Yuwake

FIGURE 2.3. Contour plots of mean streamwise velocity and locations where the energy spectra
and two-point correlations are measured. (a) z/C, = 0.7; (b) 1/C, = 1.1; (€} z/Cs = 1.51. Yuqke
denotes the location of peak deficit in the blade wake.
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FIGURE 2.4. One-dimensional frequency spectra of velocity fluctuations in the tip-leakage vortex
core. (a} location A; (b} location B; (c) location D in Fig. 2.3. , bresent LES; o , Wang (2000).
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10°
107

FI1GURE 2.5. One-dimensional frequency spectra of velocity fluctuations in the blade wake at z/C,; =
1.51,4/C, = 2.2 and 2/C, = 0.9. , present LES; ¢ , Wang (2000).
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ATUL/C,

Y a e 04
(a) Ay/Ca (b)

Fraure 2.6. Contour plots of two-point correlations of the velocity fluctuations as a function of the
pitchwise spatial and temporal separations. (a) location D; (b) location C in Fig. 2.3. Contours are
from -1 to 1 with increments of 0.1.
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Az/C,

Az/C,

Fieure 2.7. Contour plots of two-point correlations of the velocity fluctuations as a function of the
spanwise spatial and temporal separations. (a) location A; (b) location D in Fig. 2.3. Contours are
from -1 to 1 with increments of 0.1.
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portion of the tip-leakage vortex and underneath the blade tip. However, the existence of
the tip-leakage vortex is reflected in the pressure iso-contour lines in further downstream
locations as well. Comparisons of the contour lines of mean pressure distribution in planes
z2[Cy = 0.01 and 0.025 suggest that the mean pressure distributions across the blade tip
are qualitatively and quantitatively similar, It is also noted that the mean pressure on the
pressure side of the blade tip near the end wall is significantly higher while that on the
suction side of the blade tip is relatively low. The pressure difference is the driving force
for the tip-leakage jet across the tip gap.

At z/C, = 0.1, negative mean pressure is found on the blade suction surface as well as
along the tip-leakage vortex. Further away from the end wall (2/C, = 0.5), only the blade
suction surface and its vicinity attain negative pressure. The magnitude of the negative
pressure is significantly smaller than that of the end-wall tip-leakage vortex. From this
perspective, it is most likely that cavitation occurs in the upstream portion of the tip-
leakage vortex and underneath the tip gap.

The intensity of the pressure fluctuations is also an important factor in triggering cav-
itation, especially in the region where the mean pressure is close to the vapor pressure.
Due to the pressure fluctuations, the instantaneously observed extent of the cavitation is
usually more significant. The intensity of pressure fluctuations is shown in Fig. 2.9 at four
x —y planes along the span. High levels of pressure fluctuations are found in the tip-leakage
vortex and underneath the blade tip. Also, a small region near the leading edge on the
pressure side of the blade shows fluctuations due to the separation near the leading edge
(z/C, = 0.01 and 0.025). The intensity of pressure fluctuations on the suction surface near
the trailing edge becomes significant in planes further away from the end wall (z2/C, > 0.1).
Compared to the pressure fluctuations in those regions, the pressure fluctuations along the
blade wake appear to be small.

In general, the magnitude of negative pressure decreases while that of the positive pres-
sure increases along the span (Fig. 2.8). It is also observed that the pressure fluctuations
are more significant in the end-wall region compared to those in the blade boundary layer
and blade wake (Fig. 2.9).

The mean pressure and pressure fluctuations are also examined in a number of y — 2
planes along the streamwise direction as shown in Figs. 2.10 and 2.11. At about the 10%
axial chord location, no significant low pressure region is found near the end wall since no

significant vortical structures are generated. Although a small scale weak induced vortex is
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observed at this location, its strength is insufficient to produce a noticeable pressure drop
in the vortex core (Fig. 2.2). A significant pressure drop due to the formation of the tip-
leakage vortex is observed at about 30% axial chord where the minimum pressure is located
exactly in the core of the tip-leakage vortex (also see Fig. 2.2).

