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ABSTRACT

Measurements from transitional, heated boundary layers along a concave-curved

test wall are presented and discussed. A boundary layer subject to low free-stream

turbulence intensity (FSTI), which contains stationary streamwise (GOrtler) vortices, is

documented. The low FSTI measurements are followed by measurements in boundary

layers subject to high (initially 8%) free-stream turbulence intensity and moderate to
v dU**

strong (K = U2 dx as high as 9x10 -6) acceleration. The high FSTI experiments are

the main focus of the work. Conditions were chosen to simulate those present on the

downstream half of the pressure side of a gas turbine airfoil. The high FSTI boundary

layers undergo transition from a strongly disturbed non-turbulent state to a fully-turbulent

state. Due to the stabilizing effect of strong acceleration, the transition zones are of

extended length in spite of the high FSTI. Transitional values of skin friction coefficients

and Stanton numbers drop below flat-plate, low FSTI, turbulent flow correlations, but

remain well above laminar flow values. Mean velocity and temperature profiles exhibit

clear changes in shape as the flow passes through transition. Turbulence statistics,

including the turbulent shear stress, turbulent heat flux, and turbulent Prandtl number, are

documented. Turbulent transport is strongly suppressed below values in unaccelerated

turbulent boundary layers. A technique called "octant analysis" is introduced and applied

to several cases from the literature as well as to data from the present study. Octant

analysis shows a fundamental difference between transitional and fully-turbulent

boundary layers. Transitional boundary layers are characterized by incomplete mixing

compared to fully-turbulent boundary layers. Similar octant analysis results are observed

in both low and high FSTI cases. Spectral analysis suggests that the non-turbulent zone

of the high FSTI flow is dominated by large scale fluctuations induced by the free-stream

unsteadiness. The large scale fluctuations cause some turbulent mixing, but are not as

ii



effectiveatpromotingturbulenttransportasaresmallerscalefluctuationsresultingfrom

nearwall productionin theturbulentboundarylayer. To theauthors'knowledge,this is

thefirst detaileddocumentationof boundarylayertransitionundersuchhighfree-stream

turbulenceconditions.

ooo

Ul



Acknowledgments

Abstract

Table of Contents

List of Figures

List of Tables

Nomenclature

TABLE OF CONTENTS

eagg

i

ii

iv

xi

xix

xx

Chapter 1: Introduction

History of Transition Research

Bypass Transition

Bypass Transition Experiments

Bypass Transition Computations

Transition Modeling

Immediate Needs

Outline of Present Work

1

1

4

5

10

11

12

12

Chapter 2: Experimental Facility and Measurement Techniques

Wind Tunnel

Flow Preparation

Turbulence Generating Grid

Test Section

Instrumentation and Measurements

Mean Temperature

Prof'de measurement, probe traversing

14

14

14

16

16

18

18

20

iv



Wall temperature

Wall heatflux

MeanandFluctuatingVelocity

Hot wire calibration

Single-wireprof'des

Nearwall correction

Digitizers

Cross-wireprofiles

SimultaneousVelocity andTemperature
- TurbulentHeatFlux

Coldwire frequencycompensation

Intermittency

DataProcessing

SkinFrictionandStantonNumber

TurbulentPrandtlNumber

Free-StreamVelocity

BoundaryLayerThickness

OctantAnalysis

SpectralAnalysisandTransferFunctions

Integrallengthscales

Transferfunctions

Two PointCorrelations

21

22

23

23

24

25

26

27

28

29

31

34

34

34

35

36

37

37

39

39

40

Chapter 3: Low FSTI, Concave Wall Transition

Background

Free-Stream Turbulence

Boundary Layer Spectra and Transfer Functions

52

52

53

54

V



Streamwise Velocity Profiles

Mean Velocity

Skin Friction

Fluctuating Velocities

Intermittency

Transition location

Intermittency distribution

Turbulent spot propagation rate

Conclusions

57

57

58

59

60

61

62

63

65

Chapter 4: An Application of Octant Analysis to Turbulent
and Transitional Flow Data

Summary

Introduction

Quadrant and Octant Analysis

Results and Discussion

Base Case: The Fully-Turbulent, Flat-Wall Boundary

Layer with Low-to-Moderate Free-Stream Turbulence
Intensity Levels

The Effects of Curvature on the Fully-Turbulent

Boundary Layer

Effects of High Free-Stream Turbulence Intensity

Transitional Flow

Modeling Implications

Conclusions and Recommendations

100

100

101

102

105

105

107

107

108

110

111

Chapter 5: High FSTI, K=0.75x10 "6 Results

Experimental Conditions

Free-Stream Conditions

vi

130

130

131



Free-streamspectra

Two point correlations

Boundary Layer Growth

Energy and Momentum Balances

Strength of Curvature

Mean Velocity Profiles

Skin Friction Coefficients

Mean Temperature Profiles

Stanton Numbers

Fluctuating Velocity Measurements

u" Profiles

v' Profiles

Turbulent Shear Stress Profiles

Eddy Viscosity

Mixing Length of Momentum

Turbulent Heat Flux Measurements

Conclusions

132

132

133

133

134

135

135

136

137

138

138

138

139

140

140

140

141

Chapter 6: High FSTI, dUcw/dx=29 s "1 Results

Experimental Conditions

Free-Stream Conditions

Free-stream spectra

Boundary Layer Growth

Energy Balance

Strength of Curvature

Mean Velocity Profiles

Skin Friction Coefficients

vii

171

172

172

172

174

174

175

175

176



MeanTemperatureProfiles

StantonNumbers

Intermittency Profiles

Fluctuating Velocity Measurements

u' Profiles

v' Prof'des

Turbulent Shear Stress Profiles

Eddy Viscosity

Mixing Length of Momentum

Fluctuating Temperature and Velocity Measurements

t' Profiles

v't'Profiles

-u't' Profiles

Eddy Diffusivity of Heat

Mixing Length of Heat

Turbulent Prandtl Number

Cross Transport of Turbulent Shear Stress
and Turbulent Heat Flux

Octant Analysis

Boundary Layer Spectra and Transfer Functions

Transfer Functions

Conclusions

176

177

177

178

178

179

179

180

180

180

180

181

181

182

182

182

183

183

185

186

187

Chapter 7: High FSTI, dUcw/dx=14 s -1 Results

Experimental Conditions

Free-Stream Conditions

Free-stream spectra

oo°

Vlll

253

253

254

254



BoundaryLayerGrowth

EnergyBalance

Strengthof Curvature

MeanVelocity Profiles

SkinFrictionCoefficients

MeanTemperatureProfiles

StantonNumbers

IntermittencyProfiles

FluctuatingVelocity Measurements

u' Profiles

v' Prof'fles

TurbulentShearStressProfiles

EddyViscosity

Mixing Lengthof Momentum

FluctuatingTemperatureandVelocity Measurements

t' Profiles

v't'Profiles

-u't' Profiles

EddyDiffusivity of Heat

Mixing Lengthof Heat

TurbulentPrandtlNumber

CrossTransportof TurbulentShearStress
andTurbulentHeatFlux

OctantAnalysis

BoundaryLayer SpectraandTransferFunctions

TransferFunctions

Turbulentshearstress

ix

256

257

257

257

258

259

261

262

263

263

264

264

265

265

266

266

266

267

267

267

268

268

268

270

271

273



Conclusions 274

Chapter 8: Discussion and Recommendations

Nature of High FSTI Transition

Acceleration Effect

Curvature Effect

Gtrtler vortices

Transition Modeling

353

353

354

354

354

356

Chapter 9: Conclusions 358

References 360

Appendix A: Velocity and Temperature Profiles in Turbulent Boundary
Layers Experiencing Streamwise Pressure Gradients

Summary

Introduction

Analysis

Velocity Profile

Temperature Profile

Calculation of Prt

Results and Discussion

Temperature Prof'fle

Calculation of Prt

Conclusions

Appendix B: Program Listings

Appendix C: Tabulated Data

X

368

368

368

373

373

379

382

383

386

387

388

400

400



LIST OF FIGURES

f2elm:

2.1 Schematic of Test Facility

2.2 Turbulence Generator

2.3 Cross Section of Test Wall

2.4 Schematic of Triple-Wire Probe used to measure Turbulent Heat Fluxes

2.5 Cold Wire Compensation Calibration

2.6 Velocity Time Trace from Intermittent Flow

2.7 Typical Spectrum Before and After Smoothing

2.8 Configuration for Two-Point Correlation Measurements

3.1 Schematic of G6rtler Vortices

3.2 Free-Stream u' Spectra, Low FSTI Case

3.3 Free-Stream v' Spectra, Low FSTI Case

3.4 Boundary Layer u' Spectra at y+---6, Low FSTI Case

3.5 Boundary Layer u' Spectra at y+=35, Low FSTI Case

3.6 Transfer Function of u' Between y+=6 and Free-Stream, Low FSTI Case

3.7 Depiction of u' Caused by Large-Scale Free-Stream Eddies Buffeting the
Boundary Layer

3.8 Transfer Function of u' Between y+=35 and Free-Stream, Low FSTI Case

3.9 Mean Streamwise Velocity Profiles at a) Lowest Rex (=3.7x105) and b)

Highest Rex (--4.4x105), Low FSTI Case

3.10 Upwash and Downwash Profiles Cutting Through "Tilted" Vortices

3.11 Mean Streamwise Velocity Profiles at a) Lowest Rex (=3.7x105) and b)

Highest Rex (--4.4x105), Low FSTI Case, wall coordinates

3.12 Mean Streamwise Velocity Profiles at a) Downwash Locations and b)
Upwash Locations, Low FSTI Case

3.13 Mean Streamwise Velocity Profiles at a) Downwash Locations and b)
Upwash Locations, Low FSTI Case, wall coordinates

xi



3.14

3.15

3.16

3.17

3.18

3.19

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

Skin Friction Coefficient vs a) Rex and b) Re0, Low FSTI Case

Fluctuating Streamwise Velocity Prof'tles at a) Downwash Locations
and b) Upwash Locations, Low FSTI Case

Fluctuating Streamwise Velocity Profiles at a) Downwash Locations
and b) Upwash Locations, Low FSTI Case, wall coordinates

Intermittency Profiles at a) Downwash Locations
and b) Upwash Locations, Low FSTI Case

Intermittency Distributions Through Transition

Turbulent Spot Production Rate Based on Y

Octant Names

Conceptual Drawing of Eddies in Each Octant

Turbulent Shear Stress Profiles, 1.5% FSTI Flat-Wall Case,

Fully Turbulent-Flow

Normal Component of Turbulent Heat Flux Profiles, 1.5% FSTI
Flat-Wall Case, Fully-Turbulent Flow

Turbulent Shear Stress versus hole size at y/599.5=0.39, 1.5% FSTI

Flat-Wall Case, Fully-Turbulent Flow

Fraction of Points in Octant versus Hole Size at y/599.5=0.39, 1.5% FSTI

Flat-Wall Case, Fully-Turbulent Flow

Turbulent Shear Stress Profiles, 0.6% FSTI Concave-Wall Case,

Fully Turbulent-Flow

Turbulent Shear Stress Profiles, 0.68% FSTI Convex-Wall Case,

Fully Turbulent-Flow

Turbulent Shear Stress Profiles, 8.3% FSTI Flat-Wall Case,

Fully-Turbulent Flow

Normal Component of Turbulent Heat Flux Profiles, 8.3% FSTI
Flat-Wall Case, Fully-Turbulent Flow

Turbulent Shear Stress Profiles, 1.5% FSTI Flat-Wall Case,
Transitional Flow

Normal Component of Turbulent Heat Flux Profiles, 1.5% FSTI
Flat-Wall Case, Transitional Flow

Turbulent Shear Stress versus Hole Size at y/_99.5=0.43, 1.5% FSTI
Flat-Wall Case, Transitional Flow

xii



4.14

4.15

4.16

4.17

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

Fraction of Points in Octant versus Hole Size at y/899.5=0.43, 1.5% FSTI
Flat-Wall Case, Transitional Flow

Normal Component of Turbulent Heat Flux Profiles, 0.6% FSTI

Concave-Wall Case, Transitional Flow, H'=0

Normal Component of Turbulent Heat Flux Profiles, 0.6% FSTI

Concave-Wall Case, Transitional Flow, H'=10

Proposed Differences Between Fully-Turbulent and Transitional Flow
Structures

Typical Pressure Side Acceleration Profiles

Pressure Side KRec Profiles for Two Airfoils

Free-Stream Turbulence Levels, K=0.75x10 -6 Case

Station 1 Free-Stream Spectra, K=0.75x10 -6 Case

Two Point Correlation of Streamwise Velocity Fluctuations, Station 1,

K--0.75x10 -6 Case

Momentum and Thermal Boundary Layer Growth

Shape Factor vs Rex

Energy Balance, K----0.75x10 -6 Case

Strength of Curvature for Experiment and Pressure Side of Two Typical
Airfoils

Mean Velocity Profiles, K=0.75×10 -6 Case

Mean Velocity Profiles, Wall Coordinates, K=0.75x10 -6 Case

Skin Friction Coefficients vs Re0, K--0.75x10 -6 Case

Mean Temperature Profiles, K=0.75x10 -6 Case

Mean Temperature Profiles, Wall Coordinates, K=0.75x 10 -6 Case

Comparison of Calculated Profile to Data, K--0.75×10 -6 Case

Mean Temperature Profiles, Unaccelerated, Concave-Wall Case

Stanton Number vs ReA 2

Fluctuating Streamwise Velocity Profiles, K=0.75x10 -6 Case

Fluctuating Streamwise Velocity Profiles, Wall Coordinates, K--0.75× 10 -6
Case

...

XlU



5.20

5.21

5.22

5.23

5.24

5.25

6.1

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

Fluctuating Normal Velocity Profiles, K=0.75x10 -6 Case

Fluctuating Normal Velocity Profiles, Wall Coordinates, K=0.75x10 -6

Case

Turbulent Shear Stress Profiles, K=0.75x10 "6 Case

Turbulent Shear Stress Profiles, Wall Coordinates, K--0.75x10 "6 Case

Eddy Viscosity Profiles, K=0.75x10 "6 Case

Mixing Length of Momentum Profiles, K--0.75x 10 -6 Case

K Profiles for dUcw/dx=29 s -1 Experiment and the Pressure Side of

Typical Turbine Airfoils

Free-Stream Turbulence Levels, dUcw/dx=29 s" 1 Case

Free-Stream Spectra of Streamwise Velocity Fluctuations,

dUcw/dx=29 s -1 Case

Free-Stream Spectra of Cross-stream Velocity Fluctuations,

dUcw/dx=29 s "1 Case

Momentum and Thermal Boundary Layer Growth, dUcw/dx=29 s-1 Case

Shape Factor vs Rex, dUcw/dx=29 s "1 Case

Energy Balance, dUcw/dx=29 s °1 Case

Strength of Curvature for dUcw/dx=29 s -1 Case and Pressure Side of Two

Typical Airfoils

Mean Velocity Profiles, dUcw/dx=29 s -1 Case

Mean Velocity Profiles, Wall Coordinates, dUcw/dx=29 s-1 Case

Skin Friction Coefficients vs Re0, dUcw/dx=29 s "1 Case

Mean Temperature Profiles, dUcw/dx=29 s "1 Case

Mean Temperature Profiles, Wall Coordinates, b) Comparison of

Calculated Profile to Data, dUcw/dx=29 s-1 Case

Stanton Number vs ReA2, dUcw/dx=29 s-1 Case

Intermittency Profiles Based on u' Fluctuations, dUcw/dx=29 s -1 Case

Intermittency Profiles Based on t' Fluctuations, dUcw/dx=29 s-1 Case

Fluctuating Streamwise Velocity Profiles, dUcw/dx=29 s" 1 Case

xiv



6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

6.34

6.35

6.36

6.37

6.38

6.39

6.40

Fluctuating Streamwise Velocity Profiles, Wall Coordinates,

dUew/dx=29 s"1 Case

Fluctuating Cross-stream Velocity Profiles, dUcw/dx=29 s" 1 Case

Fluctuating Cross-stream Velocity Profiles, Wall Coordinates,

dUcw/dx=29 s -1 Case

Turbulent Shear Stress Profiles, dUcw/dx=29 s-1 Case

Turbulent Shear Stress Profiles, Wall Coordinates, dUcw/dx=29 s "1 Case

Eddy Viscosity Profiles, dUcw/dx=29 s-1 Case

Mixing Length of Momentum Profiles, dUcw/dx=29 s- 1 Case

Fluctuating Temperature Profiles, dUcw/dx=29 s -1 Case

Fluctuating Temperature Profiles, Wall Coordinates,
dUcw/dx=29 s -1 Case

Normal Component of Turbulent Heat Flux Profiles,

dUcw/dx=29 s"1 Case

Normal Component of Turbulent Heat Flux Profiles, Wall Coordinates

dUcw/dx=29 s -1 Case

Streamwise Component of Turbulent Heat Flux Profiles, Wall Coordinates
dUcw/dx=29 s -1 Case

Eddy Diffusivity of Heat Profiles, dUcw/dx=29 s- 1 Case

Mixing Length of Heat Profiles, dUcw/dx=29 s- 1 Case

Turbulent Prandtl Number Profiles, dUcw/dx=29 s -1 Case

Cross Transport of Turbulent Shear Stress Profiles, dUcw/dx=29 s" 1 Case

Cross Transport of Turbulent Heat Flux Profiles, dUcw/dx=29 s- 1 Case

Octant Decomposition of Turbulent Shear Stress, dUcw/dx=29 s -1 Case

Octant Decomposition of Turbulent Heat Flux, dUcw/dx=29 s -1 Case

Boundary Layer u" Spectra at y+=5, dUcw/dx=29 s "1 Case

Boundary Layer u' Spectra at y+=17 dUcw/dx=29 s" ! Case

Boundary Layer u' Spectra at y+=100, dUcw/dx=29 s -1 Case

Boundary Layer v' Spectra at y+=100, dUcw/dx=29 s "1 Case

XV



6.41

6.42

6.43

6.44

6.45

7.1

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

7.17

7.18

Turbulent Shear Stress Spectra at y+=100, dUcw/dx=29 s "1 Case

Transfer Function of u' Between Boundary Layer and Free-Stream,

dUcw/dx=29 s "1 Case

Transfer Function of v' Between Boundary Layer at y+=100 and

Free-Stream, dUew/dx=29 s-1 Case

Transfer Function Between u'v' and u' at y+=100, dUcw/dx=29 s-1 Case

Transfer Function Between u'v' and v' at y+=100, dUcw/dx=29 s"1 Case

K Proftles for dUew/dx=14 s-1 Experiment and the Pressure Side of

Typical Turbine Airfoils

Free-Stream Turbulence Levels, dUew/dx=14 s- 1 Case

Free-Stream Spectra of Streamwise Velocity Fluctuations,

dUcw/dx=14 s -1 Case

Free-Stream Spectra of Cross-stream Velocity Fluctuations,

dUcw/dx=14 s"1 Case

Momentum and Thermal Boundary Layer Growth, dUcw/dx=14 s "1 Case

Shape Factor vs Rex, dUcw/dx=14 s-1 Case

Energy Balance, dUcw/dx=14 s-1 Case

Mean Velocity Profiles, dUcw/dx=14 s "1 Case

Mean Velocity Profiles, Wall Coordinates, dUcw/dx=14 s -1 Case

Comparison of Calculated Profiles to Data, dUcw/dx=14 s "1 Case

Skin Friction Coefficients vs Re0, dUcw/dx=14 s -1 Case

Skin Friction Coefficients vs Re0 and Rex, Comparison of High-FSTI Cases

Mean Temperature Profiles, dUcw/dx=14 s -1 Case

Mean Temperature Profiles, Wall Coordinates, dUcw/dx=14 s -1 Case

Comparison of Calculated Profiles to Data, dUcw/dx=14 s -1 Case

Stanton Number vs ReA2, dUcw/dx=14 s -1 Case

Stanton Number vs ReA2 and Rex, Comparison of High-FSTI Cases

Intermittency Profiles Based on u' Fluctuations, dUcw/dx=14 s-1 Case

xvi



7.19

7.20

7.21

7.22

7.23

7.24

7.25

7.26

7.27

7.28

7.29

7.30

7.31

7.32

7.33

7.34

7.35

7.36

7.37

7.38

7.39

7.40

7.41

IntermittencyProfilesBased on t' Fluctuations, dUcw/dx=14 s -1 Case

Fluctuating Streamwise Velocity Profiles, dUcw/dx=14 s -1 Case

Fluctuating Streamwise Velocity Profdes, Wall Coordinates,

dUcw/dx=14 s "1 Case

Fluctuating Cross-stream Velocity Profiles, dUcw/dx=14 s-1 Case

Fluctuating Cross-stream Velocity Profiles, Wall Coordinates,

dUcw/dx=14 s -1 Case

Turbulent Shear Stress Profiles, dUcw/dx=14 s "1 Case

Turbulent Shear Stress Profiles, Wall Coordinates, dUcw/dx=14 s "1 Case

Eddy Viscosity Profiles, dUcw/dx=14 s -1 Case

Mixing Length of Momentum Profiles, dUcw/dx=14 s-1 Case

Fluctuating Temperature Profiles, dUcw/dx=14 s-1 Case

Fluctuating Temperature Profiles, Wall Coordinates,
dUcw/dx=14 s "1 Case

Normal Component of Turbulent Heat Flux Profiles,

dUcw/dx=14 s "1 Case

Normal Component of Turbulent Heat Flux Profiles, Wall Coordinates

dUcw/dx=14 s -1 Case

Streamwise Component of Turbulent Heat Flux Profiles, Wall Coordinates

dUcw/dx=14 s-1 Case

Eddy Diffusivity of Heat Profiles, dUcw/dx=14 s -1 Case

Mixing Length of Heat Profiles, dUcw/dx=14 s "1 Case

Turbulent Prandtl Number Profiles, dUcw/dx=14 s "1 Case

Cross Transport of Turbulent Shear Stress Profiles, dUcw/dx=14 s"1 Case

Cross Transport of Turbulent Heat Flux Profiles, dUcw/dx=14 s-1 Case

Octant Decomposition of Turbulent Shear Stress, dUcw/dx=14 s -1 Case

Octant Decomposition of Turbulent Heat Flux, dUcw/dx=14 s-1 Case

Boundary Layer u' Spectra at y+=5, dUcw/dx=14 s-1 Case

Boundary Layer u' Spectra at y+=17 dUcw/dx=14 s-1 Case

xvii



7.42

7.43

7.44

7.45

7.46

7.47

7.48

7.49

7.50

A.1

A.2

A.3

A.4

A.5

A.6

Boundary Layer u' Spectra at y+=50, dUcw/dx=14 s -1 Case

Boundary Layer v' Spectra at y+=50, dUcw/dx=14 s"1 Case

Turbulent Shear Stress Spectra at y+=50, dUew/dx=14 s"1 Case

Transfer Function of u' Between Boundary Layer at y+=5 and Free-Stream,

dUcw/dx=14 s "1 Case

Transfer Function of u' Between Boundary Layer at y+=17 and Free-Stream,

dUcw/dx=14 s -1 Case

Transfer Function of u' Between Boundary Layer at y+=50 and Free-Stream,

dUcw/dx=14 s "1 Case

Transfer Function of v' Between Boundary Layer at y+=50 and

Free-Stream, dUcw/dx=14 s "1 Case

Transfer Function Between u'v' and u' at y+=50, dUcw/dx=14 s "1 Case

Transfer Function Between u'v' and v' at y+=50, dUcw/dx=14 s -1 Case

Velocity Profile in Laminar Unaccelerated Flow

Velocity and Temperature Profiles Including Various Correction Terms

Comparison of Experimental and Calculated Velocity Profiles

Force Fit of Experimental Velocity Date to Standard Law of the Wall

Comparison of Experimental and Calculated Temperature Profiles

Comparison of Calculated and Measured Prt, Unaccelerated,

High FSTI, Concave-Wall Case

ooo

XVUl



LIST OF TABLES

Table

3.1

3.2

3.3

4.1

5.1:

6.1:

7.1:

A.1

Conditions for Kim and Simon's (1991) Low FSTI Concave-Wall Case

Conditions for Streamwise Velocity Profiles, Low FSTI Concave-Wall Case

Transition Start and End, and Turbulent Spot Propagation Rates Based on
Intermittency Measurements, Low FSTI Concave-Wall Case

Cases Considered (for Octant Analysis)

Parameters for the K---0.75x10 -6 Case

Parameters for the dUcw/dx=29 s-1 Case

Parameters for the dUcw/dx=14 s -1 Case

Experimental Data

xix



NOMENCLATURE

A +

a

b

C

Cf

Ct

c

Cp, C

cfv

cfuv

d

E

FSTI

f

fl

f2

f v)
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CHAPTER 1: INTRODUCTION

Transition to turbulence is a complex phenomenon which has been studied

extensively but is still not well understood. A better understanding of transition is needed

since the transition process is an important factor in determining the distribution of heat

transfer and drag on a surface. Transition is generally accepted to be an important

phenomenon experienced by many flows of engineering significance, including the flow

through the core of gas turbine engines. Better prediction of gas turbine flows is the

motivation for the present work. Mayle (1991) stated that a substantial fraction of the

boundary layer on each side of a gas turbine airfoil may be transitional. The ability to

understand and predict transition in turbine environments is potentially very important

since airfoil heat transfer and drag coefficients may increase severalfold when a boundary

layer undergoes transition. Boundary layer separation, which is seen in adverse pressure

gradient regions of turbine airfoils, may also depend on transition, since laminar

boundary layers are more susceptible to separation than are turbulent boundary layers.

For these reasons, it is important to know the location and length of the transition region

as well as the behavior of the flow and heat transfer within the transition zone.

HISTORY OF TRANSITION RESEARCH

Laminar-turbulent transition has been recognized and studied for over 100 years.

Osborne Reynolds (1883) observed transition in pipe flows, noting the intermittent nature

of the laminar and turbulent regions of the flow. Prandtl (1935) studied boundary layer

transition, noting a transition zone of"appreciable length", and that the position at which

"turbulence commences oscillates with time." Dryden (1939) studied velocity traces

obtained with hot wires in transitional boundary layers and stated that transition occurs

suddenly but that the transition point moves back and forth in the streamwise direction.



Much of the early transition research focused on transition in low disturbance

environments, where analytical study was possible. ToUmicn (1931, 1936) and

Schlichting (1933) applied linear stability theory to laminar boundary layers to predict

when the boundary layer would become unstable to small disturbances. Stability plots

were produced to show the frequencies at which disturbances would bc amplified by the

boundary layer at different Reynolds numbers. The amplification of disturbances at

unstable frequencies is the first step in the transition process under low-disturbance

conditions. Perturbations at unstable frequencies grow as two dimensional disturbances,

now known as Tollmien-Schlichting, or, TS waves. These disturbances or "wave

packets" become three-dimensional due to secondary instabilities as they move

downstream and eventually culminate as turbulent spots in the boundary layer. This type

of transition is known as Tollmicn-Schlichting or TS transition, and has been described

by several authors, including Schlichting (1979).

In the 1940's, GSrtler (1940) predicted strcamwisc vortices in boundary layers

along concave-curved walls. These vortices, now known as GSrtlcr vortices, can lead to

a breakdown to turbulence if they become unstable. Liepmann (1943) also studied

transition along curved walls. Schubauer and Skramstad (1943) experimented in

boundary layers grown in very low free-stream turbulence environments (free-stream

turbulence intensity, FSTI, below 0.03%). They introduced disturbances into the

boundary layer at various frequencies with a vibrating ribbon, and confirmed

Schlichting's (1933) stability plots. With hot wires, they observed TS waves.

Emmons (1951) observed the intermittent nature of transitional flow using flow

visualization in a water channel. Hc reported turbulent spots moving along in otherwise

laminar flow. The spots grew as they moved downstream, eventually merging and

forming a fully turbulent boundary layer. At any fixed point in the transitional flow, one

would observe the passage of regions of laminar and turbulent flow. The nature of the
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turbulentspots(e.g.their shapeandrateof growth) werelaterdocumentedby researchers

suchasSchubauerandKlebanoff (1955).

Narasimha (1957) proposed a theory which quantified the intermittent nature of

the flow described by Emmons. He suggested a "concentrated breakdown" in which all

turbulent spots in a flow are produced at a single streamwise position. This is obviously

an approximation to the actual production of the spots. In a zero pressure gradient flow,

spots are produced in a zone which is narrow compared to the overall length of the

transition zone, and the concentrated breakdown model works well. Dhawan and

Narasimha (1958) proposed the following equation for the intermittency within the

transition zone.

'y = 1 - e -0"412_2 (1.1)

The intermittency, _, is the fraction of the time the flow is turbulent (i.e. within a

turbulent spot), and _ is a dimensionless streamwise coordinate within the transition zone,

given as _ = (x - Xs) / (x_,=75% - x_,=25%). The concentrated breakdown (transition

start) location is at Xs. Dhawan and Narasimha showed that Eqn. (1.1) agrees well with

their own experimental data and data from Schubauer and Klebanoff (1955). Later,

measurements by other researchers confirmed this agreement. Some of these

comparisons are presented by Volino and Simon (1991). In accelerated flows, Narasimha

(1984) noted an exception to the concentrated breakdown model. Acceleration tends to

stabilize the boundary layer, resulting in a longer region in which turbulent spots are

produced. Narasimha referred to this as a subtransition.

The studies described above focused on low disturbance flows. There were

several reasons for this. Some important applications, such as transition on aircraft

bodies and wings, are associated with low disturbance conditions. Low disturbance flows

are amenable to linear stability analysis, making comparison between experiment and
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theory possible. Under low disturbance conditions, there is also better control over

discrete perturbations introduced into the flow with devices such as vibrating ribbons.

highly disturbed environments, the perturbations introduced with a vibrating ribbon

would be present only along with many other uncontrolled disturbances. The study of

low-disturbance flows is continuing. A review of this work was given by Narasimha

(1985).

In

BYPASS TRANSITION

The work done in low-disturbance flows is good background material for better

undcrstanding of transition in general, but, unfortunately, is not directly applicable to

highly-disturbed flows, such as those in gas turbine engines. Under high-disturbance

conditions, the linear growth stages of TS transition appear to be bypassed. Morkovin

(1978) defined "bypass transition" as "those roads to transition which cannot be

identified as starting from a known linear instability." Bypass transition is characterized

by the sudden appearance of turbulent spots.

Bypass can bc caused by any disturbance of the boundary layer. Some examples

of disturbances arc: high free-stream turbulence (considered in the present work), surface

roughness, and acoustic disturbances. The precise conditions under which bypass

transition occurs are not well defined. Narasimha (1985) identified three modes of

transition at different ranges of free-stream turbulence. These arc "disturbance limited"

transition at FSTI<1%, "turbulence driven" transition at 0.1%<FSTI<4%, and "stability

limited" transition at FSTI>4%. The mechanism for the fn'st mode is TS transition and

the third is clearly bypass transition. The intermediate cases exhibit some elements of

both TS and bypass transition. Sohn and Reshotko (1991) presented spectral

mcasurcmcnts from boundary layers at six different FSTI levels. At the three lowest

turbulence lcvcls (nominal 0.45%, 0.83% and 1.1%) cvidcncc of TS waves appeared as

broadband humps in the spectra at the unstable frequencies predicted by linear stability
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theory. In the 0.45% FSTI case the perturbations in the unstable range were amplified at

downstream stations, while the disturbances outside this frequency range were damped.

This behavior is in agreement with linear stability theory and provides evidence of TS

transition. At 0.83% and 1.1%, however, perturbations at frequencies both within the

band predicted to be unstable by linear theory and at higher frequencies were amplified.

These two cases could be considered bypass cases since they show deviations from linear

theory, despite evidence of TS-type disturbances at upstream stations. Cases which show

no evidence of TS transition, particularly those which occur when linear stability theory

predicts stable flow at all frequencies, are known as strong bypass cases. Cases with

evidence of TS transition are weak bypass cases.

In gas turbine engines, where FSTI of 3% to over 20% are possible, transition is

clearly in the bypass range. Mayle (1991) states that recent measurements in turbine and

compressor rigs show FSTI values of 5 to 10%, except in the wakes of upstream blades

and vanes, where values as high as 15 to 20% are found.

BYPASS TRANSITION EXPERIMENTS

Some information concerning bypass transition has come from experiments in

actual gas turbine engines or turbine cascades which simulate the geometry of turbine

engine passages. Such experiments are valuable, for they include all or most of those

effects present in the engine which can affect the transition process. Measurements of

heat transfer coefficients from these experiments provide evidence that transition is

important in gas turbines. This is particularly clear on the suction side of airfoils, where

heat transfer coefficients can show a sudden rise, indicating transition. The evidence is

less clear on the pressure side of the airfoils, but transition may be important there as

well. Some examples of turbine experiments are available in Dring et al. (1986), Hylton

et al. (1983), and Bridgeman et al. (1983). Many more examples exist; Mayle (1991)

provides a review of relevant experiments.
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While valuable,the information available from turbine experiments is limited.

The geometry of turbines is complicated, making access for detailed measurements

difficult. In an actual fired engine, the difficulty of taking measurcments is even more

severe. When measurements are made, they can be very difficult to explain. Because the

flow is complicated, with many effects present simultaneously, it is not always possible

to sort out which effects are dominant, or which effects cause specific events observed in

the transition process. So, while turbine experiments are valuable and can have some

direct usefulness for design purposes, they cannot be used to fully explain bypass

transition and are of limited use for the development of improved transition models.

To gain more insight into thc mechanisms governing bypass transition,

experiments are conducted in simpler flows. Geometries are chosen to allow better

access of probes and more detailed measurements than in gas turbines. The complicating

effects present in the experiments are also limited to allow better explanation of the

results. From these results, transition models can be developed. Later, after thc separate

effects are better understood, experiments with several effects combined can be

conducted.

Whilc most of the early transition research focused on low disturbance cases,

some bypass transition experiments have been done. Some of the older work was

rcviewed by Abu-Ghannam and Shaw (1980), who developed a transition corrclation

relating transition location to free-stream turbulence level. The last 15 ycars has seen

considerable experimental work. Much of this work was revicwed in detail by Volino

and Simon (1991), who recast data from several studies into local (Re0) coordinates for

comparison purposes. New information, such as turbulent spot propagation ratcs, was

also extracted from the existing data. A summary of the results of this review arc

presented below. A summary is also available in Volino and Simon (1995a).

Wang, Simon and Buddhavarapu (1985) studied transition on a flat plate in

unaccelerated flows with FSTI of 0.6 and 2.0%. Transition occurred earlier at the higher
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turbulencelevel, asexpected.WangandSimon(1987)consideredflow alongaconvex

curvedwall at thesametwo turbulencelevels. Strengthsof curvature,N_9.5/R,of ashigh

as4%wereconsidered.Theyfoundthatconvexcurvaturestabilizedtheflow and

delayedtransitionat 0.6%FSTI. At thehigherturbulencelevel,thefree-stream

turbulenceeffectdominatedover thecurvatureeffect,sothat curvaturehadlittle effecton

thetransitionlocation.

Blair (1983)studiedunacceleratedboundarylayersonaflat platewith FSTI

rangingfrom 0.2%to 7.6%. Althoughhis focuswason fully-turbulent boundarylayers,

Stantonnumbersweredocumentedthroughtransitionfor thecaseswith FSTI up to 2.6%.

Stantonnumberwasincreasedandtransitionoccun'edearlierat thehigher turbulence

levels. Blair (1992)consideredacceleratedboundarylayerswith FSTI rangingfrom 1%

to 5%. Theaccelerationparameter,K = v dU**, was held fixed at values of 0.2xl0 -6

and 0.75x10 -6. Acceleration, which tends to stabilize the boundary layer, delayed the

onset of transition and extended the length of the transition zone at all turbulence levels.

Kuan and Wang (1990) documented an unaccelerated, 1% FSTI case on a fiat

plate.

Suder, O'Brien and Reshotko (1988) considered unaccelerated flow along a flat

plate with FSTI ranging from 0.3% to 6.6%. Sohn and Reshotko (1991) repeated these

cases and extended the results using new experimental techniques. At the lower FSTI

they were able to documented the full transition zone. For FSTI over 2.6%, however,

transition started before their first measurement station and they were able to see only the

end of transition.

Rued and Wittig (1985) considered unaccelerated, flat plate cases with FSTI

ranging from 1.3% to 8.7%. They documented surface heat transfer coefficients, but did

not make detailed flow measurements. For the lower-FSTI cases, the full transition zone

was documented. Above 2.1%, transition occurred quickly and only the end of transition
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wasdocumented.RuedandWittig (1986)alsoconsideredseveralacceleratedflow cases

with K ashigh as6×10-6andFSTI up to 11%. Theirmeasurementssuggestthatfor

FSTI>5%,accelerationatK=2×10-6 is notstrongenoughto influencetransition,but that

accelerationwith K>5×10 -6 can extend the transition zone, even at 11% FSTI.

Acceleration rates in gas turbines can exceed 20×10 -6, thus, high-FSTI transition is

expected to be important to gas turbine design. More details of Rued and Wittig's work

are available in Rued (1987).

Kim, Simon and Russ (1992) and Kim, Simon and Kestoras (1994) considered

unaccelerated flow on flat walls with FSTI of 0.3%, 1.5% and 8%. At the two lower

turbulence levels, complete transition was documented. At 8% FSTI, transition occurred

near the leading edge of the test wall and only one transitional station was captured.

Downstream, the flow was fully turbulent. Kim et al. (1992) also considered

unaccelerated flow along a concave wall at 0.6% and 8% FSTI. The strength of curvature

reached 5% at the downstream stations. At 0.6% FSTI, curvature caused the formation of

stable Gtirtler vortices and led to earlier transition than on the flat wall at the same FSTI.

Further documentation of this case is given in Chapter 3. At 8% FSTI, as on the flat wall,

Kim et al. (1992) reported transition near the leading edge and were only able to

document only one station, near the end of transition. More details of Kim et al.'s (1992,

1994) work are available in Kim and Simon (1991). Kestoras (1993) repeated the

measurements of Kim and Simon's 8% FSTI concave curved wall case, providing

information on boundary layer thicknesses which were not given in the original study.

In addition to the above works, which are reviewed in more detail in Volino and

Simon (1991), Keller and Wang (1993) investigated transition in accelerated flow along a

flat plate under low (<1%) FSTI conditions. Zhou and Wang (1993) considered various

acceleration rates and FSTI values up to about 6%. In adverse pressure gradient flows,

which are not considered in this study, Gostelow and Walker (1991) conducted a series of

transition studies. Walker (1993) provides a review of this work.
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Fromtheexistingliterature,someconclusionscanbedrawnconcerningbypass

transition. Thegeneraltrendsof highFSTI, concavecurvature,andadversepressure

gradientscausingearlytransitionareconfirmed. Convexcurvatureandfavorable

pressuregradientsdelaytransition. In manyof thecasesconsidered,correlationssuchas

theAbu-GhannamandShaw(1980)correlationandamorerecentcorrelationby Mayle

(1991)do reasonablywell in predictingtransitionlocation(startandend)in termsof the

momentumthicknessReynoldsnumber,Re0,asafunctionof FSTI. Turbulentspot

growthratesfor mostcasesagreedwith a correlationgivenby Mayle (1991). The

distributionof intermittencycloselyfollowedEqn.(1.1) from DhawanandNarasimha

(1958),in mostcases.An exception to the above statements was Kim and Simon's

(1991) 0.6% FSTI concave wall case. This case showed earlier transition and higher spot

propagation rates than the correlations predict. It also deviated substantially from the

expected intermittency behavior. Transition in this case was driven by a G6rtler

instability. More evidence of this is provided in Chapter 3.

A few shortcomings have been identified in the existing bypass transition

literature. One is inadequate documentation of the free-stream disturbance in many of the

experiments. Volino and Simon (1991) noted some discrepancies in the order in which

cases went through transition. That is, some cases with low FSTI levels went through

transition upstream of cases with higher FSTI levels. In most cases, a single FSTI value

is given to describe the free-stream disturbance. Apparently, more is needed. Mayle

(1991) and Volino and Simon (1991) both reached this conclusion independently.

Hancock and Bradshaw (1989) considered the effects of both free-stream turbulence

intensity and length scale on fully turbulent boundary layers. Free-stream spectral

measurements and length scale documentation in transitional boundary layers could be

very useful. More of such measurements have been included in the present study.

A second shortcoming in the literature is the lack of transition documentation at

FSTI levels above 3%. In unaccelerated flow at high FSTI, transition occurs very near
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the leadingedgeof the test wail, so no appreciable transition zone can be documented. In

these cases, transition is of little practical significance, and the flow can be treated as

fuUy turbulent from the leading edge. In accelerated flow, however, transition may be

important even at very high FSTI. Blair (1992) provided some evidence of this, but only

to 5% FSTI. Rued and Wittig (1986) provided interesting results showing the possible

importance of transition at 11% FSTI, but these results were limited to surface heat

transfer measurements. The nature of high-FSTI transition processes is unknown.

BYPASS TRANSITION COMPUTATIONS

The governing equations for bypass transition arc thc Navier-Stokcs equations.

These equations arc known and can, in principle, be solved for any flow. Saying we

don't understand transition really means that we cannot solve the equations in our heads,

as Bradshaw (1994a) pointed out. Some work in direct numerical simulation (DNS) of

bypass transition cases has already been done. Most notable is the work of Rai and Moin

(1991), who performed a DNS of a 3%-FSTI case on a flat wall. DNS can provide

valuable information not available from conventional experiments. The entire time-

resolved flow field is available at the end of the calculation, and no intrusive probes are

needed to acquire the data. Quantities such as the vorticity field can be easily calculated.

DNS does, however, havc its limitations. DNS requires no turbulence modeling,

but accurate specification of initial and boundary conditions is required. An accurate

DNS result cannot be expected if the free-stream conditions are not well known. A

sufficiently fine computational grid must also be used. Rai and Moin (1991) saw

differences between results obtained for the same flow conditions with different grids.

DNS computations arc currently very expensive. Rai and Moin's case, requiring 400

hours of CPU time on a Cray YMP computer, is the only bypass transition case

documented in the literature. Computers are becoming faster, but, for the immediate

future, DNS of bypass transition wiU not be practical for general application. Large eddy
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simulations(LES),in whichthesmallestscalesin theflow aremodeled,may become

practicalsooner.LargeeddysimulationsarelesscomputationaUyintensivethandirect

numericalsimulations,but theyrequiresubgridscalemodelswhichrequiredevelopment.

LEShasnotyet beensuccessfullyappliedto bypasstransitioncalculations.

TRANSITION MODELING

The most common calculations are those which use some type of turbulence

model for closure of the time-averaged Navier-Stokes and energy equations. Since DNS

and LES are not ready for general use, gas turbine designers are dependent on turbulence

models and will remain dependent on them in the near future. Mayle (1991) refers to

such models as the mainstay of the industry. Models range from relatively simple mixing

length models to full Reynolds stress models in which differential equations are solved

for each of the terms in the Reynolds stress tensor. A review of various models is

provided by Reynolds (1975).

The simplest transition models use an empirical correlation such as Abu-

Ghannam and Shaw's (1980) to force the calculation to change from laminar to turbulent

when the laminar boundary layer reaches a given state of maturity (usually based on

Re0). These models are only as good as is the transition correlation, in the particular flow

of interest. They assume that the pre-transitional flow is steady, laminar flow, which may

not be a good assumption at high FSTI levels. With high FSTI, the non-turbulent

boundary layer may be highly disturbed by buffeting from free-stream eddies.

Most current efforts are focused on two-equation, k-e models, which can capture

the effects of changing FSTI. Such models can be used to calculate through transition

without a transition model. Standard turbulence models tend to predict transition too far

upstream and transition zones which are too short, however. Stephens and Crawford

(1990) concluded that current transition and turbulence models are generally poor

predictors of transition. Mayle (1991) reached the same conclusion. Schmidt and
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Patankar (1991) developed a two-equation transition model using "production term

modification." They started with the Lam-Btemhorst (1981), low-Reynolds-number

turbulence model and set the production term for turbulence kinetic energy to zero in the

upstream part of the flow. When the Abu-Ghannam and Shaw (1980) correlation

indicated that transition should begin, the production term was turned on. This model

was fairly successful in calculating transition for a number of cases, but it is still

empirical in nature. Models can be tuned to predict transition under limited sets of

conditions, but they are generally not robust. Given the dependence of designers on

transition modeling, a better understanding of transition and better transition models are

needed for improved turbine design. This will entail mote experimental work to expand

the existing data base and advance our understanding of transition.

IMMEDIATE NEEDS

From the above discussion, it is clear that transition experiments should be

conducted under high (>5%) FSTI conditions. These must be done under strong

acceleration conditions, because extended transition zones at high FSTI are possible only

in the presence of some stabilizing effect, such as acceleration. There is also a need to

provide better documentation of experimental conditions, particularly free-stream

conditions. Turbulence quantities which are useful to modelers, such as the turbulent

shear stress and turbulent heat flux should be provided with the experimental results.

Volino and Simon (1991) provide a discussion of important modeling terms which can be

measured.

OUTLINE OF PRESENT WORK

To address the needs given above, experiments were conducted and are presented

as outlined below.
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Chapter2:

Chapter3:

Chapter4:

Chapters5-7:

Chapter8:

Chapter9:

A discussion of the experimental apparatus and the measurements is

presented.

Further documentation of Kim and Simon's (1991) 0.6% FSTI concave-

wall transition case is given. Included are more spectral data and

extensive velocity profile data taken within the transition zone.

Octant analysis of new data and data from the literature is presented to

better explain the structure of transitional and turbulent flows. Octant

analysis is an extension of quadrant analysis, as presented by Willmarth

and Lu (1972).

Results of three accelerating-flow cases done under high FSTI conditions

on a concave test wall are discussed. Material in these chapters shows the

main focus of the work and represents a logical extension of the studies

mentioned above. An extended transition zone was documented in two of

the three cases.

The experimental results are discussed and recommendations are made.

Included is a recommendation for a new transition model.

Conclusions from these data are given.
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CHAPTER 2: EXPERIMENTAL FACILITY AND

MEASUREMENT TECHNIQUES

WIND TUNNEL

All experiments were performed in the blown-type wind tunnel sketched in Fig.

2.1. The air delivery section, built and described by Wang (1984), consists of a fan,

header, heat exchanger, settling chamber and nozzle.

Flow Preparation

The fan used in the early cases considered in this study was a New York Blower

model 224, centrifugal blower with a rated capacity of 5500 cfm. It was driven by a 3

phase, 230 V, 10 hp electric motor (Westinghouse model 680B 103G37). The motor and

fan speed were controlled with a Louis-Allis Lancer Jr., Type VT, 10 hp variable

frequency motor controller (model 92245), which was added to the facility by Kim

(1990). In the latter cases of this study, a high pressure drop was introduced when strong

acceleration and high free-stream turbulence were added to the flow. This moved the

fan's operating point onto the unstable region of its operating curve, causing a coherent

20 Hz oscillation which could be heard, felt, and seen in hot-wire anemometer traces.

The frequency of oscillation was identified with spectral analysis. The oscillation was

intermittent, coming and going in a random fashion, shaking the tunnel for periods of tens

of seconds separated by periods of comparable length. The effect of the oscillation on the

flow, though unknown, was of concern. Thus, the unstable fan was replaced with two 5

hp, Dayton Blowers (model 3N669) running in parallel. The new fans were designed for

higher pressure drops and lower flow rates than was the original fan. The variable-

frequency motor controller was used to control the speed of both of the new fans.

Replacing the fans eliminated the oscillation. A very low-amplitude, 20 Hz oscillation

could occasionally be detected in the flow, but it was apparently not affected by the fans.
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Datatakenwith boththeold andnewfansunderthesameoperatingconditionsshowed

nosignificantdifferences(otherthanthepresenceof the20Hz oscillation),indicating

thatthe20Hz oscillationdid nothavea significanteffectontheflow.

Downstreamof thefansis aheader(seeFig. 2.1)usedto redirecttheflow and

improveits uniformity. Followingtheheaderis aheatexchangerusedto improvethe

thermaluniformity of theflow. Wateriscirculatedthroughtheheatexchangerfrom a40

gallonstoragetankwith a 3/4hpcentrifugalpump(Daytonmodel98K588). Tapwateris

addedto thestoragetankandexcesswateris dischargedto adrainat a low flow rate,to

maintaina constanttanktemperature.Oncesteadystateisreachedat theroom

temperature,theheatexchangercanmaintaintheflow temperatureuniformity to within

0.I°C, bothspatiallyandtemporally. Theflow throughthetunnelis maintainednear

roomtemperature.The tunnelflow canbecooledto approximately10degreesbelow

roomtemperatureby increasingthetapwaterflow rate into thestoragetank,but hightap

waterflow ratesresultin spatialnonuniformitiesin theair flow temperatureof ashigh as

0.5°C.

Experimentswererununderlow andhighfree-streamturbulenceconditions. In

the low free-streamturbulenceconfiguration(Fig. 2.la) two settlingchambersanda

screenpackareplaceddownstreamof theheatexchanger.Theseareusedto reducethe

free-streamturbulencelevel. Followingthesettlingchambersandscreenpackis a 10.7:I

contractionratio nozzle. Theinlet areais 0.914m x 0.914m, andtheexit areais 0.685m

x 0.114m. Thenozzleincreasestheflow velocity andlowersthefree-streamturbulence

level. The6"1aspectratioatthenozzleexit insuresthatsecondaryflows areminimized

andthattheendwalls donot influencetheflow on thecenterlineof thetestwall. In the

low-FSTI configuration,thenozzleis followed by thetestsection.Theflow entersthe

testsectionwith anominal0.6%FSTI. In thehigh free-streamturbulenceconfiguration

(Fig. 2.lb), thesettlingchambersareremoved,Thescreenpackis left in place(mainly as
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a spacer and to improve flow uniformity, since it is not needed to reduce the FSTI level),

the nozzle is followed by a turbulence generating grid.

Turbulence Generating Grid

The grid used to generate high FSTI was designed and built by Russ (1989). It is

described by Kim, Simon and Russ (1992) and is based on the design of O'Brien and

vanFossen (1985). A sketch of the grid is shown in Fig. 2.2. It is constructed of 4.2 cm

OD PVC pipes and has 60% blockage. The grid was designed for use as a blown jet grid,

but, for the present study, it was used only as a passive grid. The grid is follow by a 96.5

cm long rectangular settling section of the nozzle exit dimensions. The flow exiting the

settling section enters the test section with a nominal 8% FSTI. The turbulence intensity

is approximately independent of the mean flow velocity over the range used in this study.

The mean streamwise velocity is uniform to within 3% and the fluctuating component of

the streamwise velocity is uniform to within 6% at the exit of the settling section. Russ

(1989) indicates that the turbulence leaving the settling section is nearly isotropic.

Test Section

The test section was built by Kim (1990) and is described by Kim and Simon

(1991). The test wall is concave, with a constant radius of curvature, R, of 0.97 m. It is

0.686 m high by 1.3 m long. The wall is constructed of several layers, as shown in Fig.

2.3. A 4.76 mm thick Lexan® sheet is covered with a 1.59 mm thick electrical resistance

heater. The heater is a foil-type heater covered on both sides with a rubber sheet. Wang

(1984) measured the uniformity of the heat flux from an identical heater to be within 1%,

although the uniformity of heat flux of the present test wall surface is not so good, as is

discussed below. Over the heater is a layer of 0.25 ram-thick, double-sided tape, in

which thermocouples are embedded. Over the tape is a 0.8 mm-thick Lexan sheet. Over

the Lexan is a liquid crystal sheet used for visualization of wall temperature. The top
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surfaceof the liquid crystalsheet,a smoothmylar sheet,formsthetestwall surface.Kim

(1990)measuredtheemmisivityof the liquid crystalto be0.85. Radiationlossesfrom

thetestwall aresignificantandcanexceed20%of theinput powerfrom theheater.The

radiativeheatflux canbecalculatedandsubtractedfrom thetotalheatflux to give the

convectiveheatflux atthesurface.Thebackof thetestwall is supportedwith Lexan

ribs, andis coveredwith 10cmof fiberglassinsulation. This limits thebackheatlossto

1.5%of thepower inputto theheaterundersteadystateconditions.

At the leadingedgeof thetestwall is a suctionslot, usedto bleedoff the

boundarylayerwhichgrowsin thesettlingsection.For thelow-FSTI, unaccelerated

flow, suctionwasappliedwith a2 hpcentrifugalDaytonBlower (model3N085). For the

acceleratedflow cases,thepressurein thetestsectionwassufficiently high relativeto

atmosphericpressurethattheflow exitedthesuctionslotwithout theuseof theblower.

Theflow directionaroundandthroughthesuctionslot wascheckedwith a tuft wand(a

tuft securedto theendof a thin rod) to insurethatflow wasproperlygoinginto theslot.

Thecoreflow in thetestsectionwasalsocheckedwith thetuft wand,anddid notappear

to besignificantlyaffectedby thesuctionslot.

Theouterwall of thetestchannelis aflexible, 0.476cm-thick,Lexansheetwhich

canbepositionedto produceanydesiredstreamwisevelocity distribution. For

unacceleratedcases,thechannelwidth washeldapproximatelyconstantat 0.114m. For

theacceleratedflow cases,thechannelwasnarrowedin thestreamwisedirection.

Eleven,2.54cm-diameteraccessholesdistributedin thestreamwisedirectionalongthe

centerlineof theouterwall wereusedfor insertionof probesfor velocity andtemperature

profile measurements. The holes were plugged when not in use. A hole in use was

covered with masking tape and the probe was inserted through a small hole in the tape at

the center of the access hole. This prevented the escape of air from the pressurized test

section. The test wall and outer wall are vertical. They sit on a table, which serves as the

bottom end-wall of the test channel. The top end-wall is a 1.27 cm thick Plexiglas®
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sheet. For the unaccelerated flow cases, pressure taps in the top wall were used to check

the pressure distribution in the channel during positioning of the outer wall. The outer

wall was adjusted until the smile pressure variation within the channel was within 4% of

the dynamic head. For the accelerated-flow cases, a significant total (or stagnation)

pressure drop though the test section prevented the use of the pressure taps in setting the

velocity distribution in the channel. Instead, the core velocity distribution in the channel

was measured with a hot wire as the outer wall was adjusted.

The position in the test section is described with a standard coordinate system.

The streamwise coordinate is x, measured from the leading edge of the test wall along the

concave surface. The coordinate normal to the test wall is y, measured from y--0 at the

test wall surface. The spanwise coordinate is z. The velocity components in the x, y, and

z directions are U, V, and W, respectively.

INSTRUMENTATION AND MEASUREMENTS

Mean Temperature

Mean temperatures were measured with Type-E (chromel-constantan)

thermocouples. One thermocouple was inserted into the flow through the top end-wall

near the entrance of the test section to measure the free-stream temperature, Too. A

traversing thermocouple probe, constructed by You (1986), following the design of

Blackwell and Moffat (1975), was used for temperature profile measurements in the

boundary layer. The thermocouple wire in this probe was 0.076 mm in diameter, and the

butt-welded junction could be brought into contact with the test wall.

All thermocouples were referenced to an isothermal box, as described by Kim and

Simon (1991). The box consisted of two 20.3 cm x 30 cm x 2.54 cm aluminum blocks

which were used to sandwich the thermocouple wires. Foam was used to seal the edges

of the blocks, and the package was wrapped in fiberglass insulation. The isothermal box

was referenced to an ice bath. Two thermocouples led from the isothermal box to the ice
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bath. The ice bath thermocouples were placed at different depths in the ice bath. When

the ice bath was fresh, the voltages across these thermocouples were equal. As the ice

began to melt, and some temperature stratification occurred, and the voltages from the

two therrnocouples began to differ. This voltage difference was checked periodically

during experiments, and when it exceeded 0.003 mV (0.05°C) the ice bath was replaced.

The thermocouples were originally calibrated by You (1986), and the calibration

was conf'u'med by Kim (1990). The fr_e-stream and traversing thermocouple were

rex:alibrated against each other and a mercury-in-glass thermometer at temperatures

ranging from 15°C to 30°C. No measurable deviation from You's calibration was found,

and the original calibration has been used in this study. This calibration is also in good

agreement with reference tables for Type-E thermocouples, provided by Powell et al.

(1974). The uncertainty in mean temperature measurements was 3 to 5% of the total

wall-to-free-stream temperature difference.

Thermocouple voltages were read with a multimeter (Fluke model 8842). A

scanner (Fluke model 2205A) allowed switching, for consecutive readings of the ice bath,

traversing, and free-stream thermocouples. The scanner and multimeter were controlled

and read with a computer though an IEEE interface bus. For the earliest experiments in

this study, a Hewlett Packard model 216 desktop computer was used for experiment

control, data acquisition and data processing. Software was written in HP Basic. Some

of this software was based on programs provided by Kim (1990). For the latter

experiments, including those described in chapters 6 and 7, the HP computer was

replaced with a 386 based computer with a Unix (System V) operating system. Software

was rewritten for this computer in C language. The 386 computer was connected through

a network to a Sun workstation, which was used for most data processing and plotting.

Listings of C and FORTRAN programs used for data acquisition and processing are

provided in Appendix B.
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Profile measurements, nrobe traversing. The traversing thermocouple probe

was positioned with a two-dimensional, automated, motorized traverse. The probe was

clamped to a stand mounted on a manual slide (Daedal model CR4419 with 10 l_n

resolution), which was used for moving the probe in the spanwise direction. The manual

slide was mounted on a second slide (Velmex model B2509Q1J) equipped with a stepper

motor (Slo-Syn model MO63-LF-401). The motorized slide was used for traversing

normal to the test wall with a minimum step size of 0.005 mm. The stepper motor was

controlled with a driver (Superior Electric model PDM155) and controller (Superior

Electric chassis SCA311, controller card 1012010, and indexer card IDD008). The

controller could be operated manually for initial positioning of the probe, or with a

computer for profile measurements. Remote control from the computer was

accomplished through the IEEE interface bus.

Temperature was measured at approximately 50 y-positions in each temperature

profile. Points were concentrated near the wall, where temperature gradients are highest.

Logic written into the data acquisition program controlled the traverse to maintain

approximately constant-AT steps between points in the profile. This was accomplished

using the y-distance and temperature difference between two adjacent measurement

points to extrapolate to the position of the next point in the profile. At each point in the

profile, 5 thermocouple readings were taken over a 5 second period and then averaged.