At 50% axial chord, the tip-leakage vortex core corresponds to the low pressure region
as well defined by the pressure iso-contours. However, the magnitude of negative pressure
is found to be higher underneath the blade tip than that in the tip-leakage vortex core.
At a slightly downstream plane {z/C, = 0.6), the core of the tip-leakage vortex is not a
region of negative pressure, while the region underneath the blade tip still attains negative
pressure but with significantly reduced magnitude. At a y — z plane near the trailing edge
(z/Cq = 0.9), the pressure contours still reflect the existence of the tip-leakage vortex.
However the pressure in this location has already increased above the free-stream value,

Figure 2.11 shows the intensity of the pressure fluctuations in y — z planes along the
streamwise -direction. The intensity of pressure fluctuations appears to be the maximum
at about 30% axial chord. In the upstream location at 10% axial chord, significant levels
of pressure fluctuations due to boundary layer separation on the blade pressure surface are
observed. At 50% axial chord, the tip-leakage vortex is still well defined as a region of
high levels of pressure fluctuations, but the region between the tip-leakage vortex and the
suction side of the blade tip generates enhanced pressure fluctuations. This may be caused
by the strong turbulence and vorticity productions in the tip-leakage jet as discussed in
detail in part II. Although the dominance of the tip-leakage jet in producing the pressure
fluctuations increases with axial chord, the intensity of the pressure fluctuations decreases.

The high level of pressure fluctuations in these regions may cause vibration of the blade
and casing, as well as significant noise. Along with the findings in Figs. 2.8-2.10, it is obvious
that the region of upstream tip-leakage vortex, especially at around 30% axial chord, is most
susceptible to cavitation and generates the most significant pressure fluctuations. Therefore,
in the present configuration, cavitation can be best mitigated by diminishing the strength
and coherency of the tip-leakage vortex at around 30% axial chord.

Finally, a two-point correlation of the pressure fluctuations in the downstream tip-

leakage vortex is computed in a similar way as for the velocity fluctuations,

Yo Bop (¥, Ay, 7, Dz, w)e
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where Ay, Az, and AT represent spatial separations in pitchwise and spanwise directions,
and temporal separation, respectively, and &,, is the frequency power spectra.

The space-time correlation coefficient of the pressure fluctuations in the domain of the
pitchwise spatial and temporal separations is shown in Fig. 2.12. The gross feature of the
correlation coefficient is qualitatively similar to those of the velocity fluctuations shown in
Fig. 2.6. Significant levels of correlation coefficient are concentrated in the elliptic region
inclined along a diagonal axis of positive slope. The correlation coefficient also can be used to
determine the convection velocity of the coherent structures (Choi & Moin 1990). However,
the contour lines of the correlation coefficients indicate that the size of the statistical sample

is insufficient to provide a reliable convection velocity.
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FiGURE 2.10. Contour plots of mean pressure in y — z planes along the z-direction.
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FIGURE 2.11, Contour plots of p’p’ in y — z planes along the z-direction.

115




PART II1

ArUps [Ca

Ay/C,

F1aurE 2.12. Contours of space-time correlations of the pressure fluctuations as a function of the
spanwise spatial and temporal separations at location D in Fig. 2.3, Contours are from -1 to 1 with
increments of 0.1.
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Chapter 3
Conclusions

In order to gain insights into the mechanisms for the generation of cavitation and broad-
band noise, kinematics of the end-wall vortical structures, turbulent coherent structures,
and pressure fluctuations in the tip-leakage flow and throughout the cascade have been
investigated.

The generation and evolution of the tip-leakage vortical structures were investigated
throughout the cascade using mean streamlines and Ag contours. Among the distinct vorti-
cal structures, the tip-leakage vortex dominates the end-wall region. The induced vortices
are active in the upstream end-wall region while the tip-separation vortices become signif-
icant near the suction side of the blade tip after the mid-chord. In this investigation, the
tip-leakage vortex was initiated at around 15% ~ 20% axial chord, and the evolution of
the tip-leakage vortex was found to be closely related to the generation and decay of the
induced vortices. Interestingly, the tip-leakage vortex was observed $o spin off a part of it
at about 73% axial chord due to the pitchwise end-wall motion. Although this feature of
the tip-leakage vortex was not seriously considered in the literature, the tip-leakage vortex
separation and its interaction with other end-wall vortices makes the downstream end-wall
vortical region extremely active and complex.

To examine the spatial and temporal characteristics of the coherent structures present
in the tip-leakage flow, two-point correlations of the velocity fluctuations were computed. In
general, the energy spectrum for each velocity component showed broadband characteristics.
However, a noticeable spectral peak was observed in the energy spectrum of the pitchwise
velocity fluctuations. Analysis of the vortex shedding frequency in the blade wake and space-
time correlations of the velocity fluctuations in the end-wall tip-leakage flow suggest that
a pitchwise wandering motion of the tip-leakage vortex is the cause for the low-frequency
spectral peak. The space-time correlation coeflicients of velocity fluctuations also indicate
the existence of large scale coherent structures and their anisotropic features. The space-
time correlation of the pressure fluctuations in the downstream tip-leakage vortex also

reveals similar features of the coherent structures.
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The dynamic behavior of the end-wall vortical structures are also reflected in the distri-
butions of mean pressure and pressure fluctuations. Detailed examination of the mean pres-
sure field revealed that cavitation is most likely in the upstream portion of the tip-leakage
vortex and underneath the tip gap. A significant pressure drop due to the formation of
the tip-leakage vortex was observed at about 30% axial chord where the minimum pressure
coincides with the core of the tip-leakage vortex, and the intensity of pressure fluctuations
appeared to be at the maximum. The 30% axial chord was also found to be the location of
the strongest portion of the tip-leakage vortex in terms of the Ay contours.

Based on the characteristics of the mean and fluctuating pressure, it is obvious that the
region of the upstream tip-leakage vortex, especially at around 30% axial chord, is most
susceptible to cavitation. The high activity of the pressure fluctuations in these regions
may also appear as a source of strong vibration of the blade and casing as well as significant
levels of noise. Therefore, it is expected that a control device which can effectively diminish
the strength and coherence of the tip-leakage vortex at around 30% axial chord location
may also lead to reduced the cavitation, noise, and vibration. Furthermore, it is expected
that a combination of the present observation and the findings in part I, which suggested
a guideline for reducing viscous loss due to the strong tip-leakage jet (see conclusions in
part II), will be useful in designing hydraulic turbomachines with improved performance as

well as reduced cavitation.
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Chapter 1
Motivation and objectives

To understand the mechanisms for tip-leakage cavitation in hydraulic turbomachines, large-
eddy simulations have been performed in the configurations of a linear cascade with a
moving end wall. In part II, the mean flow field and turbulence statistics in the baseline
configuration with a tip-gap size of 1.6% chord were computed and analyzed throughout
the cascade passage, inside the tip gap, and at several downstream locations. In part I,
a detailed investigation regarding the vortex dynamics and the space-time correlations of
velocity and pressure fluctuations were presented. This part deals with the effect of tip-gap
size on the tip-clearance flow.

In axial compressors, many studies have reported that an increase of tip gap also in-
creases the size of the tip-leakage vortex and shifts the origin of the vortex further down-
stream with an increased angle between the path of the tip-leakage vortex center and that
of the blade wake (Inoue et al. 1986, Goto 1992). Storer & Cumpsty (1990) employed a
compressor cascade with a variety of tip-gap sizes and showed a nonlinear relation of total
pressure loss with the tip-gap size, while the size of tip-leakage vortex varied linearly with
tip-gap height. Later experimental studies by Zierke et ol. (1995) and Zierke & Straka
(1996) in a high-Reynolds-number pump facility have shown that the relative size of the
rotor tip gap significantly influences the evolution of the tip-leakage vortex and resultant
cavitation.

The effects of tip-gap size on the tip-leakage cavitation in a rotating hydraulic pump
are examined more extensively by Farrell & Billet (1994) who found that the cavitation
inception indices increase with decreasing tip-gap sizes. They also found a minimum in
the cavitation inception index when the ratio of tip-gap size to the maximum tip thickness
becomes 0.2. Conversely, experiments performed by Boulon et al. (1999) in a setup with
a stationary end wall did not show a minimum in the cavitation inception index. Similar
observations have been reported by Gopalan et al. (2001). Since there are too many factors
which determine cavitation inception, none of the previously reported observations were
conclusive,