The probe measures the recovery temperature. Recovery temperatures were converted to

static temperatures using data from the velocity profile measurements, described below,

and the equation:

rU 2
Tstafic = Tre_ -_ (2.1)

2Cp

where Cp is the specific heat of air, and r is the recovery factor, taken to be 0.88 (Kays

and Crawford, 1993).
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Wall temverature. The wall temperature, Tw, was found by extrapolation of the

near-wall temperature profile data, taken with the traversing probe, to the wall surface at

y--0. This technique requires accurate knowledge of the probe position relative to the

wall. The position is found by springing the thermocouple wire against the test wall, then

backing the probe away from the wall in 5 ixrn increments. While the wire remains on the

wall, its temperature remains nearly constant, but when it leaves the wall, its temperature

drops noticeably. The y-position where the wire leaves the wall is taken to be one

thermocouple-wire radius (0.038 mm) from the wall surface. The uncertainty of the y-

position is 0.02 ram. For a typical wall heat flux of 200 W/m 2, this uncertainty in y

results in 0.15°C uncertainty in Tw. This is approximately 3% of the total wall to free-

stream temperature difference. Further documentation of the technique used to find local

wall temperatures and local wall heat flux values is available in Qiu et al. (1995).

In previous studies in this facility, wall temperature was measured using

thermocouples embedded in the test wall. The temperature at the thermocouple was

measured and extrapolated to the wall surface using the wall heat flux and the thermal

resistance of the material between the thermocouple and the surface. The thermal

resistance of the test wall was determined in independent tests using small samples of

wall composed of the same materials as those of the test wall. Kim (1990) and Kestoras

(1993) describe these tests. The temperature correction from the thermocouple to the

wall surface was sizable, since the wall was constructed of relatively low-conductivity

materials, a compromise made so that the wall could be bent. The measured thermal

resistance varied from 8.5x10-3 °Cm2/W as found by Kim, to 6.5×10 -3 °Cm2/W as

found by Kestoras, to 9.0x10 -3 °Cm2/W as found by the present authors. Also, the

present authors found a spatial variability over the range 7.5-10x10 -3 °Cm2/W. Because

of this variability in wall resistance, which appears to have an uncertainty of about 25%

(leading to a contribution to uncertainty in Stanton number of about 7%), the embedded

thermocouples were not used. Stanton numbers were evaluated with the temperature
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probemeasurements.A completediscussionof theexpectedshapesof meantemperature

profilesis givenin AppendixA.

_l_[.kg,g[.l]l_ The local convective wall heat flux, q, was determined from the

slope of the near-wall temperature profiles. The uncertainty in q is 5%. Convective heat

fluxes obtained using the power to the test wall heater with corrections for radiation

losses from the surface agreed with values computed from the temperature profiles, to

within 12%. Some of this variability is considered to be due to slight spatial variability in

the thermal resistance of the test wall. Variations in the color of the liquid crystal on the

test wall support the suggestion of slight nonuniformity of the wall heat flux. The present

technique of determining the heat flux from the profile measurements accounts for these

variations. In earlier studies done in this facility (Kim and Simon, 1991 and Kestoras,

1993) the uniformity of the test wall was believed to be better, based on the uniformity of

the liquid crystal color and the better match between the average heat flux and the local

heat fluxes determined from near wall temperature profiles. Some deterioration of the

surface had apparently occurred over time. The present technique is not influenced

significantly by this apparent deterioration.

Mean and Fluctuating Velocity

Mean and fluctuating velocities were measured using a four-channel, hot-wire

anemometer (TSI model IFA-100). Each channel was equipped with a signal conditioner

(TSI model 157), which was used for amplification and filtering of the anemometer

output. A 5000 Hz cutoff frequency, low-pass filter was used on most signals. This

eliminated most high frequency noise, but the cutoff frequency was above the expected

frequencies of most turbulent fluctuations of interest in the flow. This is demonstrated

below with spectral measurements, for which the filter was set to a higher frequency.

The offset and gain of the signal conditioner were set to improve the resolution with

which voltage fluctuations could be digitized.
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Hot wire calibration, Hot wires are best calibrated in-situ; but, because of the

complex nature of the flows under study (curvature, acceleration, and high-turbulence

effects, all simultaneously present), this was not possible. Instead, hot wires were

calibrated in a laminar jet device described by Wilson (1970). Air was supplied to the

device from the building air supply. Air exited as a laminar jet though a contoured

nozzle. The jet velocity was set using a pressure regulator at the inlet. The pressure drop

through the nozzle was measured using a variable-reluctance type pressure transducer

(Validyne model DP45) with a carder demodulator (Validyne model CD 15). The

transducer has a pressure range of 0 to 8.9 cm H20. Its accuracy is given by the

manufacturer as 0.5% of full scale over the full range. The pressure transducer was

calibrated against a micro-manometer. The calibration was linear and very stable,

unchanging to three significant digits over a three year period. The jet velocity was

calculated using the Bernoulli equation, the measured pressure drop, and the dimensions

of the nozzle.

The probe was placed in the center of the jet and aligned by eye. Since the probe

would later be aligned by eye for use in the wind tunnel, efforts to improve the accuracy

of the alignment in the jet would not have improved the overall accuracy of subsequent

measurements. The "eyeball alignment" was accurate to within +1% This introduces

almost no uncertainty into the single-wire velocity measurements described below, but

does contribute to the uncertainty in velocities measured with a cross-wire probe, also

described below. The error introduced in U by a 1° misalignment is negligible, and the

errors introduced into the turbulence quantifies u', v', and u'v' are less than 0.5%. The

error introduced in V is approximately 2% of the local U. All of these contributions to

the uncertainty are small compared to the total uncertainty in the various quantities.

Probe alignment, therefore, is not a matter of concern.

Calibrations were conducted over the velocity range of interest, typically from

about 2 m/s to 20 or 30 m/s. Anemometer voltage and pressure data were collected over
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a 40secondperiodat each velocity in the calibration and then time averaged. The

calibration is dependent on the jet temperature. To eliminate this dependence, all

calibrations were normalized to 25°C by multiplying all anemometer voltages by the

correction factor k.25"0 _ T' . The wire temperature is 250°C, and T is the jet

temperature in °C as measured with a thermometer. The same correction was used during

measurements, with T in the measurements corresponding to the local flow temperature.

The time averaged velocities and temperature-normalized anemometer voltages were

least-squares curve fit to determine the constants A and B in a King's law (1914a, 1914b,

1915) type calibration:

U=(A +BE2) 1/0"435 (2.2)

E is the hot wire voltage.

Sim, le-wire orofiles, For streamwise velocity measurements, a single-wire,

boundary layer type probe (TSI model 1218-T1.5) was used. This probe has a 3.81 pm

diameter tungsten wire with a active length to diameter ratio, l/d, of 320. The active

length of the wire is approximately 2/3 of the total length. The ends are platinum plated.

The wire is run in the constant-temperature mode at 250°C. All velocity measurements

made with this probe and the cross-wire probe, described below, were done in isothermal

flow. Kim et al. (1994) showed that at FSTI>l.5%, wall heating at the levels considered

in this study does not affect transition. The single-wire probe was used for measurements

very near the wall. Theprobe could be brought in contact with the test wall without

breaking the hot wire. Profile measurements were made with a procedure similar to that

described above for the mean temperature profiles. The probe was manually brought in

contact with and sprung against the test wall. The stepper motor was then used to back

the probe away from the wall in 0.005 mm increments. The voltage from the

anemometer changed slowly while the hot wire was against the wall, but rose
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significantlyat thepoint wherethewire lifted off of thewall. Themagnitudeof thisrise

dependedon theflow velocity. Thepoint wheretheprobelifted off of thewall wastaken

asy=0. Dataweretakenat approximately50y-positionsfor eachvelocity profile. In

mostcases,therawvoltagedatafrom thedigitizerswerestoredandprocessedat a later

time. As with the mean temperature profiles, data points were concentrated near the wall,

and the probe was traversed to maintain an approximately constant AU between points.

For time-average profile measurements, data were acquired at a 100 Hz sampling rate for

40 s at each measurement point. The uncertainty in the mean streamwise velocity, U, is

3 to 5%. The uncertainty in the rms fluctuating component, u', is 5%.

Near wall correction. Velocities at points very near the wall (y less than

approximately 0.1 mm) were affected by conduction between the hot wire and the wall.

This effect causes falsely high velocity readings. An empirical scheme proposed by Wills

(1962) was used to correct the near-wall velocities. Wills developed his correction in

laminar flow and proposed that half of the correction be used in turbulent boundary

layers. It was found in this study that 84% of the laminar correction worked best in

correcting near-wall data obtained by Kim (1990) in a simple, unaccelerated, fully-

turbulent boundary layer on a flat plate. The data from this flow, when plotted in wall

coordinates, should follow the standard law of the wall. This makes it possible to

calibrate the correction in the near-wall region. Eighty-four percent of Wills' correction

has been used throughout this study. The scheme used in the correction is outlined

below:

where

Ucorrecte d = 0. 84Uwill s + 0.16Uuncorrecte d (2.3)

U0.45 0 45 ,,1/0.45

UWills =_ uncorrected--(2_) " kw / (2.4)
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and

$4.53b-1.0278
kw = _76.524b_1.7893

b= y.
a

when b < 40

when b > 40

The kinematic viscosity, v, is evaluated at the

(2.5)

(2.6)

The correction goes to zero for large y.

film temperature between the hot-wire and the free-stream. The constant, a, is the hot-

(x)o4,
wire radius. For the present study, a=l.905x10 "4 cm, and \ 2aJ =2.423.

Data were acquired using two, 12-bit-resolution digital oscilloscopes

(Norland Prowler) with variable voltage ranges from +100 mV to +_20 V. The voltage

range was minimized for each experiment to improve the resolution of the measurements.

Sampling rate could be adjusted from 1 Hz to 100 kHz. Each oscilloscope has two

channels, and each channel has a 4096 point data buffer. By linking the two

oscilloscopes in a master-slave configuration, four channels of simultaneous data could

be acquired. Data were transferred from the digitizers to the controlling computer

through the IEEE bus in binary form, and converted to decimal form in post processing.

The routine used for this processing was originally written by Kim (1990), modified by

Kestoras (1993), and further modified in the present study when the routine was

translated from HP Basic to C. The routine is included in several of the programs in

Appendix B.

Cross-wire profiles. Mean and fluctuating velocities in the streamwise and

normal directions were measured using a boundary layer type cross-wire probe (TSI

model 1243-T1.5). The same 3.81 _tm diameter tungsten wires are used with this probe

as with the single-wire probe described above. The wires are perpendicular to each other

and are inclined at 45 ° to the main flow. The wires are spaced 1 mm apart in the spanwise

direction. The wires of the cross-wire probe were calibrated in the calibration device

described above, with the wires inclined at 45 ° to the jet (the same position as is used in
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measurements).Theeffectivewire coolingvelocity, Ueff = Ucos(45°), is usedin the

calibrationin placeof thejet velocity,U. For measurementsof normalvelocity

fluctuations,v', andturbulentshearstress,u'v', acorrectionproposedby Champagneet

al. (1967a,1967b)wasusedto accountfor theeffectsof coolingby thevelocity

componenttangentialto thehotwires. Thecorrectionsareasfollows:

Vcorrecte d = cfv × Vmeasured

where

and

and u Vcorrecte d = cfuv × u Vmeasured (2.7)

cfv = 1 + kt2 and cfuv - 1 + kt2 (2.8)

1-3kt2 +4k 4 1-kt 2

k t = -5 x 10-41+0.3 (2.9)
d

where 1/d is the length-to-diameter ratio of the hot wires.

The center of the cross-wires can be placed within 0.6 mm of the test wall, but,

due to spatial resolution problems, reasonable data can be taken only for y greater than

approximately 1 mm. The closest y position at which the data could be trusted was

determined by comparing u • measured with the single-wire probe and with the cross-

wire probe. At y greater than approximately 1 mm, the two measurements agreed.

Closer to the wall, u' measured with the cross-wire was significantly lower than the

value measured with the single-wire. Care must be exercised when the cross-wire probe

is brought near the wall. Unlike the single-wire described above, the cross-wires will

break if the probe touches the test wall. For profile measurements, the probe was

traversed through the same positions as in the corresponding single-wire profile for y>0.6

mm. Also like the single-wire profile, data were acquired at a 100 Hz sampling rate for

40 s at each measurement point.

The uncertainty in the mean normal velocity, V, is 3 to 5% of U. The

uncertainty in the normal rms fluctuating component, v •, is 10%. The uncertainty in the
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turbulentshearstress,u'v', is also10%. The uncertainty in the triple correlation, u'v '2 ,

which represents the transport of shear stress normal to the wail, is 15%.

Simultaneous Velocity and Temperature - Turbulent Heat Flux

A three wire, boundary layer type probe (TSI model 1295AM-T1.0) was used to

simultaneously measure the instantaneous U and V components of velocity and the

instantaneous temperature, T. The probe is described in detail by Kim and Simon (1991)

and is sketched in Fig. 2.4. Two of the wires of the probe are arranged in a standard

cross-wire arrangement and are used for measuring velocity. These wires are 2.54 t.tm

diameter tungsten wires with l/d=200. They are run in constant-temperature mode at

250°C. The third wire is an uncoated, 1.27 I.tm-diameter platinum wire, run as a cold

wire. This wire is parallel and adjacent to one of the hot-wires. The spacing between

adjacent wires is 0.35 mm. The overall distance between the outside hot wire and the

cold wire, then, is 0.7 mm. The cold wire is run in constant-current mode as a resistance

thermometer with a 1 mA current. The heating of the cold wire by the 1 mA current is

insignificant, which implies that apparent t' temperature fluctuations caused by u'

velocity fluctuations are also insignificant. This was checked by running the cold wire

with a 0.25 mA current and comparing results to those obtained with the 1 mA current.

Changes in mean T and t' were negligible.

Cold wire frequency compensation. The circuit used to drive the cold wire was

designed and built by the Analog Circuit company of Minneapolis. The circuit outputs

the voltage across the cold wire, amplified by a factor of 25. The circuit also supplies the

instantaneous time derivative of the amplified cold wire signal. The derivative was used

for frequency compensation. Kim and Simon (1991) determined that frequency

compensation was needed to improve the response of the cold wire. They introduced a

scheme similar to one used by Hishida and Nagano (1978), which they found improved
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thefrequencyresponseto 4kHz. Thevoltagefrom thecold wire is compensatedas

follows:

where

kcc _ dV1

Vc = _222 V21 -_t +vl

l+e_ dVldt

Vc = compensated voltage from the cold wire

V 1 = measured voltage across the cold wire

V2 -- voltage across one of the hot wires

V21 = (cold wire current) x (hot wire resistance)

E = ratio of the hot and cold wire resistances at O°C

kcc = empirical constant determined from a frequency response test

(2.10)

The constant kcc is determined empirically. The probe is placed in the isothermal

calibration jet, and a 6 mA current is supplied to the cold wire. This current causes a

slight heating of the wire. A switch is then thrown, dropping the supply current to 1 mA.

The wire then cools. The voltage across the cold wire and one hot wire, V 1 and V2

respectively, are digitized at a 100 kHz sampling rate during this process. The cold wire

voltage drops sharply when the switch is thrown to drop the current, then continues to

drop more slowly as the wire cools, approaching a steady state value asymptotically.

This is depicted in Fig. 2.5. If the cold wire had infinite frequency response, its voltage

would drop immediately to the final, 1 mA current, steady state value. The constant kcc

is set so that the compensated voltage, Vc, approaches this infinite-frequency-response

step change. During actual measurements of temperature fluctuations, the time derivative

of the cold wire voltage, dV-----J-1,is provided by the analog circuit supplying the constant
dt

current to the wire. When the switch is thrown in the calibration test, however, dV1
dt
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becomesmomentarilyvery large,andthecircuit usedto f'mdthederivativesaturates.

This makesdirectmeasurementof thisderivativeimpossibleduringcalibration. For

calibrations,thederivativewascalculatednumericallyfrom theV1 trace. Some

researchers,suchasSohnandReshotko(1991),calculatethederivativenumericallyat all

timeswhentheactualdataaretaken. Thisrequiresahigh samplingrate,whichwasnot

practicalin thepresentstudy(exceptduringcalibration)becauseof the limited size(4096

points)of thedigitizerbuffers.

Datafor profile measurementsweredigitizedat a 100Hz samplingrate for 40 s at

each measurement point. Measurements could be taken as close to the test wall as 0.5

mm, but as with the cross-wire described above, data taken at y<l mm were discarded

due to spatial resolution problems. The probe was traversed to the same y positions at

which data were acquired with the thermocouple probe described above. The two hot

wire signals, cold wire signal, and cold wire derivative signal were digitized with the four

available oscilloscope channels. Using the procedure of Kim (1990), the hot and cold

wire signals were low-pass filtered at 5 kHz, and the cold wire derivative was filtered at 3

kHz. The filters on the TSI 157 signal conditioners mentioned above were used.

Filtering of the cold wire signal was found to have no noticeable effect on the signal,

since the uncompensated response of the cold wire is well below 5 kHz and electronic

noise was apparently small. In some of the latter tests, this filter was not used. Signal

conditioners were used to offset and amplify the hot and cold wire signals, improving the

accuracy with which the signals could be digitized. The TSI signal conditioners and a

signal conditioner built by Analog Circuit were used.

In addition to the quantities mentioned above with reference to the cross-wire, the

fluctuating temperature, _7, the normal component of the turbulent heat flux, v't', the

streamwise component of the turbulent heat flux, u't', and the turbulent transport of the

normal component of the turbulent heat flux, v'2t ', were measured. The Champagne et

al. (1967a, 1967b) correction mentioned above with reference to u'v' (Eqn. 2.8) was also
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appliedto theturbulentheatflux, v't'. Theuncertaintiesin themeasurementsare5%in

_, 15%in v't"-'7,10%in u't---7,and20%in v'2t '. Because the raw data from the digitizers

were stored, other quantities in addition to those listed above could also be determined.

lntermittency

In transitional flow, the flow can be divided into turbulent and non-turbulent

zones. Figure 2.6 shows typical time traces of streamwise velocity from low and high

FSTI flows. In the low FSTI flow (Fig. 2.6a), the non-turbulent part of the flow appears

very laminar-like. In the high FSTI flow (Fig. 2.6b), the non-turbulent zone is

characterized by large amplitude fluctuations. This zone is not laminar-like, but the

fluctuations are of relatively low frequency and the non-turbulent fluctuations are

distinctly different than the high frequency fluctuations in the turbulent zone. In both the

low and high FSTI cases, the intermittency, % can be defined at any position as the

fraction of time that the flow is turbulent. The intermittency was determined with an

analog circuit described by Kim et al. (1994) and Kim and Simon (1991). This circuit

was based on the design of Kim, Kline and Johnston (1978). The circuit takes the voltage

across a hot or cold wire as an input, and determines the first and second time derivative

of the input signal. The derivatives are then rectified. If either or both of the derivatives

exceed an adjustable threshold level, the circuit declares the flow turbulent and outputs a

+3.9 V signal. If both derivatives fall below their thresholds, the circuit declares the flow

non-turbulent and outputs a 0.1 V signal. Both the first and second derivatives are used

to determine the intermittency in order to eliminate drop outs when one or the other of the

derivatives crosses zero. For example, if the tra'st derivative is fluctuating between large

positive and negative values in a turbulent flow, it must pass through zero. If the

intermittency function were based only on the first derivative, the flow would be declared

non-turbulent during these zero crossings. The second derivative will be large if the fast

derivative is rapidly changing signs, and will not be zero during the first derivative zero
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crossings.Usingboth first andsecondderivativesfor theintermittencyfunctionhelpsto

minimizedrop-outsin turbulentflow. Whentheintermittencycircuit is usedin

conjunctionwith thesinglehot-wireor oneof thewiresof thecross-wireprobe,the

intermittencysignalis digitizedwith a separatechannelononeof thedigital

oscilloscopes.Whenthecircuit is usedin conjunctionwith thetriple-wireprobe,the

voltageacrossthecoldwire is usedastheinput to the intermittencycircuit, andthe

intermittencyfunctionis addedto thetimederivativeof thecold wire signalwith a

secondanalogcircuit. Thiscombinedsignalis thendigitizedwith oneof the

oscilloscopes.Adding thesignalsin this waywasnecessary,sinceonly four digitizer

channelswereavailable.Thecoldwire derivativesignalis smallcomparedto the3.9V

intermittencysignal,allowingdigital separationof thesetwo signalsin postprocessing.

Theresponseof theintermittencycircuit is generallyfast,but someof theop-ampsin the

circuit cannot keepupwith themostrapidchangebetweenturbulentandnon-turbulent

flow. This resultsin anoccasionkloutputfrom thecircuit betweenthe0.1V non-

turbulentand3.9V turbulentvalues.Up to 2%of thepointsin adigitized signalmayfall

into this category.ThesepointsarediscardedbeforeT is calculated.

The threshold values for the derivatives used in determining the intermittency

must be set for each flow. This is done by observing the input and output of the

intermittency circuit on the screen of an oscilloscope and adjusting the threshold levels

until the circuit appears to be giving the "correct" intermittency. This "tuning" of the

circuit is fairly straightforward in low-FSTI flows, where the distinction between laminar

and turbulent flow is clear. The tuning is more difficult in high FSTI flows where the

distinction between turbulent and non-turbulent flows is less clear. This can be seen in

Fig. 2.6b. The derivatives in the non-turbulent portion of the flow are occasionally high.

If the circuit is adjusted to declare these high derivative zones as non-turbulent, then parts

of the turbulent zone will also be falsely declared non-turbulent. Alternatively, if the

circuit is adjusted so that all of the turbulent zone is declared turbulent, then parts of the
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non-turbulentzonewill bedeclaredturbulent. Somecompromisemustbemadeandthis

makesthetuningof thecircuit somewhatsubjective.This is to beexpected,andis to

someextentunavoidablesincethedistinctionbetweenthetwo zonesof theflow is

somewhatblurred. Theuncertaintyin theintermittencyis high in thehigh-FSTIflows.

This prevented conditional sampling based on intermittency in this study. Uncertainty in

the intermittency values approached 50% in the early part of transition and decreased to

20% by the end of transition. Despite the high uncertainty, the intermittency function is

still useful. Once the circuit is tuned, all intermittencies are determined with respect to a

common reference. While the absolute values have a high uncertainty, the trends in T

with position are more reliable. The intermittency determined from hot and cold wire

signals are different. The hot-wire based intermittency tends to be a good indicator of

whether the flow is turbulent or non-turbulent within the boundary layer, while the cold

wire based intermittency is better for separating boundary layer flow from free-stream

flow in the wake region of the boundary layer. Keller and Wang (1995) discuss the use

of various criteria for determining the intermittency.

DATA PROCESSING

Skin Friction and Stanton Number

In addition to the quantities listed above, several more quantities were calculated

based on the data described above. Uncertainties for these processed quantities were

determined using a standard propagation of errors as presented by Kline and McClintock

(1953). Skin friction coefficients, Cf, were determined from the mean streamwise

velocity profiles by a profile fitting technique. In unaccelerated turbulent flow, the

profile data are fit to the standard turbulent law of the wall using the "Clauser" (1956)

fitting technique. In accelerated flow, the law of the wall is not applicable, and the

technique developed and presented in Appendix A is used. This technique is also

documented in condensed form in Volino and Simon (1994a). The uncertainty in Cf is 7
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to 8%. Local Stantonnumbers(dimensionlessheattransfercoefficients),St,were

determined directly from the wall heat flux and the wall and free-stream temperatures.

The uncertainty in St is 7 to 8%.

Turbulent Prandtl Number

The turbulent Prandtl number, Prt, is calculated from the measured turbulent shear

stress and turbulent heat flux. The turbulent Prandfl number is defined as:

UV

eM (2.11)

vT- 
---m,/OT -

£M is the eddy viscosity, and eH is the eddy diffusivity of heat. The mean velocity and

_U _T

temperature gradients, _ and --_-, were found at each point in a profile by curve fitting

5 points (the point in question and two points to either side) with a cubic polynomial and

calculating the derivative of this polynomial. Kim and Simon (1991) estimated that the

_U _T

uncertainties in the derivatives _ and _ range from 12% near the wall where the

derivatives are large to 53% in the outer part of the boundary layer where the derivatives

are small. These estimates are accepted here. The uncertainties in eM range from 16%

near the wall to 54% in the outer part of the boundary layer. The uncertainties in eH

range from 19% to 55%. The uncertainties in Pr t ranges from 25% to 77%. Obviously,

Prt measurements are only valuable fairly close to the wail. The data presented in the

following chapters support this. The uncertainties, even near the wall, are large, but they

are typical of direct turbulent Prandtl number measurements. The mixing lengths of

momentum and heat are defined as:

( _-___,¢/2/_U
&=,-u v,

(--_ I/2 / OT
and *H = _v t / i-_ (2.12)
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Theuncertaintiesin gM range from 13% to 53%, and in gH range from 16% to 54% (the

former values relate to the near-wall and log regions of the profiles).

Free-Stream Velocity

The free-stream velocity is not uniform in curved channels, nor does it follow a

potential flow solution when FSTI levels are high. The curvature and high FSTI cause

cross transport of momentum, as described by Eckert (1987). Although this prevents the

core velocity distribution from following a potential flow or free-vortex solution, the

velocity profile in the core of the channel is, to a close approximation, linear. Using the

technique of Kestoras and Simon (1993), a line, Uc(y), fit to the core velocity

measurements, is extrapolated to the test wall to give the reference velocity Ucw. The

boundary layer thickness, 899.5, is taken as the point where the data, U(y), and the line

0.995Uc(y) cross. The reference velocity, Ucw, is used for normalization in the same

way as the free-stream velocity, U,,, is used on flat-plate boundary layers. The value of

Ucw is fairly insensitive to the fitting of the core velocities and has an uncertainty of 3-

5%. The boundary layer thickness, 899.5, in contrast, is quite sensitive to the choice of

which points are fit and has an uncertainty of 20%.

Boundary Layer Thickness

Integral quantities such as the displacement thickness, 8", the momentum

thickness, 0, and the enthalpy thickness, A2, were calculated as follows from the mean

velocity and temperature profiles:

o,y, yl1'2---_-JO _ c
(2.13)
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0 = RI1 1+ _ _0899"5 [U(y)(U¢ - U(y))]dy

I_UCW

(2.14)

_ / 1/22 t)Uc j-_99.5 [U(y)C_(y) _ Too)]dy
-Ucw + U2w + (Tw-T_) Oy

A2 = _)Uc (2.15)

ay

These definitions were taken from Kestoras (1993). Constant fluid properties have been

assumed, a good assumption since the wall to free-stream temperature difference was

only about 5°C in the experiments. Stagnation temperatures, as opposed to static

temperatures, are used in the enthalpy thickness calculation. The definitions take

curvature effects into account, but when the strength of curvature is weak, as it was in the

present study, these definitions are essentially equivalent to the standard definitions for

boundary layers on flat plates. The uncertainties in these boundary layer thicknesses are

about 10%. The momentum and enthalpy thicknesses are used in place of 599.5 for data

reduction because of their lower uncertainty. The uncertainty in the shape factor,

H = D, would be 14% by a standard propagation of errors, but it is likely that errors in
0

_* and 0 will be related, making the uncertainty in H smaller. The uncertainty in H is

taken to be 10%.

Octant Analysis

Octant analysis, described in detail in Chapter 4, was done on the data obtained

with the triple-wire probe. Octant analysis is an extension of quadrant analysis, which

was introduced by researchers such as Willmarth and Lu (1972).
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Spectral Analysis and Transfer Functions

Spectral analysis was done on the fluctuating velocities in the free-stream and

boundary layer. Data were acquired using the single-wire and cross-wire probes

described above. Single-wire data for u '2 spectra were acquired in the viscous sublayer

at y+=5, near the position of maximum turbulence intensity (y+=17), and in the free-

stream. Because the cross-wire probe could not be positioned close to the wall, data for

u '2 , v "2 , and -u-_v' spectra were acquired at y+ between 50 and 100 and in the free-

stream. Free-stream w '2 spectra were acquired in a few cases by inserting the cross-wire

probe through the top wall of the wind tunnel. In this configuration, the probe measured

the U and W components of velocity.

For each spectrum, data were acquired in four sections at sampling rates of 100

Hz, 1 kHz, 10 kHz and 100 kHz. The data were low-pass filtered at 1/10th the sampling

rate (10 Hz, 100 Hz, 1 kHz and 10 kHz for the four sections, respectively). Twenty sets

of 4096 data points were acquired for each of the four sections. A Fast Fourier

Transform (FFT) was performed on each set of 4096 points to compute the power

spectral density (PSD). Routines for performing the FFT and calculating the PSD were

taken from Press et al. (1988). After the 20 PSD from each section of the spectrum were

averaged for smoothing, the sections were pieced together to form the full spectrum. The

data obtained with the 100 Hz sampling rate were used to provide the section of the

spectrum from 0 to 5 Hz, the 1 kHz sampled data provided the section from 5 to 50 Hz,

the 10 kHz sampled data provided the section from 50 to 500 Hz, and the 100 kHz

sampled data provided the final section of the spectrum from 500 to 5000 Hz. Acquiring

the spectra in sections allowed better resolution of the lower frequencies. For most of the

high-FSTI work, the 100 Hz sampled data were not acquired, after it was recognized that

very little energy resided in the 0 to 5 Hz band. For these spectra, the 1-kHz-sampled

data provided the 0 to 50 Hz section of the spectrum. The choices of sampling rates,

filters, sample size, etc. were primarily functions of the equipment used in the
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measurements(e.g.a digitizerwith 4096-pointbuffer)andtheflow in question.Under

differentconditions,otherchoicesmightbemoreappropriate.Oncethefull spectrum

hadbeenpiecedtogether,furthersmoothingwasdonethroughcurvefitting. At each

frequencyin thespectrum,60points(30 to eachsideof thepoint in question)werecurve

fit with apowerlaw. Thevalueat eachfrequencywaspresentedasthevalueof thecurve

fit at thatfrequency.The spectrawerealwayscheckedfor spikesbeforesmoothingto

insurethatno importantinformationwaslost in thesmoothingprocess.Figure2.7shows

atypical powerspectrumbeforeandafterthecurve-fit smoothing.In Fig. 2.7athePSD

is plottedversusfrequencyin log coordinates.In Fig. 2.7bthePSDismultiplied by the

frequencyandplottedonalinearaxisversusfrequencyonalog axis. In thecoordinates

of Fig. 2.7b,theareaunderthecurvein anyfrequencybandis proportionalto theenergy

in thatfrequencyband. Thespectraamplottedin dimensionalcoordinatesfor lackof a

clearchoiceof nondimensionalizingparameter.A discussionof possiblechoicesfor

nondimensionalizationof thespectrais presentedin Chapter7.

Theuncertaintyin thetime-averagedquantitiesu'2 , v "2 , and -u_ are 5%,

10%, and 10%, respectively, as noted above. Local (frequency) uncertainty values in the

smoothed spectra are the same as the respective time-averaged values.

Integral lent_h scales, Integral length scales were determined from spectral

measurements using the following formulas, which are based on formulas presented by

Hinze (1975):

0 u'2(f = 0,df) U v'2(f = 0,df) U w'2(f = 0,df)

Au,= df , Av,= df Aw'- df (2.16)
4u ,2 4v ,2 ' 4w, 2

where u'2(f = 0,df) v'2(f = 0,df) and w'2(f= 0,df) --,are the values of the PSD of u "2
df ' df df

v '2 and w '2 at zero frequency. These values are found graphically by extrapolating a

38



spectrum,plottedin log-logcoordinates(suchasthespectrumplottedin Fig. 2.7a),to

f=0. Theuncertaintiesin the integrallengthscalesare30%. Integrallengthscalescan

alsobecomputedfrom autocorrelationsof fluctuatingvelocities. Kim andSimon(1991)

usedautocorrelationsto find integrallengthscales.In thepresentstudy,autocorrelations

werecomputedfor afew casesandintegralscalesweredeterminedfrom both the

autocorrelationsandthespectra.Thescalescomputedby thetwo techniquesmatched.

Transfer functions. Some spectral results are presented in terms of "transfer

functions". The transfer function is used to examine the relationship between fluctuations

in the boundary layer and in the free-stream. The transfer function, commonly used in

controls or vibration analyses, is a ratio of an output function PSD to an input function

PSD. The ratio is taken at each represented frequency over the full range of frequencies

in the signals. In this study, a transfer function is calculated by dividing the PSD from

the boundary layer (considered to be the output or dependent function) by the PSD of the

free-stream (considered to be the input or independent function) at each frequency over

the full range of frequencies represented. The boundary layer can be considered to be the

system. When a system has a single input and a single output, the transfer function gives

a clear indication of which frequencies in the input are amplified by the system and, thus,

are present in the output signal. The relationship between the free-stream and boundary

layer turbulence spectra is not so simple. Certainly, the free-stream turbulent kinetic

energy has an influence on the boundary layer, but boundary layer turbulence is also

generated by other mechanisms, such as near-wall bursting during which mean-flow

kinetic energy in the external flow is converted to turbulence energy in the boundary

layer. The transfer function can show evidence of free-stream influences on the boundary

layer. Also, energy in the boundary layer spectra which is not visible in the free-stream

indicates a direct origin from sources other than the free-stream. The transfer function

between the spectra of the turbulent shear stress, -u-7"_v', and the turbulent kinetic energy,

u '2 , tells how turbulent transport is related to the overall fluctuation level in the
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boundarylayer. Theuncertaintiesin the transfer functions, taken as the combined error

in the two spectra used to compute them, range from -10% for transfer functions

involving only u '2 spectra, to 15% for transfer functions involving v '2 and -u--_v'

spectra. More on the transfer function is available in Volino and Simon (1994b).

Two Point Correlations

Two point correlation measurements of streamwise velocity were made in the

free-stream using two single-wire probes. The boundary layer type single-wire probe

describe above and a straight single-wire probe (TSI model 1210-T1.5) were placed in the

flow with the two wires nearly touching, as shown in Fig. 2.8. The probes were then

separated, and data were simultaneously taken from both probes for various separation

distances. The correlation, ulu_ was then determined as a function of the separation

distance (ul and u_ are the fluctuating components recorded by the two probes).

Separations in the y and z directions were considered. For z separation, the probes were

inserted through the top wall of the wind tunnel.
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Fig. 2.2: Turbulence Generator (from Russ, 1989)
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Fig. 2.4:
Schematic of Triple-Wire Probe used to measure
Turbulent Heat Fluxes (from Kim, 1990)
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Fig. 2.8: Configuration for Two-Point
Correlation Measurements
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CHAPTER 3: LOW FSTI, CONCAVE WALL TRANSITION

BACKGROUND

KJm and Simon (1991) considered cases on the same concave wall as used in the

present study. One case which they documented was taken under low (0.6%) FSTI

conditions. The flow entered the test section at 17.2 m/s and was unaccelerated. The

concave curvature led to the formation of stable streamwise (GSrtler) vortices, which

were observed downstream of the first measurement station. A sketch of G6rtler vortices

is presented in Fig. 3.1. Floryan (1991) provides a review of the G6rtler instability in

boundary layers. The vortices in Kim and Simon's (1991) flow originated in the laminar

flow region and persisted through transition into the fully-turbulent boundary layer

downstream. The vortices increased in size as the boundary layer grew and remained

visible to the end of the test section. The vortices were observed with the liquid crystal

on the test wall surface as warm and cold streaks. Kim and Simon (1991) took

measurements at five streamwise stations in this flow. Conditions for these stations are

listed in Table 3.1. Also included in the table are the results of some length scale

measurements from the present study. The flow was laminar at the first station,

transitional at the second, and fully-turbulent by the third. Transition occurred farther

upstream in this flow than in a similar low FSTI case done on a flat wall. Velocity and

temperature profiles at station 3 followed the turbulent velocity and temperature laws of

the wall in the inner part of the boundary layer, but the wake was strongly affected by the

curvature and vortices. Data were acquired at the upwash and downwash locations of the

vortices at each station. These locations appear to be stable in that they always appeared

at the same spanwise positions.

Kim and Simon did not observe stable G6rtler vortices under high (8%) free-

stream turbulence conditions on the concave test wall. This was believed to be due in
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part to theabsenceof anextendedlaminarregionfor vortexdevelopmentin the high-

FSTI case. It was considered possible that vortices might re-emerge in a high FSTI case

ff a strong favorable pressure gradient were imposed to extend the non-turbulent region of

the flow. To provide comparison data for such a case, better documentation of transition

in the presence of G6rtler vortices was sought under low FSTI conditions. In the end, no

vortices were observed in high FSTI cases, even with strong acceleration. The results

from the low FSTI case are still interesting, however, and are presented below.

In this study, more detailed documentation of Kim and Simon's (1991) case is

provided. Spectral measurements in the boundary layer and flee-stream were made by

the present author to better document the boundary conditions and to provide another

perspective to the transition process. The spectral documentation presented for this case

is not as complete as for some of the high-FSTI cases presented in later chapters. The use

of spectral information was introduced to the measurement program during the course of

this study and more data were acquired in later cases. In addition to the spectral data,

streamwise velocity profiles were acquired in the transition region at several spanwise

positions to better document the effect of the G6rfler vortices on transition. Octant

analysis of data from this case is discussed in Chapter 4.

FREE-STREAM TURBULENCE

Free-stream u' spectra were acquired at Kim and Simon's stations 1, 2 and 5.

Free-stream v' spectra were acquired at stations 1 and 2. The u' spectra are presented in

Fig. 3.2 in both of the coordinate systems described in Chapter 2 The spectra do not

change greatly in the streamwise direction. The integral length scale based on u' in the

free-stream is Au,=6.7 m. This is a very large dimension, and obviously cannot be

associated with turbulent eddies in the free-stream. The frequency associated with this

length scale, U**/Au, , is 2.6 Hz. The energy in the fluctuations, as shown in Fig. 3.2b, is

centered around 0.8 Hz. Fluctuations at these low frequencies are associated with
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streamwise unsteadiness, and, as stated above, are not due to eddy motion. Nearly all of

the energy in u '2 lies below 20 Hz. A two-point correlation with separation in the y

direction showed almost perfect correlation between u' fluctuations measured with two

probes, independent of the probe separation distance. This supports the conclusion that

most of the u' fluctuations are due to streamwise unsteadiness, not turbulent eddies.

There is a very small peak in the u' spectra centered around 100 Hz. This peak shows a

slight growth in the streamwise direction, and may be associated with turbulent eddies in

the free-stream.

Figure 3.3 shows the free-stream v' spectra at the first and second measurement

stations. Note the change in scale between Figs. 3.2b and 3.3b. Below 10 Hz, there is

much less energy in v '2 than in u '2 . Above 90 I-Iz, u' and v" are similar, indicating that

the flow is fairly isotropic. The integral length scale associated with v', Av,, is 11 cm.

This length scale is still large, but it could be associated with the largest eddies in the

flow. The frequency associated with this length scale, Uo,/Av,, is 150 Hz. As shown in

Fig. 3.3b, the energy in v '2 is centered around 20 Hz, in contrast to the u '2 PSD, where

the energy was centered around 0.8 Hz. The component v '2 appears to be a better

descriptor of eddy motion in this case. It will also be shown below, for both this case and

the high-FSTI cases considered, that free-stream v' fluctuations have a more important

influence on the boundary layer than u' fluctuations.

BOUNDARY LAYER SPECTRA AND TRANSFER FUNCTIONS

Figure 3.4 shows u' spectra taken in the boundary layer very near the wall at

y+=6. Data were acquired at stations 1, 2 and 5. The energy in the fluctuations is so low

at station 1, that it cannot be seen in the coordinates of Fig. 3.4b. This is to be expected

since the flow is laminar at station 1. There is a sharp rise in u' at all frequencies

between stations 1 and 2, as transition begins. Data were acquired at both the upwash

and downwash locations of the G6rtler vortices at station 2. The upwash and downwash
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spectrawere similar, with the energy in the upwash spectrum only slightly higher than at

the downwash. Only the downwash spectra are shown in Fig. 3.4. Between stations 2

and 5, there is little change in the spectra below 35 Hz, but a significant rise in energy is

visible at higher frequencies. The peak in energy shifts from 35 Hz at station 2 to about

200 Hz at station 5. As expected, the lower frequencies associated with larger scales,

become important early in the transition process, but the smaller scales do not become

developed until later in transition. The cascade of energy from large scales to small

scales takes some time to develop. The integral length scales associated with the spectra

in Fig. 3.4 are approximately 0.5 m at stations 1 and 2, decreasing to 8 cm at station 5. At

the upstream stations, the fluctuations even very near the wall appear to be dominated by

low-frequency unsteadiness. Downstream, the contribution from turbulent eddies

becomes more important.

Figure 3.5 shows boundary layer spectra from stations 1 and 5 taken at y+=35.

The results are similar to those seen at y+=6 in Fig. 3.4. There is little energy in u' at

station 1, although the level is higher than at y+=6, and the spectrum is barely visible in

Fig. 3.5b. At station 5, the peaks in the spectra in Figs. 3.4b and 3.5b agree. The

fluctuation level at station 5 is somewhat higher at y+=35 than at y+=6. The integral

scales associated with the spectra in Fig. 3.5 are 3.3 m at station 1 and 5 cm at station 5.

As stated above, the fluctuations at the upstream stations are dominated by streamwise

unsteadiness, while the downstream station show the influence of turbulent eddies.

Figure 3.6 shows the transfer function of u '2 between the boundary layer at y+=6

and the free-stream at stations 1, 2, and 5. Essentially, the spectra of Fig. 3.4 were

divided by the spectra of Fig. 3.2 at each station. At the fLrSt measurement station, the

boundary layer contains more energy than does the free-stream in the frequency range 13

to 150 Hz. The low-frequency, f<13 Hz, streamwise unsteadiness is "damped" by the

boundary layer, as are the higher frequencies, f>150 Hz. The boundary layer is

apparently amplifying the free-stream turbulence for 13<f<150 Hz. This is the range
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containingmost of the energy associated with eddy motion in the free-stream (Fig. 3.3b).

A possible explanation for the amplification follows: Large-scale, free-stream eddies

buffet the boundary layer, causing a displacement of fluid in the y direction (normal to

the wall). This displacement causes v' fluctuations in the boundary layer at the

frequency associated with the free-stream eddies. It also causes u' fluctuations within

the boundary layer at the same frequency due to the normal gradient of streamwise

velocity, 0U/0y, as depicted by Fig. 3.7. Amplification occurs because OU/0y is much

larger in the boundary layer than in the free-stream. Bradshaw (1994a) used the terms

"inactive motion" and "splat mechanism" to describe this effect. The low-frequency

unsteadiness discussed with the u' spectra, which is a streamwise unsteadiness, would

not produce this effect because it would not cause a displacement of fluid in the y

direction.

At the downstream measurement stations (Fig. 3.6) where the boundary layer has

become turbulent, the broad-hand peak of station 1 has grown, and a new broad-band

peak, centered almost two decades higher, has emerged. The higher frequencies are

probably associated with boundary layer turbulence, originating from near-waU

production of turbulence rather than amplification of anything present in the free-stream.

The transfer functions at the two downstream stations are very similar to each other,

although there is growth at the higher frequencies between the two stations.

Figure 3.8 shows the transfer function of u '2 between the boundary layer at

y+=35 and the free-stream at stations 1 and 5. The spectra of Fig. 3.5 are divided by the

spectra of Fig. 3.2 at each station. At the upstream station, the boundary layer and free-

stream have approximately equal energies (transfer function = 1) below 2 Hz and above

800 Hz. At the intermediate frequencies, centered around 20 Hz, the boundary layer has

more energy than the free-stream. The transfer function is qualitatively similar to that at

y+=6 (Fig. 3.6), but with less "damping" of the high and low frequencies and higher
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values at the intermediate frequencies. If the low transfer function values are due to near-

wall viscous effects, the lower values at y+=6 compared to those at y+=35 should be

expected.

STREAMWISE VELOCITY PROFILES

Mean Velocity

To better document the transition zone, velocity profiles were measured within

the transition region. Instead of moving the probe to different streamwise positions

within the transition zone, all measurements were taken at x--0.36 m (station 2) and the

free-stream velocity was varied from 16.5 m/s to 20 m/s. The Reynolds number, Rex,

ranged from 3.7×105 to 4.4×105 as the velocity was increased. The free-stream

turbulence level remained nearly constant at 0.6% as the velocity was varied. As stated

above, the free-stream turbulence in this case is dominated by streamwise unsteadiness.

Twenty five profiles were acquired at 5 free-stream velocities and 5 spanwise positions.

Some of the results from these profiles are listed in Table 3.2. The profiles are numbered

1 through 5 depending on their free-stream velocity, with 1 corresponding to 16.5 rn/s

and 5 corresponding to 20 m/s. The profiles are also given a letter designation from a to e

corresponding to their spanwise position. The downwash of a G/Srtler vortex pair is

designated "a" and is located at z=-1.59 mm relative to the channel centerline. The

upwash is designated "e" and is located at z=-3.79 mm relative to the channel centerline.

Positions b, c, and d were evenly spaced between the upwash and downwash. The

location and size of the vortices remained approximately constant over the free-stream

velocity range considered. The vortices were approximately 2.2 mm wide. This

compares to a boundary layer thickness, 599.5, of approximately 3 mm.

Figure 3.9a shows mean velocity profiles at Rex=3.7×105. Streamwise velocity is

normalized with Ucw and the distance from the wall is normalized on the momentum
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thickness.The variation with spanwise position is obvious. The profiles are most full at

the downwash positions. Since the boundary layer tends to be thinner at the downwash,

the velocity gradients tend to be higher there. Some of the profiles, particularly the

downwash profile, have strange shapes with inflection points. These arc believed to be

caused by spanwise "tilting" of the GOrfler vortices, as depicted in Fig. 3.10. Similar

behavior was noted by Wortmann (1969). A profile taken normal to the test wall will cut

through a tilted vortex. As the probe is moved away from the wall, its position relative to

the upwash and downwash will change. The upwash and downwash positions listed in

Table 3.2 and in Fig. 3.9a, therefore, are only accurate at the test wall. This makes the

definition of the various boundary layer thicknesses somewhat ambiguous.

Figure 3.9b shows the mean velocity profiles at Rex--4.4xl05. The near wall

gradients are higher than in the lower Reynolds number profiles. This is expected, since

the skin friction should increase as the boundary layer proceeds through transition. The

profiles also appear more inflectional than at the lower Reynolds numbers.

Figure 3.11 shows the mean velocity profiles from Fig. 3.9 plotted in wall

coordinates. The low-Rex profiles in Fig. 3. lla appear somewhat laminar-like. The

high-Rex profiles in Fig. 3.1 lb appear more turbulent-like, and are closer to the turbulent

law of the wall. This is particularly true near the upwash. Because the boundary layer is

thickest at the upwash, the boundary layer there should tend to be more mature, and

should therefore tend to be farther along in the transition process. As stated above, the

effective thickness of the boundary layer is not necessarily represented correctly in Table

3.2, due to the tilting of the vortices.

For another perspective, Figs. 3.12 and 3.13 show mean velocity profiles at the

upwash and downwash positions. Figure 3.12a shows the downwash profiles plotted in

outer coordinates. The profiles collapse fairly well, particularly in the outer part of the

boundary layer. The profiles become somewhat fuller in the inner region, with increasing
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Rex. Figure3.12bshows the upwash profiles. As in the downwash profiles, the collapse

in the outer part of the boundary layer is good, but in the inner part of the boundary layer

the progression through transition is more distinct. Figure 3.13 shows the profiles from

Fig. 3.12 plotted in wall coordinates.

Skin Friction

Skin friction coefficients were determined from the velocity profiles by fitting the

very near-wall data to the line u+=y +. Skin friction coefficient values are plotted versus

Rex and Re0 in Fig. 3.14. In general, Cfis highest at the downwash locations, where the

boundary layer is thinnest. Skin friction coefficients increase at each spanwise position

as the Reynolds numbers increase and the boundary layer proceeds through transition.

The exceptions to the general trends may be explainable in terms of the tilting vortices,

described above. In Fig. 3.14b, standard correlations for laminar and fully-turbulent

boundary layers on flat plates are shown for reference. The laminar correlation follows

from the Blasius solution and the turbulent correlation is from Schlichting (1979). The

data lie between the laminar and turbulent correlations, as expected for a transitional

boundary layer.

Fluctuating Velocities

Profiles of fluctuating streamwise velocity, 0, are plotted in outer coordinates in

Fig. 3.15. The fluctuations are normalized on Ucw. The downwash profiles are shown in

Fig. 3.15a. The fluctuation level rises as Rex is increased. There is a near-wall peak in

all of the prof'des at y/0=l and a second, larger peak at y/0--5. The near-wall peak is

typical of all boundary layers. The second peak is caused by the Gtirtler vortices. A peak

in the outer part of a boundary layer with G_rtler vortices was also reported by

Swearingen and Blackwelder (1987). The peak at y/0=5 occurs at the location of the

local minimum in the mean velocity profiles (Fig. 3.12a). Figure 3.15b shows the
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upwash profiles. The fluctuation levels at the upwash are higher than those in the

corresponding downwash profiles of Fig. 3.15a. The near-wall peak is broader at the

upwash than at the downwash. At the higher Rex, the near-wall peak shows some signs

of dividing into two peaks, one at y/0_l and the second at y/0=2.5. This second peak

corresponds to the emergence of an inflection point in the mean velocity profiles at the

upwash (Fig. 3.12b).

The fluctuating velocity profiles of Fig. 3.15 are plotted in wall coordinates in

Fig. 3.16. At the downwash (Fig. 3.16a), the near-wall peak is at y+=22. Its magnitude

is between 1.7 and 2.6, rising with increasing Rex. The magnitude of the peak is typical

of most turbulent boundary layers. The second peak is at y+=100. At the upwash (Fig.

3.16b), the fluctuation levels are much higher than at the downwash. At some Rex, the

fluctuation levels observed in profiles taken between the upwash and downwash (not

plotted) were even higher than the values at the upwash. High fluctuation levels are

generally expected in transitional flows and have been observed in studies such as Sohn

and Reshotko (1991). The reasons for such high levels at the upwash locations in the

present flow, however, have not been determined. The high levels must result from the

presence of the G6rtler vortices. Such high levels were not observed in cases without

stable vortices, such as the high-FSTI cases discussed below in Chapters 5-7.

lntermittency

Profiles of the intermittency, _/, were measured along with the velocity profiles.

These are shown for the downwash and upwash locations in Fig. 3.17. In the downwash

profiles (Fig. 3.17a) the near-wall intermittency rises from near zero at the lowest Rex to

about 85% at the highest Rex. There is a peak in _, near y/0=5. This peak corresponds to

the local minimum in the mean velocity seen in Fig. 3.12a, and the second peak in u'

seen in Fig. 3.15a. The inflection point in the mean velocity profile, caused by a tilting of
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thevortices,appearsbeasourceof turbulenceproduction.This causesalocal rise in the

intermittencyabovethenear-wallvalues.This suggeststhatthe instabilitywhich causes

thetilting of theG_Srtlervorticesmaybedriving thetransitionprocessin this flow.

Figure3.17bshowstheintermittencyprof'tlesat theupwashlocations.As at the

downwashlocations,thereis aregularprogressionthroughtransition. A comparisonof

Figs.3.17aand3.17bshowsthattheintermittencytendsto beslightly higherat the

upwashlocationsthanatthecorrespondingdownwashes.As statedabove,theboundary

layeris thickerattheupwashlocations,soit is reasonableto expectthattransitionwould

occurtherefirst, resultingin higherintermittencies.Theintermittencydropsverynear

thewall in theupwashprofiles. Theintermittencyshouldgo to zeroat thewall, where

thevelocity goesto zeroandviscouseffectsdominate.Thisnear-walldropwasnot

resolvedin thedownwashprof'des,possiblybecausetheboundarylayeris thinneratthe

downwashlocations. In agreementwith theaboveresults,LeoutsakosandCrane(1990)

studieda boundarylayerwith Gt_rtlervorticesandnotedthattransitionbeganatupwash

locations,neararegionof high shear,andproceededrapidly throughlateralspreading.

Transition location. The transition start and end locations can be determined,

based on the intermittency, using Narasimha's (1984) theory, which, in turn, was derived

from Emmons' (1951) theory of turbulent spots. The highest ),value in the ),vs y profile

at each streamwise measuring station in a test are selected and used to calculate the

function

f(),) = (-ln(1-),))-1/2, (3.1)

which is then plotted versus x or Rex (plotting versus x is equivalent to plotting versus

Rex in cases with unaccelerated flow and constant fluid properties, such as the present

case). In most flows along fiat-walls, the data lie along a straight line in these

coordinates, although some exceptions are seen at low ), (particularly in accelerated flow)
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in a region which Narasimha (1984) referred to as the "subtransition" region. To

determine the start and end of transition, attention is focused on the data points

downstream of any subtransition. A least-squares fit to these data points is extrapolated

to f(y)=0 and f(y)=2.146, which correspond to 3,-=0 and y=0.99, respectively. The

corresponding Rex values at the two extrapolated points arc taken as the locations of the

start and end of transition, Rexs and Rexe, respectively. Volino and Simon (1991)

applied this technique to find the transition start and end locations in several flows along

flat plates. The extrapolation technique could not be applied in a straightforward manner

in the present case along the concave wall. The present data, when plotted as f(T) vs Rex,

do not lie along a straight line. The trajectory of f(y) vs Rex changes slope in the middle

of the transition region. Thus, Rexs and Rex¢ were determined in this case using two

extrapolations. The data near the start of transition were extrapolated to f(y)--0 to

determine Rexs, and the high-y data were extrapolated to f(y)=2.146 to find Rexe. This

was done at three of the spanwise locations for this case, corresponding to the downwash

(a), upwash (e) and mid-vortex (c) locations of the GOrtler vortices. Transition start and

end are given in terms of Rex and Re0 in Table 3.3. At the three spanwise positions, Re0

was between 361 and 403 at the start of transition, and between 500 and 686 at the end of

transition. At the 0.6% FSTI of the present case, correlations such as those given by

Abu-Ghannam and Shaw (1980) or Mayle (1991) predict transition start at Re0=600 and

transition end at Re0=1600. Concave curvature is causing early transition in the present

case.

Intermittenev distribution, The intermittency within the transition zone is

Re x- Rexs
plotted as a function of the dimensionless streamwise coordinate in Fig.

Rexe - Rexs

3.18. The abscissa is a modified version of Dhawan and Narasimha's (1958) coordinate,

mentioned above in Chapter 1. Dhawan and Narasimha used x - x s , with Xs taken at
X e -- X S

3,=0.25 and Xe taken at T=0.75. Here, Rexs is taken at the extrapolated T=0 location and
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Rexeat theextrapolatedT=0.99location. Themodificationwasdoneto give Rex

estimateswhich arecloserto the actual start and end of transition. The change was

purely algebraic; the theory remains exactly as Dhawan and Narasimha presented it.

Dhawan and Narasimha present a formula (given above as E,qn. I. 1) which, when

modified to take the changed abscissa into account is

( R-121-46
This curve is plotted along with the experimental data in Fig. 3.18. Volino and Simon

(1991) found good agreement between the theoretical curve and data from several studies

done in unaccelerated and accelerated flow along fiat plates, Gostelow and Walker

(1991) showed that the agreement is also good for adverse pressure gradient cases on fiat

plates. The present data indicate that the theory does not always hold when curvature

effects are introduced. Although it is possible to force any two data points from an

experimental case to fit the theoretical curve (through appropriate choice of Rexs and

Rexe), it is impossible to fit all of the concave-wall data to the theoretical curve. This

behavior is believed to be due to a change in the transition mechanism associated with the

G(Srtler vortices in the low-FSTI concave-wall flow. Transition tends to progress more

slowly, in a relative sense, during early transition and more quickly during later stages of

transition, compared to flat-wall behavior.

Turbulent spot propagation rate. The production and growth of turbulent spots

in the transition region can be calculated using the information provided above and

Dhawan and Narasimha's (1958) theory. As given by Mayle (1991),

,- ox f-°°ix-x l (3.3)
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wheren is the turbulent spot production rate and c is the turbulent spot propagation

nv 2

parameter. A dimensionless spot production rate, fi, is defined as U---_-" The velocity,

U s, is the fre_-stream velocity at the start of transition. The product fi_ is directly related

to the length of the transition zone. Given the location of the transition start and rio, it

should be possible to calculate the location of the end of transition and the intermittency

within the transition region. From the discussion above, one can show

4.6

in unaccelerated flow, where Rexs and Rexe are taken at 7=0 and y=0.99. A single value

of rio is applied through transition.

Spot propagation rates were calculated for the present case and are plotted in Fig.

3.19. Also shown is a correlation given by Mayle (1991). Mayle (1991) and Volino and

Simon (1991) showed that data from several flat-wall studies agreed well with this

correlation. In flat-wall cases, where the intermittency data agree with Narasimha's

(1984) theory, the choice of a single rio for the entire transition region is appropriate.

For the concave-wall case, however, the local effective rio values increase as one moves

downstream through transition. The first three T values in each of the three concave-wall

curves in Figure 3.18 were used to determine an effective local rio at the start of

transition. Similarly, the last two yvalues in each curve were used to determine an

effective local rio for the end of transition. These are presented in Table 3.3 for the

upwash, downwash and mid-vortex locations of this case. In Fig. 3.19, all the concave

wall rio lie significantly above Mayle's correlation. The effective rio increases by an

order of magnitude between the beginning and end of transition. An effective overall rio

is also presented based on the extrapolated Rexs and Rex. given in Table 3.3.
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CONCLUSIONS

The flow in thiscase isinterestingand complex duc tothe prcscncc of the stable

G6rtlcrvorticcs.Thcsc vorticesappear todominate the transitionprocess. Transition

occursfartherupstream thanin comparable FSTI flows along flatwalls. The transition

zone isshortenedand thepath through transition,interms of the intcrmittcncy,isaltcrcd

by thepresence of thevortices.
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downwash, z_- _ y

Fig. 3.1 : Schematic of G@rtler Vortices
(from Crane and Sabzvari, 1984)
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CHAPTER 4: AN APPLICATION OF OCTANT ANALYSIS TO

TURBULENT AND TRANSITIONAL FLOW DATA

SUMMARY

A technique called "octant analysis" was used to examine the eddy structure of

turbulent and transitional heated boundary layers on flat and curved surfaces. The intent

was to identify important physical processes that play a role in boundary layer transition on

flat and concave surfaces. Octant processing involves the partitioning of flow signals into

octants based on the instantaneous signs of the fluctuating temperature, t'; streamwise

velocity, u'; and cross-stream velocity, v'. Each octant is associated with a particular

eddy motion. For example, u'<0, v'>0, t'>0 is associated with an ejection or "burst" of

warm fluid away from a heated wall. Within each octant, the contribution to various

quantities of interest (such as the turbulent shear stress, -u'v', or the turbulent heat flux,

v't') can be computed. By comparing and contrasting the relative contributions from each

octant, the importance of particular types of motion can be determined. If the data within

each octant are further segregated, based on the magnitudes of the fluctuating components,

so that minor events are eliminated, the relative importance of particular types of motion to

the events that are important can also be discussed. In fully-developed, turbulent boundary

layers along flat plates, trends previously reported in the literature were confirmed. A

fundamental difference was observed in the octant distribution between the transitional and

fully-turbulent boundary layers, however, showing incomplete mixing and a lesser

importance of small scales in the transitional boundary layer. Such observations were true

on both flat and concave walls. The differences are attributed to incomplete development of

the turbulent kinetic energy cascade in transitional flows. The findings have potential

application to modeling, suggesting the utility of incorporating multiple length scales in

transition models. The data presented below are from unaccelerated flow cases. Most of
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the information can also be found in Volino and Simon (1994c). Additional octant analysis

results from accelerated flows are presented below in Chapters 6 and 7.