In recent experiments performed by Devenport’s group at Virginia Tech, which are also
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benchmarked in the present LES study, the effects of tip-gap size on the downstream tip-
leakage flow field were examined. Since the experiments were performed in a wind tunnel,
cavitation was not an issue in those studies. Muthanna (1998, 2002) investigated the effects
of tip-gap size on the cross-sectional structure of the tip-leakage vortex at about three axial
chord lengths downstream by comparing the mean flow and turbulence properties in the base
tip-gap size (1.6% chord) with those in the doubled and halved tip-gap sizes. The relative
size of the tip gap to the blade chord was found to significantly affect the position, size, and
rotational strength of the tip-leakage vortex. The vortex center, defined by the location of
peak streamwise vorticity, moved across the end wall and the pitchwise separation between
the vortex and weake center increased as the tip gap was increased. In general, the regions
of tip-leakage flow in terms of mean velocity, vorticity, and turbulent kinetic energy were
found to increase in size as the tip gap increased. However, the magnitudes of streamwise
mean velocity deficit and turbulent kinetic energy in the tip-leakage vortex appeared to be
almost unchanged by the tip-gap size variation.

On the other hand, Wang (2000) performed experiments in the same configuration stud-
ied by Muthanna (1998, 2002) but replaced the stationary end wall with a moving end wall.
Many of the characteristics of the tip-leakage vortex were similar to those observed without
end-wall motion. Increasing the tip gap from 1.65% to 3.3% chord roughly doubled the
height of the tip-leakage vortex. At the same time, the vortex center was shifted away
from the blade wake and stretched along the pitchwise direction. Despite these quantita-
tive differences, the tip-leakage vortex or the mechanism that drives the vortex was not
qualitatively influenced by the tip gap, even with the presence of end-wall motion.

Although previous experimental and numerical studies have provided a qualitative char-
acterization of the tip-gap size effects on the hydraulic tip-leakage vortex, quantitative in-
vestigations of the variations of the turbulent velocity field and pressure fluctuations are
rarely reported. Even the recent investigations (Muthanna 1998, 2002; Wang 2000), which
are benchmarked in the present LES study, did not provide information regarding the effects
of tip-gap size on the generation and evolution stages of the tip-leakage vortex and other
induced or tip-separation vortices. Since the scraping and tip-separation vortices, as well
as the tip-leakage vortex, can significantly influence the tip-leakage cavitation phenomena,
detailed effects of tip-gap size on the vortical structures need to be better understood. In
addition, the effects of tip-gap size on the mean pressure and pressure fluctuations in the

tip-leakage flow have not been studied in detail due to difficulties by experiments and RANS
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computational approaches in measuring both the unsteady velocity and pressure over a wide
spatial region. An understanding of the effects of tip-gap size on the pressure field in the
vicinity of the tip gap is especially crucial in designing cavitation-control methodologies
based on the optimal tip-gap size or on modifications of the blade tip and end wall.

With this perspective, this part will first discuss the effects of tip-gap size on the gener-
ation and evolution of the end-wall vortical structures in the tip-leakage flow. This includes
a detailed investigation of the induced and tip-separation vortices, and their interaction
with the turbulent boundary layer which causes turbulent fluctuations. Then, the study
will be extended to investigate the effects of tip-gap size on the mean pressure, pressure
fluctuations, and cavitation inception.

Details on flow configurations and grid spacings for doubled and halved tip-gap simu-
lations are addressed in chapter 2. Results and discussion of the effects of tip-gap size on

various flow features are given in chapter 3, followed by a summary in chapter 4.
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Chapter 2

Computational setup

2.1 Flow configuration

The flow configuration and coordinate definitions are schematically shown in Fig. 2.1. The
present study is focused on a linear cascade with a moving end wall at the bottom of the tip
gap, matching the experimental setup of Wang (2000). Only a single blade is considered,
with periodic boundary conditions in the y-direction to mimic the flow in the interior of
a cascade. The computational domain is of size Ly x Ly X L, = 1.8C' x 0.929C x 1C for
doubled and halved sizes of baselined tip gap, where C is the blade chord (L, = 0.5C was
used for the baseline simulation presented in parts I-III, but the tip-gap flow was shown to
be insensitive to the size of L,).

The important parameters for additional simulations are as follows: The sizes of the tip
clearances are 0.033C and 0.0083C for doubled and halved tip gaps, respectively, the blade
pitch is 0.9C, and the blade span is 1C. The case employing the baseline tip-gap size of
0.0165C is extensively investigated in the previous parts. The blade has a relatively high
stagger-angle of about 57 degrees. The Reynolds number of this flow is 400,000 based on
the chord and inflow free-stream velocity, and the inflow turbulent boundary layer has a
Reynolds number of 780 based on the momentum thickness. The inflow turbulent boundary-
layer data is provided using the method of Lund et al. {1998), modified to account for the
fact that the mean flow direction is not perpendicular to the inflow/outflow plane.