INTRODUCTION

Turbulent flow has long been known to contain considerable structure. Flow

visualization shows the presence of turbulent eddies, near-wall "streaks" and "bursts",

turbulent spots in transitional flow, and other structures. More recently, full Navier-Stokes

solutions have reproduced these structures computationaUy. These structures play

important roles in the overall flow behavior. Turbulent eddies, for example, are

responsible for the high level of mixing (eddy transport) in turbulence, which would not be

present if the turbulent fluctuations were completely uncorrelated.

Most efforts to document turbulent structure have concentrated on mean transport

quantities, such as the turbulent shear stress, -u'v', and the turbulent heat flux, v't'.

These quantities provide important information about effective mixing within particular

flows, but they offer only limited information about the actual eddy structure which

produces the effective mixing. Turbulence models derived from mean transport

measurements in one flow should be applicable only to flows with similar eddy structure.

If a model derived from one flow were applied to a flow with a fundamentally different

structure, there is good reason to expect a poorer prediction of the mean transport quantities

and, thus, poorer prediction of the overall flow behavior. Fortunately, there appears to be

considerable similarity in the structure of many turbulent flows. This has allowed

development of rather robust turbulence models. There are, however, some important

situations such as transitional flows where conventional models seem to be lacking of

important physics, as documented by Schrnidt and Patankar (1991) and Rodi and

Scheuerer (1985). In at least some of these cases, the reason for the poor performance may

be a difference in the flow structure. There is, therefore, a need for a more detailed study

of flow structure in transitional flow. A better understanding of the flow will help provide
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explanationsfor someof theunexpected behavior seen in experiments and point the way

toward development of better computational models.

QUADRANT AND OCTANT ANALYSES

One means of investigating flow structure is the quadrant analysis. It was f'_t used

approximately twenty years ago by researchers such as Wallace et al. (1972) and Winmarth

and Lu (1972). The technique involves partitioning of the flow signal into four quadrants,

based on the instantaneous signs of the fluctuating velocity components u' and v'. Each

quadrant is associated with a particular eddy motion. In quadrant 2, for example, low

streamwise momentum (relative to the mean) fluid is moving with high cross-stream

momentum (relative to the mean). In a turbulent boundary layer, this motion is attributed to

turbulent "bursts" originating near the wall. The contribution to a quantity of interest (e.g.

-u'v') is then calculated for each quadrant based on the data points which lie within it.

FN11 Y, Iu'v' (4.1)

where I=1 if the point is within quadrant 1 (zero otherwise) and N is the total number of

points (all quadrants). A data point refers to an instantaneous u-v pair. The relative

contributions from the four quadrants can then be compared to show which eddy motions

are more important. The turbulent shear stress is the sum of the contributions from the four

quadrants.

The quadrant analysis data can be further partitioned, based on the "strength" of the

entries. One method of doing this uses the following filter function given by Willmarth and

Lu (1972):
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N
EIu'v 

U,V'-"_i_ j=l
N

where I =

1 ff u'v' lies in quadrant i

andlu'v1, IH'u-"ql

0 otherwise

(4.2)

m

H' is termed the hole size parameter, and u'v'i is the contribution to u'v' from that portion

of quadrant i which is outside the hole described by the parameter H'. When H'---0, Eqn.

(4.2) becomes (4.1). For large H', only the strongest eddies are considered, as shown in

the I function definition of Eqn. (4.2).

Quadrant analyses can be extended in heated flows by inclusion of the temperature

• v' t'fluctuations, t'. If both positive and negative values of u , and are considered, eight

possible combinations arise. The eight-way partitioning will be referred to as octant

separation and the technique is called the octant analysis. The octants are identified using

names assigned by Kawaguchi et al. (1984) as shown in Fig. 4.1. Figure 4.2 is a

conceptual drawing of the eddies responsible for the motion in each octant.

In a fully-developed turbulent boundary layer on a heated flat plate, octants 4 and 6

should be the most significant. A turbulent "parcel" of fluid moving away from the wall

(v'>0)t would most likely be of relatively low velocity ( u' <0) and high temperature

(t'>0), when the wall is heated. Such a motion would be characteristic of a turbulent burst

and would be classified as a hot ejection (octant 6). Similarly, a fluid packet moving

toward the wall (v'<0) would most likely have originated in the faster (u•>0), cooler

(t'<0) fluid away from the wall. Such a motion, a cold sweep (octant 4), would be

expected after a hot ejection as fluid moves in to replace that which had left. Motions in all

eight octants would be present but on the average the hot ejections and cold sweeps should

be the largest contributors to quantities of interest. This is conf'Lrrned by the measurements

of Suzuki et al. (1988) and those of the present study.

t _ _ 0 is assumed when stating that v'>0 indicates motion away from the wall. This is satisfactory for
• V p t"discussing boundary layers. It must be remembered, however, that u, and are given relative to the

mean quantifies at the probe location.
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The above simple representation of turbulent flows, depicting them as a series of

predominantly ejections and sweeps, agrees with the assumptions used in most turbulence

models. The arguments are basically those of the Prandtl mixing length model. In many

cases they provide an adequate description of the eddy structure. In cases where they do

not, differences become apparent in the octant analysis. Suzuki et al. (1988), for example,

placed a heated horizontal cylinder normal to the flow direction above a heated fiat wall.

The thermal boundary conditions at the cylinder surface and on the wall were the same.

Given the similarity in the heat and momentum boundary conditions, one might expect the

presence of the cylinder to have similar effects on the wall heat transfer and skin friction.

Surprisingly, the wall heat transfer was augmented, but the skin friction was not. An

octant analysis showed a jump in the significance of octant 5, the hot outward interaction,

when the cylinder was added. The increased significance of this octant agrees with the wall

heat transfer and skin friction behavior and explains the dissimilarity between the near-wall

heat and momentum transport rates.

In the present study the flow structures of two-dimensional heated boundary layers

with zero streamwise pressure gradients are considered. The data used for this study

include both new data and data taken in earlier studies: Kim (1986), Kim and Simon

(1988), Kim et al. (1992, 1994) and Kim and Simon (1991) using triple wire probes. The

three wires of the probes were used to measure instantaneous U, V and T. Details of the

wind tunnel, probes, measurement techniques and flow conditions, as well as presentations

of the processed data, including profiles of mean velocities, temperatures, and transport

quantities, are available in those references. New measurements taken for this study are

described above in Chapter 2. Data were acquired using the same probe and essentially the

same techniques as used by Kim and Simon (1991).

In this study, data were processed in terms of the octant analysis. The correlations

u'v', v't', u't', u'v '2 and v'2t ' were calculated. The hole size, H', as used in Eqn.

(4.2), was varied from 0 to 10. In total, seven separate cases of differing curvature,

104



boundarylayermaturityandfree-streamturbulenceintensity(FSTI)wereconsidered. On a

flat wall, Kim and Simon (1991) studied boundary layers subject to FSTI values of 0.3%,

1.5% and 8.3%. The flow underwent natural transition in each case, and, at the upstream

stations of the 0.3% and 1.5% FSTI eases, transitional profiles were obtained. The

boundary layers at the other stations were fully turbulent. On a convex wall, with a radius

of curvature of 90 cm, Kim (1986) acquired fully-turbulent boundary layer data at 0.68%

and 2.0% FSTI. On a concave wall, with a radius of curvature of -97 cm, Kim and Simon

(1991) acquired fully-turbulent boundary layer data at FSTI levels of 0.6% and 8.3%.

Additional transitional boundary layer data, not previously reported, was acquired for the

present study at an upstream location in the 0.6% FSTI concave-wall case. The FSTI

values for the flat wall cases are based on the full spectra of the u', v' and w' fluctuations.

For the curved wall cases, the FSTI are based on the full spectra of the u" and v"

fluctuations. Because the data are extensive, only a sample is presented herein to

demonstrate the utility of the octant technique and to show the most important effects of

streamwise wall curvature, free-stream turbulence level and transition, as revealed by octant

decomposition. Emphasis is placed on the turbulent shear stress, -u'v', and the normal

component of the turbulent heat flux, v't'. Table 4.1 gives pertinent information regarding

the six profiles presented.

RESULTS AND DISCUSSION

Base Case: The Fully-Turbulent, Flat-Wall Boundary Layer with Low-to-

Moderate Free-Stream Turbulence Intensity Levels

Figure 4.3 shows profiles of the octants of the turbulent shear stress from the 1.5%

FSTI, fully-turbulent, flat-wall case, normalized on the friction velocity, u x. All data are

shown with H'---0, unless otherwise specified. As expected, octants 4 and 6 are the major

contributors, with the other octants remaining near zero over the entire profile. Octant 6 is
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larger than octant 4 and its effects persist farther toward the edge of the boundary layer.

--UtV p

Near the wall, the total u2 , found by summing the contributions from all the octants,

approaches 1, as expected. The peak in all octants is near the wall, dropping toward zero at

the free-sUeam. Figure 4.4 shows similar results for the normal component of the

Vtt"
turbulent heat flux, normalized as

Figures 4.5 and 4.6 show the effect of the hole size parameter at y/N:)9.5--0.387.

The data at this position are typical of the distributions at other y locations. In Fig. 4.5, the

normalized shear stress contributions of the octants are plotted vs H'. Figure 4.6 shows

the number of points in each octant normalized on the total number of points in the sample

and plotted versus H'. Well over half the events are in octants 4 and 6. Octant 4 contains

the most points, but the eddies in octant 6 are stronger. Octant 7 is a distant third in

importance. For H'>4, only octant 6 makes a significant contribution.

Clearly, the hot ejection, which is associated with turbulent bursting, is the

dominant structure in the turbulent boundary layer. Over one quarter of the data fall in this

octant, and within this data lie the strongest eddies. The effects of the bursts extend farther

toward the edge of the boundary layer than do the effects of the other octants. The cold

sweeps also make an important contribution, occupying as much of the total time as do the

hot ejections, but consisting mainly of somewhat weaker eddies. Octants 1 and 7, the cold

outward interaction and hot waUward interactions, are next in importance, but appear to be

of little significance. These octants are believed to result from the remnants of hot ejections

and cold sweeps which reverse direction normal to the wall. More discussion on this

subject will be given below in conjunction with the transitional flow data, where these

octants, particularly 7, play a more important role.
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The Effects of Curvature on the Fully-Turbulent Boundary Layer

Figures 4.7 and 4.8 show octant decomposition of shear stress for the 0.6% FSTI

concave-wall and the 0.68% FSTI convex-wall, fully-turbulent cases, respectively.

Concave curvature leads to increased instability and, hence, enhanced mixing in the

boundary layer. Additionally, stationary, streamwise (Gtrtler) vortices were observed in

this flow, as described above in Chapter 3. The profile shown here was taken at the

upwash location of a pair of these vortices. The increased scale of mixing is evidenced by

the fuller prof'des in Fig. 4.7 compared to those of Figs. 4.3 and 4.8. Convex curvature

tends to increase stability, thereby reducing mixing and leading to less full profiles, as a

comparison of Figs. 4.8 and 4.3 shows. The influence of curvature was evident in the

mean -u'v' profiles and is supported by the octant decomposition. There appears to be

little reordering of the importance of the octants when curvature is introduced to the low-

FSTI, fully-turbulent boundary layer, however. Octants 4 and 6 continue to play

essentially the same relative roles in the curved-wall as they do in the flat-wall cases.

Effects of High Free-Stream Turbulence Intensity

Figure 4.9 shows shear stress profiles from the 8.3% FSTI, flat-wall case. The

stated FSTI is the nominal value. At the location of this prof'de, the FSTI has decayed to

5.4%. The results appear similar to those of the low FSTI cases (Fig. 4.3) in that octants 4

and 6 dominate. The main differences are observed near the edge of the boundary layer.

The free-stream velocity fluctuations do not approach zero in the high-turbulence case, so

u'v' remains significant in octants 4 and 6 to well beyond 699.5. The other octants also

show an increase in activity in the free-stream, indicating a higher level of uncorrelated

fluctuations than in the low FSTI case. The sum of the octants goes to zero at y/8_-1.2; the

free-stream u'v'=0. The octants of the v't" decomposition, shown in Fig. 4.10, each go

to zero at the edge of the boundary layer since the free-stream temperature is uniform and,

thus, t' goes to zero. A high FSTI concave-wall profile, not shown here, displayed the
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expected combination of larger uncorrelated fluctuations near the edge of the boundary

layer along with the generally fuller profiles seen in the low-FSTI, concave-wall case.

Transitional Flow

Figure 4.11 shows the shear stress distribution in a transitional flow from the 1.5%

FSTI, flat-wall case. At this location, transition is 9.8% complete. Figure 4.12 shows

v't' for this case. The transitional profiles are quite different from the fully-turbulent cases

shown above. Octants 4 and 6 are still significant in transition, but they are joined in

importance by other octants, particularly octant 7, the hot wallward interaction. Octant 6

gives the largest contribution, and the difference between 4 and 6 is larger than in the fully-

turbulent cases. At some locations, octant 7 has a larger magnitude than octant 4. Octants

1 and 7 also make contributions in the fully-turbulent cases, as mentioned above, but they

are much less important in those cases. Octants 1 and 7 are of opposite sign to octants 4

and 6, for both u'v" and v't'. They therefore act to decrease the total turbulent shear stress

and normal component of turbulent heat flux. Figures 4.13 and 4.14 show the shear stress

data at y/&)9.5--0.425 plotted verses H'. Octants 6 and 7 dominate. There are many data

points in octant 4, but they are associated with weaker eddies and only make a minor

contribution to -u'v'. The contributions to octants 6 and 7 persist even at H'= 10,

indicating that large eddies constitute the major contributions to -u'v'. This contrasts with

the fully-turbulent flow shown in Fig. 4.6, where -u'v' drops more steeply with H'.

This indicates that a wider range of scales is contributing to the shear stress in the fully-

turbulent flow.

The transitional flow on the concave wall is similar to that on the fiat wall. In Fig.

4.15, the octant decomposition of v't' is shown with H'=0. The data were acquired at the

downwash location of a G6rtler vortex pair at a point where transition was 56% complete.

The hot ejection (octant 6) dominates, with the hot wallward interaction (octant 7) making a

secondary contribution. In Fig. 4.16 the same profiles of v't' are shown again with
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H'=10. Comparing Figs. 4.15 and 4.16 shows that there is little change in octants 6 or 7

with a change of H', indicating the importance of large scale eddies for these two octants.

The octant analysis shows a fundamental difference between transitional and fully-

turbulent flow structures. The differences are believed to be caused by incomplete

development of the turbulence in the transitional region. In particular, the transitional flow

is dominated by large-scale eddies since the cascade of energy from large scales to small is

not yet established and the small scales have not had a chance to develop. The consequence

is an incomplete mixing. An illustration of the proposed difference in mechanisms is given

in Fig. 4.17. In fully-turbulent flow, a parcel of low-speed, warm fluid is ejected from the

wall in a relatively large scale motion. Upon reaching the outer part of the boundary layer,

the parcel is immediately acted upon by small-scale eddies which disperse it by way of

eddy straining and "turbulent diffusion." Mixing is fairly complete. A parcel of fluid

moving with a cold sweep would be similarly dispersed. In transitional flow, the behavior

is different. A burst still transports a parcel of warm, low-speed fluid to the outer part of

the boundary layer, but there are few small-scale eddies present to act upon it. The parcel

tends to remain intact for some time as a warm, low-speed entity. If it is next carded

toward the wall, the parcel would be involved in a hot wallward interaction (octant 7).

Similarly a parcel from a previous cold sweep might be thrown away from the wall as a

cold outward interaction (octant 1). If the small-scale mixing were sufficiently poor, one

could conceive of octants 1 and 7 approaching the levels of octants 4 and 6 with a net of

zero turbulent mixing. In general, 1 and 7 do follow 4 and 6, but are of lesser importance.

Another feature in transitional flows is the larger difference between octants 4 and

6. Transition starts with near-wall bursting, so octant 6 should become dominant early in

transition. Figure 4.14 supports this by showing that, although the total number of events

in octants 4 is nearly twice that in octant 6, the events in octant 4 are much "weaker." The

number of events in octant 4 with H'>2 is near zero, while there are a significant number

of events in octant 6 with H'=10.
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Modeling Implications

The above results suggest a potential benefit of incorporating an additional length

scale or scales into existing transition models. A standard k-e model bases the effective

k 2

eddy viscosity on the turbulence intensity using a relation of the form v T = C_tflx--_-.

The coefficient CIX is an empirical constant and fix is an empirical function. If this

relationship were employed for prediction of the transport by turbulent eddies in a

transitional flow, it would predict excessive eddy viscosity even if k and e were accurate,

since Cix and fix are based on fully-turbulent flow where only oetants 4 and 6 are

important. Also, because of a falsely large contribution by turbulent eddies, a prediction of

the streamwise distance within which the boundary layer is transitional would be too short.

This is typical of existing models. The octant analysis results suggest that the standard k-e

modeling cannot fully capture the physics of the transitional flow structure. It suggests that

an improvement to the situation would be a model that properly accommodates the larger-

scale eddies in the transitional flow. Such a model may be an expansion of the standard k-e

model to two k equations with one k for the large scales and the other for the small scales.

Turbulent energy would be mainly produced in the large scales by the standard production

terms and would be transferred from the large scales to the small scales through a cascade

model. Energy would be dissipated at the small scales. Contributions to -u'v' or eddy

viscosity would come from both the large- and small-scale k, but the large scale

contribution would be dominant. Since the small-scale energy would depend on transfer

from the large scales, the turbulent kinetic energy in the small scales would lag that in the

large scales as the boundary layer passes through transition. These measurements indicate

that this lag would represent an improvement in predicting transition.
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CONCLUSIONS AND RECOMMENDATIONS

Octant analysis was applied to transitional and fuUy-turbulent boundary layer data

from both flat and curved walls. The following conclusions can be drawn:

. In fully-turbulent flow, hot ejections and cold sweeps are the dominant flow structures.

Eddies over a range of sizes contribute to quantifies of interest, as evidenced by the

sensitivity of these quantities to the hole size parameter, H'.

2. Curvature has an effect on the boundary layer, but does not appear to have a significant

effect on the relative importance of the octants.

3. Octant decomposition in cases subject to high free-stream disturbance shows the

difference between the uncorrelated fluctuations associated with free-stream

"turbulence" and the highly correlated turbulence of the boundary layer. At, and

beyond, the edge of the boundary layer, for the high free-stream turbulence case, the

octant contributions do not approach zero, though their sum does.

o Transitional flow is dominated by large scales, particularly hot ejections, and is

characterized by incomplete mixing due to the incomplete development of small scale

eddies. The octant analysis shows a decreased importance of the cold sweep and an

increased importance of the hot waUward interaction in transitional flow. The hot

wallward interaction is believed to follow directly from the hot ejection and acts to

counteract the effects of ejections on the transport terms -u'v' and v't'

o The differences between transitional and fully-turbulent flows suggest the utility of

multiple length scales in turbulence models that may be used to compute through

transition.
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CHAPTER 5: HIGH FSTI, K=0.75×10-6 RESULTS

The following documents the f'LrStcase of a study of the effects of acceleration at

high FSTI. In this case, the acceleration parameter was held constant at K--O.75x10 -6.

This acceleration was found to be too weak to significantly affect the transition process,

but the acceleration did influence the fully turbulent boundary layer, as documented

below. The boundary layer was two-dimensional in a time-averaged sense; no stationary

streamwise vortices were observed.

EXPERIMENTAL CONDITIONS

The flow entered the test section with a velocity of 8 rrds and a nominal FSTI of

8%. The Reynolds number, Rex, reached 9.23x105 by the end of the test section. This

value is comparable to the chord Reynolds numbers seen in high pressure gas turbines.

The chord Reynolds number, Rec, is based on the airfoil chord length, c, and the free-

stream velocity downstream of the airfoil. The constant-K boundary condition was

chosen for the experiment to provide a relatively simple condition. The value,

K--0.75x10 -6, was chosen to match the higher of two accelerations used by Blair (1992).

This acceleration rate is high compared to the acceleration rates used in most of the

experimental transition studies documented in the literature, but is low compared to the

acceleration rates seen on the pressure side of modem gas turbine airfoils. Figure 5.1

shows the acceleration profiles from the pressure sides of two airfoils operating under

cruise conditions at altitude. The acceleration parameter, K, is plotted verses Rex. Data

for the curve labeled "CF6" in Fig. 5.1 were taken from Chung (1992), who used a

cascade with an airfoil shape based on the high pressure turbine blades in the General

Electric CF6 engine. Data for the curve labeled "Modem Airfoil" were taken from a

study by Smith (1993), who used a more modern airfoil shape. The peak accelerations on
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theairfoils are10to 20 timeshigherthanin thepresentexperiment.For reference,

relaminarizationis expectedunderlow FSTI conditionsfor sustained-Kvaluesof greater

than3x10-6 (JonesandLaunder,1972).For anotherperspective,Fig. 5.2showsthe

product KRec plotted verses x/c for the same two airfoils. The product KRec depends

only on the geometry of the airfoil passage, and remains constant when operating

conditions are changed (i.e. for a given airfoil, the KRec profile is the same for takeoff

and cruise conditions).

Blair (1992) investigated transition on a flat wall at FSTI up to 5%. At FSTI=5%,

he observed that acceleration with K=0.75x10 -6 extended the transition zone. The inlet

free-stream velocity in Blair's case was 10 m/s, and his maximum Rex was

approximately 3.5x106. Since the free-stream velocities and Rex were higher in Blair's

case than in the present case, it was expected that an extended transition zone might be

observed in the present experiment. This was not the case, however. The concave

curvature and higher FSTI in the present case (8% here, compared to 5% in Blair's

experiment) led to a more rapid transition than in Blair's experiment. Based on surface

heat transfer and velocity prof'de measurements (see Volino and Simon, 1995a), the start

of transition in Blair's experiment was observed at Rex=0.8xl05 and Re0=130.

Transition end was at Rex=2.4xl05 and Re0--490. In the present case, the boundary

layer was transitional at the f'n'st measurement station, where Rex=0.5xl05 and Re0=190,

but fully-turbulent by the second station, where Rex=2.0xl05 and Re0=590.

Free-Stream Conditions

Data were acquired in the present case at five streamwise stations. The locations

of these stations, along with corresponding Reynolds numbers and other important

parameters are listed in Table 5.1. The flee-stream turbulence levels at these stations are

shown in Fig. 5.3. In Fig. 5.3a, u_. and v'** are plotted in dimensional coordinates. Both

quantities decay somewhat in the streamwise direction. The free-stream turbulence
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intensitiesare shown in dimensionless coordinates in Fig. 5.3b. Also shown is the FSTI,

/7+2 
taken here as _ 3U_w . The FSTI drops from 7.6% at the ftrst station to 3.2% at the

last station. Most of the drop is due to the increase in Ucw in the streamwise direction.

Free-stream sneetra. The free-stream spectra of u', v', and w', acquired at

station 1, are presented in Fig. 5.4. Below 20 I-Iz, u' contains more energy than v' or

w'. This low-frequency streamwise unsteadiness was also seen in the low-FSTI flow of

Chapter 3, shown in Fig. 3.2. In the low-FSTI case, nearly all of the fluctuation energy

was found in u', and the energy in the u' spectra was concentrated around a peak at 0.8

I-Iz (Fig. 3.2b). These low frequencies were associated with streamwise unsteadiness, as

opposed m turbulent eddies. In the present case, the fluctuation energy is more evenly

distributed between the three velocity components, and the peak shown in Fig. 5.4b is

near 50 I-Iz. The integral length scales associated with the fluctuating velocity

components are Au,=5 cm, Av,--1.3 cm, and Aw,---0.$ cm. The integral length scales

were obtained from the free-stream spectra using Eqn. 2.16. The frequencies associated

with the integral scales are U_/A u, =170 I-Iz, U_/A v, =650 Hz, and U_/A w, =1050 Hz.

All three components of the high FSTI fluctuations can be associated with turbulent

eddies.

Two-noint correlations. Two-point spatial correlations of the free-stream u'

fluctuations are shown in Fig. 5.5. The correlations for y and z separations are nearly

identical. The integral length scales associated with these correlations are equal to the

areas under the curves in Fig. 5.5. The integral scales for the y and z separations are both

equal 1.7 cm. This is smaller than Au,=5 cm taken from the spectra (associated with

separation in the x direction), suggesting that the free-stream eddies are somewhat

elongated in the streamwise direction.
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Boundary Layer Growth

Thegrowthof the momentum and thermal boundary layers are shown in Fig. 5.6,

where Re0 and ReA2 are plotted verses Rex. Also shown for comparison are curves from

an unaccelerated, 8%-FSTI experiment done on the same concave test wall by Kim and

Simon (1991) (and repeated by Kestoras (1993) who provided additional boundary layer

thickness data). Acceleration should not have a direct effect on the thermal boundary

layer, and, as expected, the thermal boundary layer growth is not strongly affected by the

acceleration. The growth of the momentum boundary layer, however, is suppressed. By

Rex=lxl06, Re0 has been reduced from 1800 in the unaccelerated boundary layer to 950

in the accelerated flow. Although the acceleration is not strong enough to significantly

delay transition, it does have a significant impact on the fully-turbulent boundary layer.

The shape factor, H=_i*/0, is shown in Fig. 5.7. The shape factor drops from a

transitional value of 1.8 at the first station, to a fully-turbulent value of 1.3 by the second

station. The fully-turbulent value in the unaccelerated flow case is only slightly lower at

1.25. For reference, the laminar unaccelerated (Blasius solution) value is 2.6.

Energy and Momentum Balances

The energy convected away from the heated test wall must be present in the

boundary layer. This requires that

S0*[pcpU(Ts - Ts.o )_y: S_qd_ (5.1)

where q is the convective heat flux from the test wall, and Ts and Ts** are stagnation

temperatures. The test wall has an unheated starting length of 2.54 cm. Downstream of

this, the heat flux is approximately uniform. Using the definition of the enthalpy

thickness (Eqn. 2.15), Eqn. 5.1 reduces to
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whereXo is the unheated starting length. Curvature effects, which were omitted in Eqn.

5.1, are included in Eqn. 5.2 through the definition of A2. The two sides of Eqn. 5.2 are

plotted verses the streamwise position, x, in Fig. 5.8. The energy balance is within 12%

at all stations. This balance is good, particularly when the actual spatial variability in the

wall heat flux (described above in Chapter 2) is taken into consideration.

In simple boundary layer flows, a momentum balance can be computed between

the drag force at the wall and the momentum deficit in the fluid. This is not possible in

the present study, however. The combination of high FSTI and streamwise curvature

leads to cross transport of momentum across the channel, as described by Eckert (1987).

To properly determine the momentum balance, the momentum deficit across the whole

channel must be computed, and the shear stresses on both the concave and convex walls

must be measured. Since measurements were not taken in the convex wall boundary

layer, the momentum balance cannot be assessed. Attempts to compute the momentum

balance with only the concave wall data proved unsatisfactory.

Strength of Curvature

The strength of curvature, 0/R, is shown in Fig. 5.9 along with data from the Kim

and Simon (1991) 8%-FSTI, unaccelerated flow case and estimates of the curvature

profiles for the CF6 and modern airfoils mentioned above in the discussion of Fig. 5.1.

The airfoil values are based on rough estimates of momentum thickness computed using

the TEXSTAN program (Kays and Crawford, 1993; Crawford and Kays, 1976), k-e

closure, high FSTI, and design pressure profiles, without consideration of curvature

effects. In the unaccelerated flow experiment, 0/R rose steadily to a maximum value of

1.8x10 -3. In the accelerated flow, the strength of curvature is suppressed, with 0/R

134



reachinga maximum of 1.3x10 "3 by the third station and decreasing at the downstream

stations. In terms of the boundary layer thickness, _99.5, the accelerated flow case has a

strength of curvature between 2 and 3%. This curvature is weak, but still potentially

significant. The strength of curvature is slightly below that of the CF6 airfoil, and

significantly lower than that of the more modem airfoil.

MEAN VELOCITY PROFILES

Figure 5.10 shows mean streamwise velocity profiles from the present case,

plotted as U/Ucw verses y/0. The edge of the momentum boundary layer, _599.5,

corresponds to y/e--20. Stations 2 through 5 collapse on one another. The station 1

profile is less full, supporting the conclusion that the flow there is transitional. Figure

5.11 shows the profiles plotted in wall coordinates. The station 1 profile again appears

transitional, while the rest appear fully turbulent and collapse onto the standard law of the

wall. The acceleration is too weak to cause significant deviation from the law of the wall.

This behavior agrees with what is predicted by the method given in Appendix A. The

profiles in Fig. 5.11 exhibit no wake. Similar behavior was observed in the Kim and

Simon (1991) 8%-FSTI, concave-wall, unaccelerated flow case. The high FSTI and

concave curvature promote mixing in the outer part of the boundary layer, thereby

reducing the gradients in the outer region and suppressing the wake. One consequence of

this enhanced mixing is higher gradients near the wall, resulting in high skin friction

coefficients, as is shown below.

SKIN FRICTION COEFFICIENTS

Skin friction coefficients are plotted versus ReO in Fig. 5.12. Shown, for

reference, are correlations for laminar and fully-turbulent flows on flat walls under low-

FSTI, unaccelerated flow conditions. The station 1 data point falls slightly below the
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turbulentcorrelation. In the fully-turbulent boundary layer at stations 2 through 5, the

data fall above the turbulent correlation. As stated above, the increased mixing caused by

the high FSTI and concave curvature leads to high near-wall velocity gradients and skin

friction coefficients. The same behavior was observed in the Kim and Simon (1991)

unaccelerated flow, 8%-FSTI, concave wall case.

MEAN TEMPERATURE PROFILES

Mean temperature profiles from the five streamwise measurement stations are

shown in Fig. 5.13. The edge of the thermal boundary layer, 8t99.5, corresponds to

y/A2=15. As with the mean velocity prof'tles of Fig. 5.10, the stations 2 through 5

profiles collapse on one another and are much fuller than is the station 1 profile. As

stated above, this supports the conclusion that the boundary layer is transitional at station

1 and fully-turbulent by station 2.

The temperature profiles are shown in wall coordinates in Fig. 5.14. Also shown

for reference are the line t+=Pry + and the thermal law of the wall. The station 1 profile

falls below the others, but the others fall above the law of the wall. The profiles exhibit

no wake, agreeing with the velocity profiles of Fig. 5.11. As stated above, this is caused

by the high FSTI and concave curvature, which lead to high levels of mixing in the outer

part of the boundary layer. The temperature profiles are more sensitive to acceleration

than are the velocity profiles. This difference between the velocity and temperature

profiles is caused by the different effects of the pressure gradient, dP/dx, on the

momentum and thermal boundary layers. These effects are explained in Appendix A.

Temperature profiles can be calculated for accelerated flows using the method given in

Appendix A. Figure 5.15 shows the station 3 profile data along with the calculated

profile corresponding to the conditions at this station. The agreement in good.
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In unaccelerated flow along the concave wall at 8% FSTI, the temperature profiles

agree with the standard thermal law of the wall. Figure 5.16 shows unaccelerated flow

results. The raw thermocouple voltage data for these profiles were acquired during the

study of Kestoras (1993), and were processed here using the method explained above in

Chapter 2. The stations 2, 3 and 5 profiles lie just below the law of the wall. The station

4 profile shows more deviation, which is probably caused by a higher uncertainty in Tw

at this station. This uncertainty resulted from a sparsity of very near-wall data points at

this station. As in the accelerating flow (Fig. 5.14), no wakes appear in the unaccelerated

flow profiles of Fig. 5.16.

STANTON NUMBERS

Stanton numbers are plotted verses ReA2 in Fig. 5.17. Data are shown for the

present case; the 8%-FSTI, unaccelerated, concave-wall case corresponding to the

profiles of Fig. 5.16; and the 8%-FSTI, flat-wall case of Kim and Simon (1991). Shown

for reference are correlations from Kays and Crawford (1993) for low FSTI,

unaccelerated laminar and turbulent boundary layers on flat walls. The flat-wall data

agree with the turbulent correlation. The concave wall cases agree with each other, and

the data lie weU above the turbulent correlation. By the last measurement station, the

Stanton numbers in the accelerated concave wall cases lie 20% above the correlation. In

the unaccelerated case, this difference reaches 40%.

2St

The Reynolds analogy factor, --_-f, drops from about 1.13 in the unaccelerated

flow cases to 1.0 in the accelerated flow. This drop is attributed to the mismatch between

the momentum and thermal boundary layer thicknesses in the accelerated flow. Because

the thermal boundary layer is thicker than the momentum boundary layer in the

accelerated flow (see Fig. 5.6), one should expect low heat transfer coefficients relative to

skin friction coefficients at a given streamwise position.
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FLUCTUATING VELOCITY MEASUREMENTS

m

u' Profiles

Profiles of u' / Ucw are plotted verses y/0 in Fig. 5.18. Figure 5.18a shows the

full boundary layer, and Fig. 5.18b is an expanded view of the near wall region. Also

shown for comparison are profiles from unaccelerated, 8% FSTI flows on flat and

concave walls from Kim and Simon (1991). The peaks in the profiles shift from 1.8 at

station 1 to 0.4 at station 2. The levels of the peaks drop from 0.16 to 0.14 between these

two stations. As the flow proceeds downstream, the peaks continue to drop in magnitude

and move toward the wall, although much more slowly than between stations 1 and 2.

The high peak at station 1 is typical of transitional flows, as documented by others, such

as Sohn and Reshotko (1991) and Kirn and Simon (1991). The drop in the free-stream

turbulence level with streamwise distance can be seen in Fig. 5.18a.

Fig 5.19 shows the u' profiles in wall coordinates. The peaks at all stations are at

y+=17, which is typical for turbulent boundary layers. The levels of the peaks drop from

a high value of 3 at station 1 to 2.4 at the downstream stations. Peaks between 2 and 2.5

are typical of most turbulent boundary layers. The profiles at stations 2 through 5

collapse everywhere except near the free-stream. The unaccelerated flow profiles are

much fuller in the outer part of the boundary layer than are the accelerated flow profiles.

This is particularly true for the unaccelerated concave-wall case. The acceleration

suppresses the turbulence in the outer part of the boundary layer below flat-wall levels. A

small bump can be seen in the accelerated flow profiles near y+=lO0. This is a remnant

of the plateau observed in the unaccelerated flow.

v' Profiles

Figure 5.20 shows profiles of v' / Ucw plotted versus y/0. The profiles drop from

a peak near the wall to a minimum near y/0--9 (899.5=0.5). The profiles then rise to the
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free-streamvalue. Similar behavior is seen in unaccelerated, high-FSTI flows, such as

those presented by Kestoras (1993). The near-wall fluctuations are caused by turbulence

production in the boundary layer. The free-stream fluctuations appear to be damped near

the wall, resulting in the minimum. The v" profiles may be useful for determining the

extent to which parts of the boundary layer are influenced by the free-stream turbulence.

Figure 5.21 shows the v' profiles in wall coordinates. With the exception of the

station 1 profile, the profiles collapse in the near wall region. The minimum noted above

falls near y+=200. The minimum becomes less clear at the downstream stations as the

free-stream values drop.

Turbulent Shear Stress Profiles

Profiles of the turbulent shear stress are plotted as - u'v---7 / U2w versus y/0 in Fig.

5.22. Also shown are unaccelerated, 8% concave- and flat-wall profiles from Kim and

Simon (1991). There is considerable shear stress activity beyond 899.5 (y/0=20). This is

caused by the combined destabilizing effects of high FSTI and concave curvature, and

indicates considerable mixing in the outer part of the boundary layer. This activity

decreases at the downstream stations, as the acceleration suppresses the turbulence. At

all stations, the accelerated flow profiles fall below Kim and Simon's concave wall

profile, and by the downstream stations, there is agreement with the fiat wall profile. The

acceleration is counteracting the curvature effect.

The profiles are plotted in wall coordinates in Fig. 5.23. The accelerated flow

profiles collapse on a straight line in these coordinates, and appear to extrapolate to 1 at

the wall. Unity is the expected near-wall value for a fully-turbulent boundary layer. The

profiles are much less full than those of the unaccelerated-flow comparison cases.
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Eddy Viscosity

Profdes of theeddy viscosity,EM ,arc shown inFig.5.24. The magnitudes arc

comparable to thosesccn by Kcstoras (1993) in 8% FSTI, unacccleratedflow along the

same concave wall. Kestoras (1993) found theeddy viscositywas an orderof magnitude

higherin hishigh FSTI flow than inlow (0.6%) FSTI flows along flatand concave walls.

Inthe Iow-FSTI cases, the EM profilesreached a maximum aty/_99.5=0.5,and

decreasedtoward zeroin theouterpartof the boundary layer.In the high-FSTI cases,the

eddy viscosityrisesmonotonically from the wall. The combined effectsof high FSTI and

concave curvaturecause a risein EM, particularlyinthe outerpartof the boundary layer.

Mixing Length of Momentum

Profiles of the mixing length, £M, are shown in Fig. 5.25. Near the wall, the

profiles are expected to follow the line £M = k'y, where K:=0.41 is the yon Kdrrn(m

constant. The profiles follow the line from the wall to y/0=8 (y/899.5=0.4). Farther from

the wall, the mixing length rises above the line. Kays and Crawford (1993) present data

from low disturbance flows which show the mixing length following the line £M = K'y tO

y/_99.5=0.2, then leveling off at £M=0.085_599.5. In the present case, £M rises well

above these expectations in the outer part of the boundary laycr. As stated above, this

indicates increased mixing in the high-FSTI, concave wall flow. Kcstoras (1993)

observed thc same behavior in unaccclerated flow.

TURBULENT HEAT FLUX MEASUREMENTS

Attempts to measure fluctuating temperatures and the turbulent heat flux failed in

the present case. Time traces of instantaneous temperature consistently contained data

points with temperature well above the wall temperature (by as much as 7°C). Given that

the wall to free-stream temperature difference was about 5°C, and that the temperature at

the wall should have been higher than anywhere in the flow, these measurements wcrc
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obviouslyunreasonable.Theerroneousreadingsweretracedto cross-talkbetweenthe

wiresof thethree-wireprobe. Theerrorsmayhavebeencausedby electricalinduction

effectsbetweenthewires,or byconvectionof hot fluid from theregionadjacentto oneof

thehotwires (whichareheldat 250°C)to thetemperaturesensor(cold wire). These

errorswerepeculiarto thepresentcase.Nosucherrorswereobservedin earlier studies

in which thisprobewasused(e.g.Kim and Simon (1991) and Kestoras (1993)), and no

errors were observed in the latter cases of the present study. Since, at this time, a higher-

acceleration case was of pressing concern, it was decided to proceed with a higher-K case

while diagnosing and correcting the v't" measurement technique in preparation for that

case. Turbulent heat flux results for these latter cases are presented below in Chapters 6

and 7.

CONCLUSIONS

Acceleration with K=0.75x 10 -6 did not significantly affect the transition process,

but did have a significant effect on the fully-turbulent boundary layer. This acceleration

caused a reduction in various turbulence quantifies, particularly in the outer part of the

boundary layer. Concave curvature has been shown to be destabilizing and to promote

turbulent mixing, particularly in high-FSTI flows (Kim and Simon, 1991). Acceleration

has been shown here to counteract this effect.

More information about the transition region in this flow might have been

obtained if the measurement stations had been spaced more closely in the upstream

region of the flow. It was decided, however, that more interesting results might be

obtained in a more strongly accelerated boundary layer. Further measurements in the

K=0.75x10 "6 case were not taken, and attention was shifted to the two cases presented

below in Chapters 6 and 7.
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Station

x[m] "t"
Ucw [m/s]
FSTI [%]

Rex x 10 -5

_9.5 [cm]
_* [ram]

0 [ram]
H

Re§,

Re o

0/Rx 10 3

899.5/P.[%1
Cf x 103

Tw [°C]
Too [°C]

_t99.5[cml
a2 [nun]
ReA2

St x 103

2St/Cf

1

0.106
8.20

7.6

0.5488

0.450

0.691

0.374

1.845
357

194

0.386

0.46

6.00

29.72

28.03

0.280

0.237

120

4.474

1.49

2

0.353
9.15

6.2

2.0342

2.196

1.371

1.025

1.337
790

591

1.057

2.26

6.40

30.25
28.03

1.521

1.111

626

3.212

1.00

3

0.610
10.34

5.4

3.9647

2.766

1.645

1.261

1.305
1069

819

1.300

2.85

6.00

30.42

28.01

2.371

1.534

973

2.931

0.98

4

0.861
11.59

4.4

6.2605

2.333

1.556

1.201

1.296
1131

873

1.238

2.41

5.80

30.31

27.98

3.643

2.296

1639

2.910

1.00

5

1.108
13.30

3.2

9.2345

2.534

1.476

1.143

1.291
1230

953

1.178

2.61

5.60

30.10
27.94

3.153

2.336

1896

2.650

0.95

t Mean temperature profiles were acquired 2 cm upstream of these locations. Velocity

profile data were extrapolated 2 cm upstream for calculation of A2.

Table 5.1: Parameters for the K=0.75x10-6 Case
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CHAPTER 6: HIGH FSTI, dUcw/dx=29 s "1 RESULTS

The results described above in Chapter 5 showed that acceleration with

K=0.75x10 -6 is not strong enough to significantly affect the transition process on the

concave test wall under high (8% at the inle0 FSTI conditions. The acceleration rates on

the pressure side of modern turbine airfoils are much higher than K=0.75x10 -6, as shown

in Fig. 5.1. It was therefore decided to investigate a case with stronger acceleration.

When K is held constant, the free-stream velocity varies as

1
Ucw = 1 Kx ' (6.1)

Ucw ° V

where Ucwo is the free-stream velocity at the inlet to the test section. The inlet velocity,

the acceleration rate and the length of the test section are related, so Rex and K cannot be

set independently. If K could be held constant indefinitely, Ucw would become infinite

at x=v/KUcwo. Since this is not possible, the length of the test section or the inlet

velocity must be decreased to achieve higher K. To maintain a representative Reynolds

number range for the experiment while increasing the acceleration rate, a variable-K

boundary condition was substituted with an acceleration boundary condition of a uniform

free-stream velocity gradient, dUcw/dx. This gave a K distribution which decreased from

a maximum at the leading edge. The decreasing K distribution is similar to that on the

downstream section of the pressure side of turbine airfoils, as shown in Fig. 5.1.

As in the case described in Chapter 5, the boundary layer in the present case was

two-dimensional in a time averaged sense. An extended transition zone, described below,

was observed. Many of the phenomena observed in the present case can be seen more

clearly in a case with even stronger acceleration, documented in Chapter 7.
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EXPERIMENTAL CONDITIONS

The flow entered the test section with a velocity of 10.3 m/s and a nominal FSTI

of 8%. The free-stream velocity gradient was held at 29.4 s -1. Profile data were acquired

at ten streamwise stations. The locations of these stations, along with other important

parameters, are listed in Table 6.1. The stations were more closely spaced than those of

the previous cases, to provide better documentation of the transition zone. At the last

measurement station, Rex=17.7xl05. The acceleration parameter dropped from

K=4.4x10 "6 at the leading edge to 0.39x10 -6 at the last measurement station. The K

profile from the experiment, along with the profiles from the airfoils of Fig. 5.1, is shown

in Fig. 6.1. The acceleration in the experiment is still weaker than on the airfoils, but is at

least of the same order of magnitude.

Free-Stream Conditions

The free-stream turbulence level is shown in Fig. 6.2. In Fig. 6.2a, u'** and v_,

are plotted in dimensional coordinates. The streamwise component, u', decays to about

half of its inlet value by the last measurement station. The normal component, v'**,

decays more slowly. The free-stream turbulence intensities are shown in dimensionless

[u,----2+ 2v,--_

coordinates in Fig. 6.2b. Also shown is the FSTI, taken as stated above, as _ _Uc_-w .

The FSTI drops from its inlet value (-8%) to 5.7% at the first station and 1.6% at the last

station. Most of the drop is due to the increase in Ucw in the streamwise direction.

Free-stream spectra. Free-stream spectra of u' and v' were acquired at stations

1, 3, 5, 7 and 9. The u' spectra are shown in Fig. 6.3. Below 1000 Hz, u' decays in the

streamwise direction. There is some growth at higher frequencies, which may be

associated with the cascade of energy from large scales to small scales. It is also possible

that this high-frequency energy is transported by turbulent diffusion from the boundary
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layer into the core of the channel. A third possibility is the production of high-frequency

turbulence in the free-stream. Production in the free-stream is possible because of the

non-zero mean velocity gradient in the free-stream, which results from the curvature of

the channel. The fluctuation energy at the upstream stations is centered around 50 Hz, as

is shown in Fig. 6.3b. The station I spectrum is similar to the u' spectrum in Fig. 5.4,

which should be expected since the inlet conditions for the present case and the case

described in Chapter 5 are similar. Hence, the station I free-stream data presented in

Chapter 5 (including the two-point spatial correlations) are expected to be applicable to

the present case. As the low frequencies decay, the peak in Fig. 6.3b shifts to about 1000

Hz. The length scale associated with 1000 I-Iz at station 9, Ucw/f, is 3 cm. This scale

could be associated with large scale turbulent eddies. The integral length scale associated

with the u' fluctuations, Au,, remains constant at about 4 cm at all stations (see Table

6.1). This scale can also be associated with large scale eddies. The frequency associated

with the integral scale, U**/Au,, increases from 300 Hz at station 1 to 800 Hz at station

9.

The v' spectra are shown in Fig. 6.4. The peak in the v' energy, as shown in Fig.

6.4b, is centered around 150 Hz at station 1. The v' fluctuations decay for frequencies

below 600 Hz. By station 9 the energy is centered at 300 Hz, in a broad peak, or plateau,

between 100 Hz and 1000 Hz. A comparison of Figs. 6.3b and 6.4b shows much less

decay in v' than in u'. The decay in u' may be due to straining of the eddies in the

streamwise direction, caused by the acceleration. The integral length scale associated

with the v' fluctuations, A v, (obtained using Fig. 6.4a and Eqn. 2.16), rises from 2 cm at

station 1 to 3.6 cm at station 9 (see Table 6.1). The frequency associated with the integral

scale, U**/Av,, rises from 700 Hz at station 1 to 900 Hz at station 9.

The u' fluctuations show significant change in the streamwise direction, both in

magnitude and spectral distribution. This is probably due to streamwise straining caused
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by the acceleration. The v' fluctuations show less change, behaving more like "frozen

turbulence."

Boundary Layer Growth

The growths of the momentum and thermal boundary layers are shown in Fig. 6.5,

where Re0 and ReA2 are plotted verses Rex. The momentum thickness Reynolds number

drops from 440 to 400 between stations 1 and 2, and then begins to rise slowly. The

beginning of the rise in Re0 corresponds to a drop in the acceleration parameter, K, below

2x10 -6. A comparison to the unaccelerated and K=0.75×10 -6 cases of Fig. 5.6 shows the

strong suppression of the momentum boundary layer growth in the present case. A

comparison of Figs. 6.5 and 5.6 shows that thermal boundary layer growth, in terms of

ReA2, is not strongly affected by the acceleration. This leads to an even larger mismatch

between Re0 and RcA2 in the present case than in the K=0.75×10 -6 case.

The shape factor, H=5*/0, is shown in Fig. 6.6. The shape factor has a value of

1.46 at the flu'st two stations, and drops slowly to 1.31 at the last station. The

unaccelerated, fully-turbulent, high-FSTI, concave-wall value shown in Fig. 5.7 is 1.25.

The laminar flow value for a boundary layer with the acceleration rates of the present

case (calculated for flow on a flat plate with the TEXSTAN program (Kays and

Crawford, 1993; Crawford and Kays, 1976)) is between 2.2 and 2.3. These values

suggest that the flow in the present case is transitional at the upstream stations, and

reaches fully-turbulent behavior by the end of the test section.

Energy Balance

The energy balance for the present case is shown in Fig. 6.7. The energy balance

is within 12% at station 1, and within 7% at the rest of the stations. Given the variability

in the wall heat flux and the uncertainty in the data (described above in Chapter 2), the

energy balance is acceptable.
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Strength of Curvature

The strength of curvature, 0/R, is shown in Fig. 6.8. Also plotted are the data

from Fig. 5.9. The sa'ength of curvature in the present case is only half of that in the

K=0.75x10 "6 case. Levels are between 15 and 25% of the peak values of typical airfoils.

In terms of the boundary layer thickness, _g)9.5, the strength of curvature has been

reduced to about 0.8%. The curvature may still influence the flow, but it is weak.

MEAN VELOCITY PROFILES

Figure 6.9 shows mean streamwise velocity profiles from the present case plotted

as U/Ucw verses y/0. The edge of the momentum boundary layer, _99.5, corresponds to

y/0=15 to 20. The profiles appear to collapse in Fig. 6.9a. In Fig. 6.9b, a closer look at

the near wall region shows that the profiles become fuller, or more turbulent like, in the

streamwise direction. Figure 6.10 shows the profiles in wall coordinates. The profiles

fall somewhat above the law of the wall at the fast four stations. This behavior is

expected with the local acceleration, and the data is well predicted by profiles calculated

using the method of Appendix A. At the downstream stations, as the flow becomes fully-

turbulent and the acceleration weakens, the profiles collapse onto the law of the wall. As

in the high-FSTI case shown in Fig. 5.11 and the high FSTI cases presented by Kim and

Simon (1991), the profiles exhibit no wake.

Very near the wall, in the region y+<5, the agreement between the data and the

line u+=y + is not as good as that observed in the other cases of this study (compare Figs.

3.11, 3.13, 5.11, 6.10 and 7.9). The data in Figs. 3.11, 3.13, 5.11 and 7.9 lie on the line

u+=y +, while the data in Fig. 6.10 lie somewhat above the line, particularly at the

downstream stations. The near wall data are corrected for conduction effects as described

in Chapter 2. The applied correction was developed by Wills (1962) in laminar flows. It

appears to work well in turbulent boundary layers when the flee-stream velocity is below
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about20 m/s. At the downstream stations in the present case, where the free-stream

velocity is above 20 m/s, it appears that Wills' con'ection has been extrapolated

somewhat beyond its useful range.

SKIN FRICTION COEffICIENTS

Skin friction coefficients are plotted verses Re0 in Fig. 6.11. Shown for reference

are correlations for laminar and fully-turbulent flows on flat walls under low FSTI,

unaccelerated flow conditions. For the first 3 stations, Cf lies just above the turbulent

correlation, and Re0 and Cf are nearly constant, as the acceleration slows development of

the boundary layer. Downstream, Re0 begins to grow and Cf rises above the turbulent

correlation by about 12%.

MEAN TEMPERATURE PROFILES

Mean temperature profiles are shown in Fig. 6.12. The edge of the thermal

boundary layer, _t99.5, corresponds to y/A2=l 1. The full profiles are shown in Fig. 6.12a.

The profile becomes fuller between stations 1 and 2. At the downstream stations, the

profiles appear to collapse. Figure 6.12b shows an expanded view of the near wall

region. In this view, the profiles become fuller between stations 1 and 4, and the profiles

collapse downstream. These profiles provide evidence that the first four stations are

transitional, and that the boundary layer is fully-turbulent by station 5.

The temperature profiles are shown in wall coordinates in Fig. 6.13. Also shown

for reference are the line t+=Pry + and the thermal law of the wall. The profiles rise

through the first 5 stations. At the downstream stations, the profiles collapse onto a

turbulent-like shape as the boundary layer becomes fully-turbulent and the acceleration

weakens. The temperature profiles do not agree with the thermal law of the wall. The

deviation is even greater in this case than in the K--0.75×10 -6 case (Fig. 5.14). This is

expected since the acceleration is stronger in the present case. Figure 6.13b shows the
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station9 profile dataalongwith aprofile calculatedfor theconditionsat this stationby

themethodof AppendixA. Theagreement is good to y+=500. The calculated profile

makes no attempt to capture the wake, so no agreement at higher y+ should be expected.

STANTON NUMBERS

Stanton numbers are plotted verses ReA2 in Fig. 6.14. Shown for reference are

correlations from Kays and Crawford (1993) for low FSTI, unaccelerated laminar and

turbulent boundary layers on flat walls. Also shown for the comparison are data from

unaccelerated, 8% FSTI flows along flat and concave walls from Kim and Simon (1991).

In the accelerated flow, Stanton numbers drop in the streamwise direction and agree with

the turbulent correlation. The data never approach the laminar correlation, although the

flow is transitional at the upstream stations. The data do not rise above the turbulent

correlation, unlike the unaccelerated-flow, high-FSTI, concave-wall data of Fig. 5.17, in

which Stanton numbers as high as 40% above the correlation are observed. The

stabilizing effect of strong acceleration in the present case counteracts the destabilizing

effects of high FSTI and concave curvature, and lowers the Stanton numbers back to fiat

wall values.

The Reynolds analogy factor, 2S_.._tdrops to 0.8 in the present case. This
Cf '

compares to 1.13 in unaccelerated flow, and 1.0 in the K=0.75×10 -6 case. The drop is

attributed to the difference between the momentum and thermal boundary layer

thicknesses, shown in Fig. 6.5.

INTERM1TTENCY PROFILES

Profiles of the intermittency, 7, are shown in Fig. 6.15. These profiles are based

on u' fluctuations. The intermittency is low at the wall, rises to a peak at y/0=l, and

drops to a free-stream value of about 20%. The non-zero free-stream value results from
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thehighFSTI and the tuning of the intcrmittency circuit, as described in Chapter 2. The

intermittency has a peak of 73% at station 1. The peak rises steadily, reaching a

maximum near 100% by station 5. The measurements suggest that the flow is well into

transition at station 1, and fully-turbulent by station 5. Intcrmittency profiles based on

the fluctuating temperature, t', arc shown in Fig. 6.16. The prof'flcs all have a high peak

near the wall and go to zero at the free-stream, where the flow is isothermal. The

progression though transition, seen in Fig. 6.15, is not apparent in Fig. 6.16. The t' based

intermittency appears to provide a good means of separating the boundary layer flow

from the free-stream, but is not as useful for determining the state of the boundary layer

with respect to transition.

FLUCTUATING VELOCITY MEASUREMENTS

u' Profiles

Profiles of u-'7 / Ucw are plotted verses y/0 in Fig. 6.17. Figure 6.17a shows the

full boundary layer, and Fig. 6.17b is an expanded view of the near wall region. The

peaks in the profiles drop in magnitude and shift toward the wall as the flow proceeds

downstream. This behavior, as noted above in the discussion of Fig. 5.18, is expected in

transitional flows.

Figure 6.18 shows the u' profiles in wall coordinates. There are peaks at all

stations at y+=17, which is typical of turbulent boundary layers. The levels of the peaks

drop from a high value of 2.4 at station 1, to 1.6 at the station 10. Peaks between 2 and

2.5 were observed in the other cases in this study. The reason for the lower peaks in the

present case is not clear. The profile rises between stations 5 and 6 at y+=150. This rise

develops into a plateau between y+=100 and y+=200 at the downstream stations. The
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plateauis typical of unaccelerated and weakly accelerated flows, as shown in Fig. 5.19.

It appears in the present case, when K drops below 0.8×10 -6.

v' Profiles

Figure 6.19 shows prof'fles of v-'7/Ucw plotted verses y/O. As in the K=0.75x10 -6

case (Fig. 5.20), the profiles drop from peaks near the wall to minimum values between

y/0=5 and 10 (599.5---0.25 to 0.5) and then rise to the free-stream values. Figure 6.20

shows the v" profiles in wall coordinates. The profiles appear to reach an asymptotic

shape by station 7, where the flow is fully-turbulent and the acceleration has dropped to

K_---0.64x10-6.

Turbulent Shear Stress Profiles

Profiles of the turbulent shear stress are plotted as - u'v' / U2w verses y/O in Fig.

6.21. Also shown are unaccelerated, 8% FSTI, concave- and flat-wall profiles from Kim

and Simon (1991). The profiles appear to collapse at all stations. The shear stress is

lower than in the K--0.75×10 -6 case (Fig. 5.22), and even falls below the unaccelerated

flat-wall curve.

The prof'fles are plotted in wall coordinates in Fig. 6.22. The profiles rise as the

flow moves downstream, appearing to reach an asymptote by station 8 or 9. At the

downstream stations the dimensionless shear stress appears to extrapolate to 1 at the wall,

as expected for a turbulent boundary layer. Upstream, the lower shear stress indicates

that the flow is still transitional. As in the coordinates of Fig. 6.21, the profiles all fall

well below those of the unaccelerated flow cases.
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Eddy Viscosity

Profiles of the eddy viscosity, £M, are shown in Fig. 6.23. The eddy viscosity is

an order of magnitude lower than in the K--0.75×10 -6 case of Fig. 5.24.

Mixing Length of Momentum

Profiles of the mixing length, l M, are shown in Fig. 6.24. Near the wall, the

profiles drop with streamwise distance, reaching an asymptote by station 6. The slope of

the downstream profiles, £M/Y, is about 0.3, which is below the expected value of 0.41

(the yon Kdrm(m constant). The slope very near the wall (y+<100) could not be

measured due to probe size limitations, and it is possible that the profiles have the

standard, 0.41, slope very near the wall. The profiles follow the line £M---0.3y to the edge

of the boundary layer. There is a rise above the line at higher y, but it is not as

pronounced as in the K=0.75x10 -6 case (Fig. 5.25). The turbulent shear stress, eddy

viscosity, and mixing length profiles all show that strong acceleration greatly reduces the

turbulent transport in the boundary layer.