No-slip boundary conditions are applied along the rotor blade and upper and lower end
walls, and a convective boundary condition is applied at the exit boundary. The difficulty
in grid topology for the tip-clearance configuration is overcome by a novel approach which
combines an immersed boundary technique (Fadlun et el 2000) with a structured grid
in a generalized coordinate system. In addition to this, the high stagger angle in the
experimental setup necessitates the use of a significantly skewed mesh, which requires fine
control of mesh parameters such as stretching ratio and aspect ratio, and an adequate
formulation of nonlinear convection terms to avoid numerical instability (see You et al.

(2002) and appendix B for more details).
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Ficure 2.1. Configuration for flow in a linear cascade with tip clearance. (o) top (z —y) view; (b}
side (y — z) view.
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Az/C Azt Ay/C Ayt Az/C Azt

0.001 ~ 0.0138 19~83 0.0009 ~ 0.0066 1.24~88 0.00007 0.4~192

Table 2.1. Grid spacing and resolution on the end wall for the configuration with tip-gap size of
0.033C.

Az/C Agt Ay/C Ayt Az/C Azt

0.001 ~ 0.0138 1.60 ~97 0.0009 ~ 0.0066 1.3~ 106 0.000027 0.2~ 1.9

Table 2.2. Grid spacing and resolution on the end wall for the configuration with tip-gap size of
0.0083C" .

2.2 Grid spacing and resolution

The mesh size used for the present simulations is 449x 351 x 161. It is determined iteratively
based on the results from the base tip-gap simulations. Grid lines are clustered around the
blade tip, blade pressure and suction surfaces, and end wall to ensure appropriate resolution
in important flow regions. 46 and 30 mesh points are allocated across the tip-gap region
for tip-gap sizes of 3.3%C and 0.83%C, respectively. The grid spacing based on the chord
and the resolution in wall units on the end wall are presented in tables 2.1 and 2.2 for each
tip-gap size, while the grid spacing and resolution on the blade surfaces are not significantly

altered by the tip-gap size modification (see table 2.1 in part II).

127




PART IV

128



Chapter 3

Results and discussion

3.1 Effects on the overall low features

Gross features of the tip-leakage vortices generated in the different tip-gap size configura-
tions are shown in Figure 3.1, which depicts iso-surfaces of instantaneous negative pressure
and streamtraces for each tip gap. The size of the tip-leakage vortex increases as the tip-gap
size increases, and its origin is delayed further downstream. The angle between the blade
chord and the tip-leakage vortex also increases with the tip-gap size. Similar observations
were reported by Muthanna (1998, 2002) and Wang {2000) in their experiments. Based
on the size of the negative pressure region, it can be deduced that tip-leakage cavitation
is more likely as the tip-gap size increases in the present configuration (Fig. 3.1). Detailed
investigation of the effects on cavitation inception will be further discussed in section 3.4.
Modification of tip-gap size significantly influences the trajectory of the tip-leakage
vortex. The effects of the tip-gap size on the evolutions of the tip-leakage and tip-separation
vortices and blade wake are shown in Fig. 3.2. In general, the trajectories of the tip-
leakage vortex and blade wake are in favorable agreement with experimental data while
the trajectories for the tip-separation vortices are not provided in the experiment. As
already observed in the pressure iso-surfaces (Fig. 3.1), the origin of the tip-leakage vortex
is delayed further downstream from the leading edge, and the angle between the trajectory
of the tip-leakage vortex and blade chord increases as tip-gap size increases. Although,
the propagation slopes of the tip-leakage vortices for the three tip gaps are different within
the cascade passage, the slopes become similar downstream of the trailing edge. Since the
tip-leakage vortex is lifted from the end wall downstream from the trailing edge, the vortex
is forced to follow the cascade main stream, and the resulting angle of vortex propagation
becomes similar to that of the blade wake, In contrast to the lifted tip-leakage vortex,
the tip-separation vortices are driven by both the end-wall motion and the cascade main

stream, resulting in a slightly higher propagation angle than that of the tip-leakage vortex.
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