FLUCTUATING TEMPERATURE AND VELOCITY MEASUREMENTS

t' Profiles

Profiles of the fluctuating temperature are shown in Fig. 6.25. The profiles appear

similar at all stations in these coordinates. Unlike the velocity fluctuations, the

temperature fluctuations go to zero in the free-stream, where the flow is isothermal.

Figure 6.26 shows the temperature profiles in wall coordinates. The profiles become

fuller at the downstream stations in these coordinates. At the downstream stations, there

is a near wall plateau in dimensionless t' with a level of about 2.5. Kim and Simon

(1991) saw levels of about 1.7 in this region in unaccelerated flow.
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v't' Profiles

Profiles of the component of the turbulent heat flux normal to the wall, v't', are

shown in Fig. 6.27. Near the wall, at y/A2<3, normalized values of v't' as high as 1.8

were measured, particularly at the f'trst four stations. The normal component of the

turbulent heat flux is not expected to exceed the wall heat flux, so the values above 1

were not believed, and are not presented. These high values appeared only at the

upstream stations, where the boundary layer is thinnest, so it is possible that they are due

to measurement error caused by spatial resolution problems.

The prof'des in Fig. 6.27 all appear similar. They reach a maximum value of

about 0.7 near the wall. As stated above, a value of 1 is expected at the wall, but accurate

measurements could not be taken close enough to the wall to resolve this. The profiles

are plotted in wall coordinates in Fig. 6.28. The profiles rise in these coordinates,

becoming fuller at the downstream stations. A similar rise was seen in the shear stress

profiles in Fig. 6.22. Unlike the shear stress, v't" has a near wall plateau at the

downstream stations with a value of 0.7. Also shown in Fig. 6.28 are profiles from Kim

and Simon's (1991) 8% FSTI unaccelerated flat- and concave-wall cases. The effect of

acceleration on the turbulent heat flux is not as strong as its effect on the turbulent shear

stress, shown in Fig. 6.22. The accelerated v't' profiles at the downstream stations have

higher values than the unaccelerated flat-wall profile. The accelerated shear stress

profiles, in contrast, were well below the unaccelerated flat-wall values.

-u't' Profiles

Profiles of the streamwise component of the turbulent heat flux, -u't', are shown

in Fig. 6.29. The -u't' values are 2 to 3 times larger than the v't" values shown in Figs.

6.27 and 6.28. Qualitatively, however, -u't' and v't' are similar. A comparison of Figs.

6.17, 6.19, 6.27 and 6.29 shows that the correlation coefficient for the normal component
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m

VPt '

of the turbulent heat flux, (_7)(_7)

-u't'

correlation, ()()'7"_7"" is about 0.6.

--, is about 0.3, while thc strcamwisc component

Eddy Diffusivity of Heat

Profiles of the eddy diffusivity, £ H, are shown in Fig. 6.30. The results are

similar to the eddy viscosity results of Fig. 6.23.

Mixing Length of Heat

Profiles of the thermal mixing length, £H, are shown in Fig. 6.31. In low-FSTI,
K

unaccelerated flow on flat walls, £H is expected to follow the line *H = _'t y near the

wail. The expected value of Pr t is about 0.9, and K=0.41. Like the mixing length of

momentum, shown in Fig. 6.24, £H values rise above the expected line to high values at

the edge of the boundary layer. Near the wall, the _H data lie fairly close to the line,

unlike the mixing length of momentum, which had a lower slope than expected near the

wall.

Turbulent Prandtl Number

Profiles of the turbulent Prandtl number, Prt, are shown in Fig. 6.32. Very near

the wall (y+<100) the measurements cannot be trusted due to spatial resolution problems.

Far from the wall (y+>800) the mean velocity and temperature gradients become too

small for accurate calculation of Prt (the uncertainty rises to several hundred percent). In

the range 100<y+<800, Pr t lies between 1 and 1.2. This range is slightly above the

standard value of 0.9, but given the uncertainty in the measured data, this difference is not

significant. It appears that Reynold's analogy between eddy transport of heat and

momentum is obeyed in this flow.
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Cross Transport of Turbulent Shear Stress and Turbulent Heat Flux

Prof'fles of the triple correlations u'v '2 and v'2t ' are shown in Figs. 6.33 and

6.34. These terms are related to the rate at which the turbulent shear stress and turbulent

heat flux are transported away from the wall by turbulent diffusion. Shown for

comparison are profiles from 8% FSTI, unaccelerated, flat-wall and concave-wall cases

from Kim and Simon (1991). The accelerated flow profiles rise as the flow proceeds

downstream, through transition. Values of normalized u'v '2 are approximately equal to

values from the unaccelerated flat-wall case. The values are roughly half those from the

unaccelerated concave-wall case. Values of normalized v'2t ' are 1.5 times those of the

unaccelerated concave-wall case, and three times those of the flat-wall case. The

acceleration has a much stronger effect on the momentum boundary layer than on the

thermal boundary layer in counteracting the effects of curvature.

OCTANT ANALYSIS

The octant analysis, described above in Chapter 4, has been applied to the present,

accelerated flow. Profiles of the octant decomposition of the turbulent shear stress are

shown in Fig. 6.35. The flow is wansidonal at station 2, as shown in Fig. 6.35a. The

octant decomposition is similar to that of the unaccelerated transitional flows discussed in

Chapter 4. Octant 6, the hot ejection, makes the largest contribution to - u'v', about

double the contribution of octant 4, the cold sweep. Near the wall, some of the other

octants become significant. Included among these is octant 7, the hot wallward

interaction. Similar behavior was seen in the unaccelerated transitional flows, and was

attributed to incomplete turbulent mixing. Also significant in the present case is octant 3,

which has the same sign and magnitude as octant 7. Octant 3 is the cold wallward

interaction. Cold, slow fluid moves toward the wall causing a reduction in the overall

turbulent shear stress. The mechanism responsible for the octant 3 motion is not known,
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but it mayberelatedto thedifferencebetweenthemomentumandthermalboundary

layerthicknesses.A directnumericalsimulationmight beusefulfor determiningthe

sourceof the octant 3 data.

The octant distributions are approximately the same at stations 1 through 4. The

distribution begins to change at station 5, as shown in Fig. 6.35b. The results presented

above suggest that the flow at the downstream stations is fuUy-turbulent. In agreement

with this, the octant distributions at stations 6 through 10 are characteristic of a fully-

turbulent boundary layer. The station 10 distribution is shown in Fig. 6.35c. Near the

wall at station 10, octants 4 and 6 are of comparable magnitude. The octant 4

contribution is approximately 80% of the octant 6 contribution. Octants 4 and 6, the cold

sweep and hot ejection, account for nearly all of the turbulent shear stress.

The octant decomposition of the normal component of the turbulent heat flux,

v't', is shown for stations 2, 5 and 10 in Fig. 6.36. The results are similar to those for the

turbulent shear stress, but some differences appear. At station 2 (Fig. 6.36a), octant 3

makes a significant contribution, as it did with the shear stress, but while octant 3 causes

a reduction in the turbulent shear stress, it makes a positive contribution to v't'. Octant 5

also makes a contribution to v't'. It has the same sign and magnitude as octant 3. Octant

5 is the hot outward interaction. High speed, warm fluid moves away from the wall.

Octant 5 corresponds to u', v' and t' all positive. It is the counter-motion to octant 3,

which corresponds to u', v' and t' all negative. One might expect that octant 3 and 5

motions would lead to high v't" relative to - u'v', resulting in lower turbulent Prandtl

numbers. This was not observed, however, indicating that differences between the mean

velocity and temperature gradients (which also factor into Prt) are important.

At the downstream stations (Figs. 6.36b and 6.36c) nearly all of v't' results from

octant 4 and 6 contributions, as expected for a fully-turbulent boundary layer, and in

agreement with the results for the turbulent shear stress.
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BOUNDARY LAYER SPECTRA AND TRANSFER FUNCTIONS

Boundary layer spectra were measured at stations 1, 3, 5, 7 and 9. The u' spectra

acquired near the wall at y+=5 are shown in Fig. 6.37. The peak in u' energy is at 200

Hz at station 1 (Fig. 6.37b). The peaks rise continuously and shift to higher frequencies

at the downstream stations, reaching 700 Hz by station 9. The u' spectra acquired at

y+=17 are shown in Fig. 6.38. The spectra at y+=5 and y+=17 are similar. The

fluctuation levels are higher at y+=17, since this is the location of maximum u' in the

boundary layer (Fig. 6.18). Near wall damping results in lower values at y+=5. The u'

spectra acquired at y+=100 are shown in Fig. 6.39. The peak energy is at 30 Hz at station

1. The peaks rise in magnitude to a broad peak centered at 700 Hz at station 9. At the

high frequencies centered around 700 Hz, there is less fluctuation energy at y+=100 than

at y+=17 or y+=5. These frequencies are associated with near-wall turbulence

production, so it is expected that fluctuation levels should decrease with increasing

distance from the wall. At frequencies below 100 Hz, the spectra at y+=100 and y+=17

are more comparable. The lower frequencies are associated with free-stream

unsteadiness.

The v' spectra acquired at y+=100 are shown in Fig. 6.40. The peak in v' energy

is at 1000 Hz at stations 1 through 5, shifting to 2000 Hz at stations 7 and 9. The levels

of the peaks rise somewhat between stations 1 and 3, but rise more rapidly between

stations 3 and 5 as the boundary layer becomes fully-turbulent. A comparison of Figs.

6.39 and 6.40 shows that there is more low-frequency energy in u' than in v' at y+=100.

This supports the conclusion that the low-frequency fluctuations are associated with

streamwise unsteadiness.

The turbulent shear stress spectra acquired at y+=100 are shown in Fig. 6.41. The

energy level is low at station 1 and has no clear peak frequency (Fig. 6.41b). Between

stations 1 and 3 there is some increase in the shear stress, and a peak emerges at,

approximately, 1000 Hz. As the flow becomes fully-turbulent at the downstream
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stations, and turbulence production becomes significant in the boundary layer, the peaks

rise rapidly and shift to between 2000 and 3000 Hz.

Transfer Functions

Figure 6.42 shows transfer functions of u' between the boundary layer and the

free-stream. Transfer functions between y+=5 and the free-stream are shown in Fig.

6.42a. At the upstream stations, there is a peak at 300 Hz. This is believed to result from

amplification of the free-stream disturbance. The v' energy in the free-stream (Fig. 6.4b)

is also centered around 300 Hz. Downstream, there is significant activity at frequencies

above 1000 Hz. These higher frequencies are associated with turbulence production in

the near-wall region. The trends seen at y+-5 are also seen at y+=17 (Fig. 6.42b). The

transfer functions between y+=100 and the free-stream (Fig. 6.42c) are similar, but the

300 Hz peak, although still present, is less distinct. As explained for the low FSTI case in

Chapter 3, the low-frequency peak is believed to be caused by "inactive" disturbances in

the free-stream. As depicted in Fig. 3.7, free-stream v' fluctuations displace fluid across

0U

the mean streamwise velocity gradient, -_--, causing large u' fluctuations in the

0U

boundary layer. Since -_y is lower at y+=100 than at y+=17 or y+=5, the 300 Hz peak is

less distinct at y+=100.

The transfer functions of v' between y+=100 and free-stream are shown in Fig.

6.43. Unlike the u' transfer functions, there are no peaks at 300 Hz. At the higher

frequencies, u' and v' are similar. As explained above, the low-frequency u'

fluctuations in the boundary layer result from amplification of free-stream v'

fluctuations. There is no similar mechanism for amplification of v' in the boundary

layer, and there is no low frequency peak in the v' transfer function.

Figure 6.44 shows the transfer function between -u'v" at y+=100 and u' at the

same position. This transfer function can be considered to be a correlation coefficient on
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a frequency basis. The transfer function is about 0.1 for frequencies below 50 Hz, and

rises to between 0.4 and 0.7 at 5000 Hz. The high-frequency values tend to rise with

streamwise distance, reaching an asymptotic position in downstream station prof'tles. The

low-frequency u' fluctuations, which result from "inactive" motions caused by the free-

stream unsteadiness, are relatively inefficient at promoting turbulent mixing. The low-

frequency fluctuations can still make a significant contribution to the turbulent shear

stress in the high-FSTl flow, but they are not so effective as are high frequency

fluctuations resulting from turbulent eddies produced in the boundary layer. Figure 6.45

shows the transfer function between -u'v' and v' at y+=100.

CONCLUSIONS

The flow is transitional in the present case, in spite of the high free-stream

disturbance level. The boundary layer appears to be well into the transition process at the

first measurement station, and transition proceeds steadily through station 5, where the

momentum thickness Reynolds number is 570. Downstream of station 5, the boundary

layer appears to be fully-turbulent. The momentum thickness Reynolds number is only

1120 at the last measurement station, indicating that, although the boundary layer is fully-

turbulent, it probably is not a mature, turbulent boundary layer. Evidence of the change

from transitional to fully-turbulent behavior was provided through the intermittency

profiles, the shapes of the mean temperature profiles, octant decompositions, spectral

analysis, and other data.

The nature of the transition under high-FSTI conditions is different from that

observed in low-FSTI flows. The flow never appears laminar. Fluctuating velocity and

temperature are always high, and skin friction coefficients are always above a correlation

for fully-turbulent boundary layers on flat walls. Stanton numbers are always well above

laminar values, and agree with a fiat-wall turbulent flow correlation, even in the transition
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region. The acceleration causes high skin friction coefficients relative to Stanton

numbers. This does not result from differences in the eddy transport of heat and

momentum. The turbulent Prandtl number remains near 1 in the accelerated flow. The

differences between St and Cf are caused by a mismatch in the thicknesses of the

momentum and thermal boundary layers. This acceleration level suppresses the growth

of the momentum boundary layer (which results in the extended transition zone), but the

thermal boundary layer growth is largely unaffected.
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CHAPTER 7: HIGH FSTI, dUcw/dx=14 s-1 RESULTS

To expand on the results presented in Chapter 6 and better document the early

stages of transition, a case with a longer transition zone was investigated. The test

section was left in the geometry of the dUcw/dx=29 s" 1 case described in Chapter 6, and

the inlet velocity was reduced to half the value used in that case. This reduced the local

free-stream velocities and Rex throughout the test section to half the values of the

dUcw/dx=29 s -1 case. For a given geometry, the KRex product remains constant as the

velocity is changed. Local K parameters were, therefore, doubled. The lower Reynolds

numbers and higher acceleration parameters both acted to extend the transition zone in

the present case. As in the two high-FSTI cases described above, the boundary layer in

the present case was two-dimensional in a time-averaged sense. Some of the results

presented below are also available in Volino and Simon (1994b, 1995b, 1995c).

EXPERIMENTAL CONDITIONS

The flow entered the test section with a velocity of 5.2 rn/s and a nominal FSTI of

8%. The free-stream velocity gradient was held at 14.35 s-1. Profile data were acquired

at ten streamwise measurement stations. The locations of these stations, along with other

important parameters, are listed in Table 7.1. At the last measurement station,

Rex=8.Tx 105. The acceleration parameter dropped from K=8.6x 10 -6 at the leading edge

of the test wall to 0.80x10 -6 at the last measurement station. The K profile from the

experiment and the profiles from the airfoils of Fig. 5.1 are shown in Fig. 7.1. The

maximum acceleration is roughly the same as that of the CF6 airfoil, and about half that

of a more modem airfoil. The chord Reynolds numbers for the experiment and the

airfoils are roughly the same.
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Free-Stream Conditions

The free-stream turbulence level is shown in Fig. 7.2. In Fig. 7.2a, u" and v"

are plotted in dimensional coordinates. The streamwise component, u', decays to about

70% of its irdct value by the last measurement station. The normal component, v',

decays only slightly. The frce-sl_am turbulence intensities arc shown in dimensionless

coordinates in Fig. 7.2b. Also shown is the FSTI, taken as stated above, as _ 3-_c2w .

The FSTI drops from its inlet value (-8%) to 5.3% at the first station and 1.7% at the last

station. Most of the drop is due to the incre_e in Ucw in the strearnwise direction. In

terms of the streamwise position, x, the FSTI are nearly equal to those of the

dUcw/dX=29 s -1 case, presented in Fig. 6.2b. Since the smme turbulence generating grid

and the same geometry were used in the dUcw/dX=29 s-1 case and the present case, it is

not surprising that the free-stream turbulence level scales with the free-stream velocity.

In terms of Rex, the FSTI drops twice as fast in the present case as in the dUcw/dx =

29 s- 1 case.

Free-stream snectra. Free-stream spectra of u' and v' were acquired at stations

1, 2, 3, 4, 5, 7 and 9. The u' spectra are shown in Fig. 7.3. Below 400 Hz, u' decays in

the streamwise direction. There is some slight growth at higher frequencies. The overall

energy in the free-stream drops at first before settling out to a more constant value at the

downstream stations. The fluctuation energy at the upstream stations is centered around

20 Hz, as shown in Fig. 7.3b. As the low frequencies decay, the peaks in Fig. 7.3b shift

to about 500 Hz. The length scale associated with 500 Hz at station 9, Ucw/f, is 3 cm.

This scale could be associated with large scale turbulent eddies. The integral length scale

associated with the u' fluctuations, A u, (obtained using Fig. 7.3a and Eqn. 2.16), is 4.4

cm at the first measurement station, and remains in the 3.4 cm to 4.4 cm range as the flow

moves downstream (see Table 7.1). This scale can also be associated with large scale

eddies. The frequency associated with the integral scale, U,,/Au,, increases from 150
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Hz at station 1 to 420 Hz at station 9. A comparison of Figs. 6.3 and 7.3 shows that the

length scales in the flow do not change as the flee-stream velocity is changed, but the

frequencies associated with the spectra vary directly with the free-stream velocity. The

free-stream velocity and frequencies of the dUcw/dx=29 s-1 case (Fig. 6.3) are both twice

those of the present case. The levels of the peaks in Fig. 6.3b are four times the levels of

the peaks in Fig. 7.3b. This implies variation with the free-stream velocity squared. Such

variation was noted above with the FSTI levels presented in Fig. 7.2.

The v' spectra are shown in Fig. 7.4. The peak in the v' energy, as shown in Fig.

7.4b, is centered around 70 Hz at station 1. There is less evolution of v" in the

streamwise direction than was observed in u'. By station 9 the energy is centered at 150

Hz, in a broad peak, or plateau, between 40 Hz and 300 Hz. The integral length scale

associated with the v' fluctuations, Av,, rises from 1.6 cm at station 1 to 3.7 cm at station

9. The frequency associated with the integral scale, U,o/Av,, remains between 350 Hz

and 440 Hz at all stations. As with the u' spectra, a comparison of Figs. 6.4 and 7.4

shows that the frequencies and magnitudes of the v" spectra for the dUcw/dx=29 s- 1 case

and the present case scale with the free-stream velocity. The integral length scales are

approximately the same for the two cases.

The variation of the frequencies and length scales noted above suggests that the

frequencies of the free-stream spectra could be nondimensionalized using the quantity

U**/Av,. The integral scale based on v' is suggested for the nondimensionalization

since the free-stream v' fluctuations are believed to have more of an influence on the

boundary layer than the u' fluctuations. The magnitude of the spectra could be

nondimensionalized using the local free-stream velocity. This choice would allow

comparison of the spectra of dimensionless FSTI between various flows, but could give a

false impression of turbulence decay in an accelerating flow. Another possibility is to

,2
normalize with v**. This choice eliminates distortion of the results due to acceleration,

but would mask differences between spectra in comparisons of high- and low-FSTI
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flows. There does not appear to be a general purpose way of nondimensionalizing the

spectra. Different choices are appropriate for different comparisons. For this reason, the

spectra are left in dimensional form in this study.

Boundary Layer Growth

The growth of the momentum and thermal boundary layers is shown in Fig. 7.5,

where Re0 and ReA2 are plotted verses Rex. The momentum thickness Reynolds number

remains nearly constant for the first five measurement stations, rising thereafter. There is

some evidence of a reverse transition between the first and second stations, as Re0 drops

from 274 to 207. The beginning of the rise in Re0 corresponds to a drop in the

acceleration parameter, K, below 2x10-6. The same behavior was observed in the lower

acceleration case discussed in Chapter 6. In that case, Re0 began to rise after the second

station, also when K dropped below 2x10 -6. A comparison of Figs. 5.6, 6.5 and 7.5

shows that the momentum boundary layer growth is more strongly suppressed in the

present ease than in any of the cases with weaker acceleration. The comparison also

confirms that thermal boundary layer growth, in terms of ReA2, is not strongly affected

by the acceleration.

The shape factor, H=8*/0, is shown in Fig. 7.6. The shape factor increases from

1.5 to 1.7 between stations 1 and 2, providing further evidence of a reverse transition

between these stations. The shape factor remains between 1.6 and 1.7 between stations 2

and 6. Downstream, H drops to about 1.4 at the last measurement station. At no point is

H near the laminar, low-disturbance value, which for the acceleration rates present would

be about 2.3 (calculated for flow on a flat plate with the TEXSTAN program (Kays and

Crawford, 1993; Crawford and Kays, 1976)). In a low FSTI flow, boundary layers

relaminarize at K>3x 10-6 (Jones and Launder, 1972) and at the acceleration rates of this

case, they would be laminar. The H values of the present case are all above the fully-

turbulent values of 1.2 to 1.3 observed in the flows of Chapters 5 and 6. These results
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suggestthattheboundarylayer in the present case is in the early stages of transition at the

upstream stations, and is nearing the end of transition by the end of the test section.

Energy Balance

The energy balance for the present case is shown in Fig. 7.7. The energy balance

is within 12% at station 7, and within 6% at the rest of the stations. Given the variability

in the wall heat flux and the uncertainty in the data (described above in Chapter 2), the

energy balance is acceptable.

Strength of Curvature

The strength of curvature of the present case is nearly the same as that of the

dUcw/dx=29 s -1 case of Chapter 6 (see Fig. 6.8). Local values are tabulated in table 7.1.

As stated in Chapter 6, the curvature may influence the flow, but it is weak. No stable

streamwise vortices were observed in the extended transition zone. The GOrtler number,

= Re0 _R' remained between 4 and 5 in the transition region. Floryan (1991) states
G

that boundary layers become unstable to G6rtler vortices when G=0.3, but that the

vortices do not become detectable until G>5.5. Thus, the absence of vortices was

expected.

MEAN VELOCITY PROFILES

Figure 7.8 shows mean streamwise velocity profiles from the present case plotted

as U/Ucw verses y/0. The edge of the momentum boundary layer, _99.5, corresponds to

y/0=14 to 21. The full boundary layer is shown in Fig. 7.8a. The profiles become fuller

at the downstream stations. Figure 7.8b shows the near wall region more closely. The

profile is less full at station 2 than at station 1, indicating possible reverse transition. The
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profilesbecomefuller, or moreturbulentlike, from station2through10. Themost

significantchangeoccursbetweenstations6 and7.

Figure7.9 showsmeanvelocityprofilesplottedin wall coordinates.Overthefirst

five stations,theprofilesriseto higheru+ valueswhile keepingapproximatelythesame

shape.Theprofilesappearsomewhatlaminar-like. Below are comparisons to expected

accelerating-flow profiles. At station 6, the profile shape begins to change to one that is

more turbulent-like. This trend is more obvious at station 7, and by stations 9 and 10 the

profiles are almost in agreement with the unaccelerated flow law of the wall. The change

in profile shape at station 6 is consistent with the beginning of the rise in Re0 (Fig. 7.5)

and the drop in the shape factor, H (Fig. 7.6). The profiles exhibit no wake region. The

absence of a wake is consistent with previous observations in accelerated and

unaccelerated high-FSTI turbulent boundary layers, as noted in Chapter 6. It indicates

considerable turbulent mixing in the outer part of the boundary layer.

The mean velocity data agree well with profiles calculated by the method of

Appendix A, as demonstrated in Fig. 7.10. Data from stations 3 and 8 are shown. The

data agree with the line u+=y + in the viscous sublayer, and deviations from the

unaccelerated flow law of the wall are well predicted.

SKIN FRICTION COEFFICIENTS

Figure 7.11 shows skin friction coefficients, Cf, plotted verses Re0. Also shown

axe fiat-plate, low-FSTI, unaccelerated flow correlations for laminar and fully-turbulent

boundary layers. At the upstream stations, Cf drops while Re0 remains nearly constant.

The flow appears to be relaminarizing in some sense, although Cf values always remain

much closer to the turbulent correlation than to the laminar correlation. Once the flow

proceeds toward fully-turbulent behavior (between stations 6 and 7, as indicated by the

velocity profiles of Figs. 7.8 and 7.9), Cfrises above the turbulent correlation. By station

10, the data are 11% above the correlation. Acceleration, high FSTI, and concave
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curvatureall tendto producea rise in Cf at a given Re0. The trend observed here is,

therefore, expected. The extent to which each effect is separately responsible for the rise

in Cf cannot be determined. The effects interact with one another; for example,

acceleration was shown above to reduce FSTI and the strength of curvature.

Figure 7.12 shows Cf plotted verses Re0 and Rex for the 8% FSTI cases of this

study, and unaccelerated cases from Kim and Simon (1991). As a function of Re0 (Fig.

7.12a), curvature causes a significant increase in Cf, and acceleration has the opposite

effect. Acceleration alone tends to cause a slight rise in Cf (Volino and Simon, 1995a),

but when acting in combination with concave curvature, the acceleration acts to keep the

boundary layer thin, reduce the strength of curvature, and thereby reduce Cf below

unaccelerated concave-wall values. It would be useful to compare the data from the

present study to data from accelerated, high FSTI, boundary layers on flat plates or

surfaces with stronger curvature, but such data do not exist. As a function of Rex (Fig.

7.12b) both curvature and acceleration cause Cf to rise. The unaccelerated flat-wall data

lie close to a turbulent correlation from Kays and Crawford (1993). The unaccelerated

concave-wall data fall above the correlation due to the destabilizing effects of concave

curvature. The accelerated flow data have the highest Cf values in these coordinates,

because the acceleration keeps the boundary layer thin, thereby increasing near wall

velocity gradients and increasing wall shear stress. Comparisons and correlations in

terms of Rex are of limited use because they do not take the maturity of the boundary

layer (i.e. the boundary layer thickness) into account.

MEAN TEMPERATURE PROFILES

Mean temperature profiles are shown in Fig. 7.13. The edge of the thermal

boundary layer, _99.5, corresponds to y/A2--10 to 14. The full profiles are shown in Fig.

7.13a. The profiles become fuller between stations 1 and 3. At the downstream stations,

259



theprofiles appear to collapse. Figure 7.13b shows an expanded view of the near-wall

region. In this view) the profiles are seen to become fuller between stations I and 9, only

appearing to collapse at stations 9 and 10. There is a significant change between stations

6 and 7, agreeing with the velocity profiles of Fig. 7.8b.

Figure 7.14 shows temperature profiles plotted in wall coordinates. The trends

are similar to those observed in the velocity profiles in Fig. 7.9. The profiles rise in t +

through the first five stations, with a laminar-like shape. At station 6 the trend is

reversed, and the profiles begin to collapse onto a turbulent-like shape. At the

downstream stations, a wake emerges, which is contrary to velocity profile development.

The wakes in the temperature profiles may be due to the thickness of the thermal

boundary layer relative to the momentum boundary layer, a product of acceleration's

suppression of the momentum boundary layer growth. High FSTI, combined with

concave curvatm'e, results in high levels of turbulent mixing in the outer part of the

momentum boundary layer, suppressing the wake. The thermal boundary layer extends

beyond the edge of the momentum boundary layer into a region of lower mixing. The

presence of the thermal wake suggests that surface heat transfer should be relatively low

compared to skin friction, as shown below. Although not so obvious, the emergence of a

wake can be seen in the thermal boundary layer of the lower acceleration case of Chapter

6 (Fig. 6.13).

At the downstream stations (Fig. 7.14) the temperature profiles do not agr¢e with

the unaccelerated flow law of the wall, although there is reasonable agreement between

the velocity profiles and the momentum law of the wall (Fig. 7.9). As explained in

Appendix A, acceleration tends to stabilize the boundary layer and reduce turbulence,

causing a rise in both the velocity and temperature profiles when plotted in wall

coordinates. The favorable pressure gradient also has a direct effect on the velocity

profile, causing it to drop, somewhat negating the rise caused by the reduction in
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turbulence.Thepressuregradienthasnosimilareffecton thetemperatureprofiles, sothe

temperatureprofilesremainhigh,relativeto thosein unacceleratedflow.

Thetemperatureprofilesagreewith profilescalculatedaccordingto Appendix A.

Figure7.15showsthetemperatureprofile datafrom stations6 and8 alongwith the

calculatedprofiles for theconditionspresentatthesestations.Thematchesbetweenthe

dataandthecalculatedprofilesaregood. Somedifferenceshouldbeexpectedsincethe

calculatedprofilesaccountfor theeffectof acceleration,butdo not includecurvatureor

free-streamturbulenceeffects. Thecalculatedprofilesdonotattemptto capturethe

wake,sonoagreementathigh y+ shouldbeexpected.In this flow, however,thewakeis

suppressed,sothecalculatedandmeasuredprofilesagreealmostto thefree-stream.

STANTON NUMBERS

Figure7.16showsStantonnumberplottedverses enthalpy thickness Reynolds

number, ReA 2, for the present case. Also shown are flat plate, low-FSTI, unaccelerated

flow correlations for laminar and fully-turbulent flow. The data drop below the turbulent

correlation in the transition region and rise to meet the correlation at the downstream

stations. The rise in St occurs between stations 6 and 7, agreeing with the rise in Cf seen

in Fig. 7.11. The Stanton numbers in the transition region are much closer to the

turbulent correlation than to the laminar correlation, as with the skin friction coefficients.

At the downstream stations, the integrated effect of acceleration has kept the curvature

effect small and has also led to a reduction in FSTI. At the end of the test section, the

three effects are apparently weak, with a remaining acceleration effect compensating the

remaining enhancement due to FSTI (1.6% at this point) and curvature (_99.5/R--1% at

this point). The data agree with the unaccelerated, flat-wall, turbulent correlation. Since

the drop in FSTI and strength of curvature did not cause a reduction in Cf to flat wall

levels, it is assumed that the mismatch between the thickness of the thermal and

momentum boundary layers is an important effect in reducing the Stanton numbers. The
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2St
Reynoldsanalogyfactor, _, dropsfrom avalueof 1.1in unacceleratedflow to avalue

Cf

of 0.8 in thepresentease,asit did in thecasedescribedin Chapter6.

Figure7.17showsStplottedversesReA2 andRexfor the8%FSTI casesof this

studyandthe8%FSTI unacceleratedcasesfrom Kim andSimon(1991). Thedatalook

similar in bothcoordinatesystemssinceaccelerationdoesnothaveastrongeffecton the

thermalboundarylayergrowth. Theunacceleratedconcave-walldatashownosignof

transitionandaresignificantlyhigherthanthefiat-wall correlation.Thecombined

effectsof FSTI andconcavecurvatureraisetheStantonnumbersby asmuchas40%

abovetheflat wall correlation.Therisein Stantonnumberis large,but notunexpected.

SimonichandMoffat (1982)reporteda significant(-20%) rise in Stantonnumbersabove

flat platevaluesin aIow-FSTI,concavewall boundarylayerwith astrengthof curvature

which is comparableto theunacceleratedcasepresentedhere. SimonichandBradshaw

(1978)reporteda 5%increasein Stantonnumberfor every1%increasein FSTI in

boundarylayerson flat plates.This is roughlyconsistentwith thedataof Blair (1983).

TheyconsideredFSTI up to 7%. AccelerationcounteractstheFSTI andcurvature

effects,asstatedabove.

INTERMITTENCY PROFILES

Profiles of the intermittency, T, are shown in Fig. 7.18. These profiles are based

on u' fluctuations. At the first three stations, the intermittency is near zero at the wall,

rises to a peak of 30 to 35% at y/0=4 (y+=60), and drops to a free-stream value of

between 10 and 20%. As noted in Chapter 6, the non-zero free-stream value results from

the high FSTI and the tuning of the intermittency circuit (described in Chapter 2). The

intermittency drops slightly between stations 1 and 2, supporting the suggestion of

reverse transition between these stations mentioned above. Between station 3 and 8, the

intermittency rises. By stations 9 and 10, the peak intermittency is nearly 100%,
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indicatingfully-turbulent flow at these last two stations. The measurements suggest that

the flow is in the early stages of transition at station 1 and that the strong acceleration at

the first three stations prevents further progress of the transition process. The

intermittency starts to increase between stations 3 and 4, when K drops below 3x10 -6.

Given the uncertainty associated with the tuning of the intermittency circuit, it could also

be argued that the flow is pre-transitional at the first three stations, and transition begins

after station 3.

Intermittency profiles based on the fluctuating temperature, t', are shown in Fig.

7.19. The intermittency values in Fig. 7.19 are different from those based on u', which

are presented in Fig. 7.18. As stated in Chapter 6, intermittency based on t' is believed

to useful for separating boundary layer flow from free-stream flow, but it is not as useful

for distinguishing between turbulent and non-turbulent flow in the boundary layer.

FLUCTUATING VELOCITY MEASUREMENTS

m

u' Profiles

Profiles of u' / Ucw are plotted verses y/0 in Fig. 7.20. Figure 7.20a shows the

full boundary layer, and Fig. 7.20b is an expanded view of the near-wall region. The

peak in the profiles shifts out between stations 1 and 2, providing further evidence of

reverse transition between these stations. The profiles appear similar at stations 2 through

5, with peaks of magnitude 0.13 at y/0=l.2. At station 6 the peak begins to move toward

the wall and increases in magnitude. Between stations 6 and 10, the peaks continue to

shift toward the wall, and the peak magnitudes drop to about 0.11 at station 10. The rise,

then fall, of the peak values, and the shift of the peaks toward the wall are both

characteristic of transitional flow. Others, such as Sohn and Reshotko (1991), have noted

such behavior in low-FSTI, transitional flows. It appears that most of the transition
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process has been captured in the present case. In the dUcw/dx=29 s-1 case, discussed in

Chapter 6, only the latter stages of transition were seen. As shown in Fig. 6.17b, the peak

u' / Ucw in the previous case moved continuously toward the wall, and the peak

magnitude decreased from a maximum of 0.13 at station 1 to 0.08 at stations 9 and 10.

This behavior corresponds to what is observed between stations 6 and 10 in the present

case.

Fig 7.21 shows the u" profiles in wall coordinates. There is a peak at each station

at y+=17, which is typical of turbulent boundary layers. The levels of the peaks remain

between 2 and 2.5 at all stations, as they did in the K--0.75x 10 -6 case of Chapter 5 (Fig.

5.19). As the acceleration parameter drops downstream of station 5, the profiles begin to

rise in the outer part of the boundary layer (70<y+<500). Similar behavior was observed

in the cases described in Chapters 5 and 6. The u' levels in the outer part of the

boundary layer are well below the levels of the 8% FSTI, unaccelerated comparison cases

taken from Kim and Simon (1991).

v' Profiles

Figure 7.22 shows profiles of v' / Ucw plotted verses y/0. As in the lower

acceleration cases (Figs. 5.20 and 6.19), the profiles drop from peaks near the wall to

minimum values between y/0=5 and 10 (599.5=0.25 to 0.5) followed by rises to the free-

stream values. Figure 7.23 shows the v' profiles in wall coordinates. The profiles appear

to reach an asymptotic shape by station 7, where the flow is near the end of transition and

the acceleration has dropped to K=l.3xl0 -6.

Turbulent Shear Stress Profiles

Profiles of the turbulent shear stress are plotted as - _ / U2w verses y/0 in Fig.

7.24. Also shown are unaccelerated, 8% FSTI concave- and fiat-wall profiles from Kim
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andSimon(1991). In thesecoordinates,theshearstressin theouterpartof theboundary

layerdropsin thestreamwisedirectionthroughthefast four stations.By station5, the

profilesreachanasymptoticshape,which is thesameasthatseenin thedUcw/dx=29s-1

caseof Fig. 6.21.

Theprof'tlesareplottedin wall coordinatesin Fig. 7.25. Thebehavioris similar

to that seenin thedUcw/dx=29s-1caseof Fig. 6.22. Theprofilesriseastheflow moves

downstream,appearingto reachanasymptotebetweenstations7 and 10. At the

downstream stations, the dimensionless shear stress profiles appear to extrapolate to 1 at

the wall, as expected for a turbulent boundary layer. Upstream, the lower shear stress

values indicate that the flow is still transitional. As is the coordinates of Fig. 7.24, the

profiles all fall well below those of the unaccelerated flow cases.

Eddy Viscosity

Profiles of the eddy viscosity, EM, are shown in Fig. 7.26. With the exception of

station 1, where high values are seen at the edge of the boundary layer, the profiles appear

similar at all stations. The eddy viscosity in this case is equal that in the dUcw/dx=29 s-1

case of Fig. 6.23. It is an order of magnitude lower than in the K=0.75x10 -6 case of Fig.

5.24.

Mixing Length of Momentum

Profiles of the mixing length, £M, are shown in Fig. 7.27. Near the wall, the

profiles drop with streamwise distance, reaching an asymptote by station 4. The slopes of

the downstream profiles, £MlY, are about 0.3, which agrees with the profiles of the

dUcw/dx=29 s -1 case shown in Fig. 6.24, and which is below the von KLrmdn constant

(s:--0.41). The slopes very near the wall (y+<50) could not be measured due to probe size

limitations, and it is possible that the profiles have the standard, 0.41, slope very near the
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wall. As inthe lower-accelerationcases,the turbulentshear stress,eddy viscosity,and

mixing lengthprofilesallshow thatstrongaccelerationgreatlyreduces theturbulent

transportin theboundary layer.

FLUCTUATING TEMPERATURE AND VELOCITY MEASUREMENTS

t'Profiles

Profilesof thefluctuatingtemperatureare shown in Fig.7.28. Fluctuating

temperature and turbulent heat flux data were acquired at stations 1 though 8. The

profilesappear similaratallstationsinthesecoordinates.Unlike the velocity

fluctuations,the temperaturefluctuationsgo to zerointhe free-stream,where the flow is

isothermal.Figure 7.29 shows thefluctuatingtemperatureprofilesinwall coordinates.

The profilesbecome fulleratthedownstream stationsin thesecoordinates.At the

downstream stations,therearcnear-wallplateausindimensionless t'with levelsof about

3.6. This compares toplateausat2.5in thedUcw/dx=29 s"I case (Fig.6.26)and plateaus

of 1.7in theKim and Simon (1991)concave-wall,unacccleratedflow.

w

v't' Profiles

Profiles of the component of the turbulent heat flux normal to the wall, v't', are

shown in Fig. 7.30. Results appear very similar to those of the dUcw/dx=29 s-1 case in

Fig. 6.27. The profiles are plotted in wall coordinates in Fig. 7.31. Also shown in Fig.

7.31 are profiles from the Kim and Simon (1991), 8%-FSTI, unaccelcratcd flat- and

concave-wall cases. The acceleratedflow profilesrisein thesecoordinates,becoming

fulleratthe downstream stations.A similarrisewas seen in the shearstressprofilesin

Fig.7.25. There issome signthata plateauisforming in v't"inthe outerpartof the

boundary layeratstation8,but thisplateauisnot so pronounced asin the dUcw/dx = 29
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s -1 case of Fig. 6.28. The boundary layer in the present case does not reach the level of

maturity seen in the dUcw/dx=29 s-1 case. This is expected, since the acceleration rates

are higher and the Reynolds numbers are lower in the present case.

w

-u't' Proffies

Proirdes of the sa'eamwise component of the turbulent heat flux, -u't', are shown

in Fig. 7.32. The -u't' values are 2 to 3 times larger than the v't" values shown in Fig.

7.31. As in the dUcw/dx=29 s "1 case, the correlation coefficient for the normal

v't"

component of the turbulent heat flux, (_)(_;) is about 0.3, while the streamwise

--Utt t

component correlation, J[)l'uT"tT"-'-"-T'is about 0.6.

Eddy Diffusivity of Heat

Profiles of the eddy diffusivity, EH, are shown in Fig. 7.33. The profiles collapse

in these coordinates and axe similar to the eddy viscosity results of Fig. 7.26.

Mixing Length of Heat

Prof'des of the thermal mixing length, £H, are shown in Fig. 7.34. In low FSTI,
K

unaccelerated flow on flat walls, £H is expected to follow the line £H = _tt y near the

wall. The expected value of Prt is about 0.9, and tz---0.41. The £H values rise above the

expected line to high values at the edge of the boundary layer. Near the wall, the £H data

lie fairly close to the line, unlike the mixing length of momentum (Fig. 7.27), which had a

lower slope than expected near the wall. The data is this case agree with the data of the

dUcw/dx=29 s -1 case shown in Fig. 6.31.
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Turbulent Prandti Number

Profiles of the turbulent Prandd number, Prt, are shown in Fig. 7.35. Very near

the wall (y+<50) the measurements cannot be trusted due to spatial resolution problems.

Far from the wall (y+>400) the mean velocity and temperature gradients become too

small for accurate calculation of Prt (the uncertainty rises to several hundred percent). In

the range 50<y+<400, Prt lies between 0.9 and 1.3. This range is slightly above the

standard value of 0.9, but, given the uncertainty in the measured data, this difference may

not be significant. It appears that Reynold's analogy between eddy transport of heat and

momentum is obeyed in this flow, as it was in the dUcw/dx=29 s" 1 case.

Cross Transport of Turbulent Shear Stress and Turbulent Heat Flux

Profiles of the triple correlations u'v '2 and v'2t ' are shown in Figs. 7.36 and

7.37. These terms are related to the rate at which the turbulent shear stress and turbulent

heat flux are transported away from the wall by turbulent diffusion. Shown for

comparison are profiles from 8% FSTI, unaccelerated, fiat-wall and concave-wall cases

from Kim and Simon (1991). The accelerated flow profiles rise as the flow proceeds

downstream, through _ansition. Values of normalized u'v '2 are lower than those of the

dUcw/dx=29 s -1 case (Fig. 6.33) and lower than the values from the unaccelerated flat-

wall case. The stronger acceleration of the present case suppresses the u'v '2 values.

Values of normalized v'2t ' are over double those of the dUcw/dx=29 s -1 case (Fig. 6.34),

and as much as 12 times the values in the unaccelerated flow cases. Possibly, a different

choice of non-dimensionalization would help in analyzing the data.

OCTANT ANALYSIS

The octant analysis, described above in Chapter 4, has been applied to the present,

accelerated flow. In general, the results agree with those discussed in the preceding

chapters. Profiles of the octant decomposition of the turbulent shear stress are shown in
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Fig. 7.38. Data were acquired at stations 1 through 8. The flow appears transitional at all

stations. The octant decomposition is similar to that of the unaccelerated transitional

flows discussed in Chapter 4. Octant 6, the hot ejection, makes the largest contribution to

- u'v'. At the upstream stations, the octant 6 contribution is about three times the octant

4 (cold sweep) contribution. At the downstream stations, the octant 6 contribution is

about twice the octant 4 contribution. Near the wall, octants 7 and 3 are significant.

Octant 7 is the hot wallward interaction. It was seen in the unaccelerated transitional

flows and was attributed to incomplete turbulent mixing. Also significant in the present

case is octant 3, which has the same sign and magnitude as octant 7. Octant 3 is the cold

wallward interaction. Cold, slow fluid moves toward the wall causing a reduction in the

overall turbulent shear stress. The mechanism responsible for the octant 3 motion is not

known, but it may be related to the difference between the momentum and thermal

boundary layer thicknesses. A direct numerical simulation might be useful for

determining the source of the octant 3 data.

The octant distributions never reach the fully-turbulent distribution described in

Chapter 4 and seen at the downstream stations in the dUcw/dx=29 s-1 case (Fig. 6.35c).

Even at the most downstream station in the present case (station 8, Fig. 7.38h), a

transitional distribution is observed. The strong acceleration prevents the present flow

from achieving a mature turbulent state.

The octant decomposition of the normal component of the turbulent heat flux,

v't', is shown for stations 1 through 8 in Fig. 7.39. The results are similar to those for

the turbulent shear stress, but some differences appear. Octant 3 makes a significant

contribution, as it did with the shear stress, but while octant 3 causes a reduction in the

turbulent shear stress, it makes a positive contribution to v't'. Octant 5 also makes a

contribution to v't'. It has the same sign and magnitude as octant 3. Octant 5 is the hot

outward interaction. High speed, warm fluid moves away from the wall. Octant 5

corresponds to u', v' and t' all positive. It is the counter-motion to octant 3, which
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corresponds to u', v' and t' all negative. Octants 3 and 5 cause high v't' relative to

- u'v'. This was noted above (Figs. 7.25 and 7.31), and indicates that the acceleration

has a stronger influence on the momentum boundary layer than the thermal boundary

layer. As noted in Chapter 6, the turbulent Prandtl number is not changed by the octant 3

and 5 contributions. Although v't' and - u'v' are affected differently by acceleration,

the differences between the mean velocity and temperature gradients (which also factor

into PrO keep Prt approximately equal to 1.

BOUNDARY LAYER SPECTRA AND TRANSFER FUNCTIONS

Boundary layer spectra were measured at stations 1, 2, 3, 4, 5, 7 and 9. The u'

spectra acquired near the wall at y+=5 are shown in Fig. 7.40. The peak in u" energy is

at 70 Hz at station 1 (Fig. 6.37b). The peak rises steadily and remains at 70 Hz through

station 5. Between stations 5 and 7 the growth in u" is accelerated and the peaks shift to

200 Hz. Between stations 7 and 9 the peaks continue to shift to 300 Hz, as higher

frequency fluctuations become more significant. The u' spectra acquired at y+=17 are

shown in Fig. 7.41. The spectra at y+=5 and y+=17 are similar. Fluctuations are

concentrated at the same frequencies at both y positions. The spectra have larger

magnitudes at y+=17, since this is the location of maximum u' in the boundary layer

(Fig. 7.21). Near-wall damping results in lower values at y+=5. The u' spectra acquired

at y+=50 are shown in Fig. 7.42. The peak energy is at 60 Hz at station 1. The peaks rise

in magnitude and remain at 60 Hz through station 5. Between stations 5 and 9, there is

little change below 100 Hz, but significant growth at higher frequencies. At station 9, the

fluctuation energy is centered around 300 Hz, agreeing with the results at y+=5 and

y+=17.

The v' spectra acquired at y+=50 are shown in Fig. 7.43. The peaks in v' energy

are at 200 Hz at stations 1 through 5, shifting to 400 Hz at stations 7 and 9. The levels of
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the peaks rise steadily between stations 1 and 5, but rise more rapidly between stations 5

and 7, as the boundary layer undergoes the end stages of transition. A comparison of

Figs. 7.42 and 7.43 shows that there is more low-frequency energy in u' than in v' at

y+=50. The same trends were observed in the dUcw/dx=29 s -1 case in Chapter 6 (Figs.

6.39 and 6.40). The low-frequency behavior supports the conclusion that the low-

frequency fluctuations are associated with streamwise unsteadiness.

The turbulent shear stress, -u'v', is the important turbulence quantity for

transport of momentum. Figure 7.44 shows the spectra of -u'v" measured at y+=50. At

the station 1, there is relatively little energy in -u'v" and the peak is around 100 Hz.

Between stations 1 and 2 there is little change, suggesting a lack of near-wall turbulence

production. Moving to the third, fourth and fifth stations, there is some growth in -u'v',

particularly at the higher frequencies, but the overall levels remain relatively low

compared to downstream levels. The correlation -u'v' rises sharply as the flow moves

to stations 7 and 9, and the peak in -u'v' shifts to 600 Hz. These stations correspond to

the end of transition where near-wall turbulence production at higher frequencies is

believed to be important. At station 9, the flow is fully turbulent, although not mature.

The behavior of the turbulent shear stress is similar to that observed in v" in Fig. 7.43,

but the change between station 5 and 7 is more pronounced in -u'v' than in v'. The

growth in v' and -u'v' observed at the downstream stations in the present case were

observed from the fwst station in the dUcw/dx=29 s- 1 case of Chapter 6 (Figs. 6.40 and

6.41). In the present case, the upstream stations are either pre-transitional or "frozen" in

the early stages of transition by the strong acceleration.

Transfer Functions

Figure 7.45 shows the transfer function of u' between the boundary layer at y+=5

and the free-stream. At the first streamwise position, the boundary layer and free-stream

have about the same energy between 0 and 10 Hz. Between 10 and 400 Hz there is more
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energy in the boundary layer.This peak in the transferfunctioniscenteredaround 100

Hz, which correspondstothe peak in thefree-streamv' spectrainFig.7.4. This

correlationbetween the u" transferfunctionand the free-streamv' spectrum was also

seen inthe Iow-FST[ case inFigs.3.3,3.6 and 3.8. The same correlationwas seen in the

dUcw/dx=29 s"I case,as shown inFigs.6.4 and 6.42. In thepresentcase,thereismuch

lessenergy above 400 Hz in the boundary layerthan inthe free-stream.The boundary

layerappears todamp out the high-frequencyfluctuations,actingas a low-pass filtcr.

This behavior alsoagreeswith thatof thelow-FSTI case. At thedownstream stations,the

transferfunctionsremain above 1.0forallfrequencies.The peaks atI00 Hz remain, but

themost significantgrowth occurs above 400 Hz. This again agreeswith the low-FSTI

case,although theactualvaluesof the transferfunctionsarc lower in thehigh-FSTI case,

duc tothe higherlevelsof free-streamu' inthiscase.

Figure 7.46 shows the u' transferfunctionbetween the boundary layeratthe

positionof maximum u' 0,+=17) and thefree-stream.The levelof the transferfunction

ishigheratthislocationthan aty+=5 (Fig.7.45),but thetrendsarcthe samc in both

figures.The same generaltrendscan bc sccn in the u' transferfunctionbetween the

boundary layeraty+=50 and thefree-stream,as shown inFig.7.47. Note thatthereis

lesshigh frcqucncy damping aty+=50 than aty+=5.

Figure 7.48 shows the v' transferfunctionbetween y+=50 and thefree-stream.

Thc transferfunctionincreaseswith frequency atallstreamwise positionsand increases

acrossthe cntircspectrum with strcarnwiscposition.Above 400 Hz, the u' and v'

transfcrfunctionsof Figs.7.47 and 7.48 arcsimilar.Below 400 Hz they arcquite

different.The v" transferfunctionislower and does not exhibitthe I00 Hz peak sccn in

the u' transfcrfunction.

The resultspresentedinFigs.7.47 and 7.48 arc consistentwith theexplanations

proposed inChapter 3 for theIow-FSTI case. Free-streameddiesbuffettheboundary

layercausing adisplacement of fluidinthe y direction.As depictedinFig.3.7,this
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displacement, combined with the normal gradient of streamwise velocity, -_--y, leads to

an amplification of u' fluctuations at a frequency which is associated with the free-

stream eddies. This explains the 100 Hz peak in Fig. 7.47. One would not expect a

Ov

similar amplification of v', since the gradient _ is small. As expected, there is no 100

Hz peak in Fig. 7.48. The highest frequencies in the boundary layer are associated with

turbulence produced in the near-wall region. At these frequencies, u' and v' are similar,

suggesting isotropy of the smaller eddies.

Turbulent shear stress. The transfer function can be used to relate the turbulent

shear stress to the fluctuation levels of u' or v'. Figure 7.49 shows the transfer function

between -u'v' at y+=50 and u' at the same position. The transfer function is about 0.1

for frequencies below 50 I-Iz and rises to between 0.4 and 0.7 at 5000 Hz. The high-

frequency values tend to rise with increasing streamwise distance, reaching an asymptotic

position at downstream stations. The dUcw/dx=29 s-1 case, as shown in Fig. 6.44,

exhibited the same asymptotic values. Figure 7.50 shows the transfer function between

-u'v" and v'. At the ftrst station, -u'v' is much higher than v' in the low-frequency

range. At the other stations, the transfer function is fairly flat with frequency. There does

not appear to be any consistent trend with streamwise position after station 2.

The 100 Hz peaks in -u'v" at the upstream stations, shown in Fig. 7.44, suggest

that the free-stream does have an effect in enhancing the momentum transport in the

boundary layer. Free-stream eddies buffeting the boundary layer could enhance mixing

in the boundary layer to levels which are significantly above the level in a truly laminar

flow, but the free-stream eddies would not be so effective in promoting mixing as are the

turbulent eddies produced and residing within the boundary layer. This speculation is

supported by the lower correlation between -u'v' and u" at the lower frequencies than at

the high frequencies, as shown in Fig. 7.49. In agreement with this, Hancock and
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Bradshaw (1989) reported a stronger effect of the free-stream turbulence on u '2 than on

u'v"m .

The above results are complemented and supported by the octant analysis results

presented above. Based on the ocmnt distribution, it was concluded that the lower -u'v'

levels in the transitional flow are due to a lack of small-scale eddies.

CONCLUSIONS

An extended transition zone has been documented in the present case. Included is

documentation of pre-transitional or early transitional flow at the upstream stations. The

upstream flow is badly disturbed, with high levels of turbulent transport compared to

laminar flows, but with lower transport levels than the fully-turbulent flow at the

downstream stations. Fluctuations at the upstream stations appear to be induced mainly

by the free-stream at relatively low frequencies. Downstream, near wall turbulence

production results in higher frequency fluctuations. Skin friction coefficients and Stanton

numbers drop below flat-wall turbulent correlations in the transitional flow. As the flow

becomes fully-turbulent, Cf rises above a low-FSTI flat-wall correlation, and Stanton

number rises to match a flat-wall correlation.
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CHAPTER 8: DISCUSSION AND RECOMMENDATIONS

NATURE OF HIGH FSTI TRANSITION

The transition process has been documented in boundary layers subject to high

free-stream turbulence levels. This transition is considerably different than Tollmien-

Schlichting transition, which is observed under low-FSTI conditions. The flow in the

transition region is intermittent, alternating between a badly disturbed, non-turbulent state

and a turbulent-like state. The non-turbulent zone is characterized by high-amplitude,

low-frequency fluctuations. These fluctuations are believed to be induced directly by the

free-stream unsteadiness. The non-turbulent zone lacks high-frequency, small-scale

fluctuations. This suggests a lack of near-wall turbulence production in the non-turbulent

flow. The fluctuations in the non-turbulent zone lead to enhanced transport relative to

that in a laminar flow, but relatively low transport compared to that in a fully-turbulent

boundary layer. The large-scale motions, which are induced by the free-stream, promote

mixing in the boundary layer, but they arc not so efficient as eddies produced and

residing in the boundary layer. Skin friction and heat transfer coefficients in the

transition region are well above laminar flow values, but below the values observed in

fully-turbulent flow.

The octant analysis shows considerable similarity between high-FSTI transition

and low-FSTI transition. The octant distributions in both the high- and low-FSTI

transitional flows include octant 6 (hot ejection) as the major contributor to the turbulent

heat flux and shear stress, with octants 4 (cold sweep) and 7 (hot wallward interaction) as

important secondary contributors. The similarity in the octant distributions suggests

similarity in the eddy structure of the flows. The octant 7 motion is associated with

incomplete mixing due to a lack of small scale eddies, as depicted in Fig. 4.17. The

octant 7 motions may be related to the "inactive" motions suggested though spectral
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analysis and transfer functions, as depicted in Fig. 3.7. Large-scale, free-stream eddies

buffeting the boundary layer would cause octant 4, 6 and 7 motions in the boundary layer.

ACCELERATION EFFECT

Strong acceleration prevents the transition process from proceeding. The

intermittency remains nearly constant when the acceleration parameter, K, is above

3×10 -6. The acceleration prevents near-waU turbulence production. When K drops

below about 2× 10 -6, transition begins. When near-waU production begins, the

intermittency increases, and a range of smaller-scale eddies are observed. Mayle (1991)

suggested a transition model which does not allow transition to begin unless K<3x 10 -6.

The present study tends to support this model.

CURVATURE EFFECT

Curvature may play a significant role in the transition process, but more work is

needed. Kim and Simon (1991) showed the importance of curvature on transition in low

FSTI flows, and showed the strong influence of curvature on fully-turbulent boundary

layers subject to high FSTI. In the present study, the importance of G6rtler vortices in

the transition process was shown at low FSTI. In the high-FSTI cases of the present

work, the strength of curvature was reduced to low levels by the strong acceleration,

which kept the boundary layer thin. No strong effects of curvature were apparent in the

present study.

G6rtler vortices. No streamwise, G6rtler vortices were observed in any of the

high FSTI cases. In the cases with weaker acceleration, transition occurred far upstream,

before vortices could form. In the case with the strongest acceleration, the G6rtler

number in the transition region was between 4 and 5, which is below the level at which

vortices are expected to form. Floryan (1991) states that G6rtler vortices are observed

when G>5.5. Several investigators have observed that G6rtler vortices cause transition to
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turbulencewhenG> 6 to 9. SwearingenandBlackwelder(1987),for example,sawthe

beginningof transitionat Gbetween6.7and9.

On amodemgasturbineairfoil, theaccelerationratesandstrengthof curvature

canbestrongerthanthosein thepresentexperiments.It is conceivablethatstable

vorticescouldform on thepressuresideof anairfoil andinfluencethe transitionprocess.

Thereare,however,reasonsto doubtthatvorticeswould form. Evenonastrongly

curvedairfoil surface,GSrtlernumberswould tendto below, dueto thestrong

acceleration,which wouldkeeptheboundarylayerthin. Finnis andBrown (1994)state

thatin thepresenceof favorablepressuregradients,theflow is stabilizedandtheG/Srtler

instabilitymechanismis suppressed,meaningthathigherGtirtler numberswould be

neededto causetransitionthanin anunacceleratedflow. High free-streamturbulence,by

promotingmixing in theouterpartof theboundarylayer,wouldalsotendto inhibit the

formationof vortices. Kim andSimon(1991),following thesuggestionof Tani (1962),

proposedthattheeddyviscositybeusedin placeof themolecularviscosity to definea

UcwO,_
"turbulentGtirtlernumber," Gt - _M _R" Kim and Simon (1991) observed stable

Gtirtlcrvorticcsina low-FSTI flow with Gt betwecn I and 2. In thepresent,high-FSTI

cases,the eddy viscosityisI to2 ordersof magnitude greaterthanthe kinematic

viscosity,and Gt isreduced below 0.I. Itthereforeseems unlikelythatGiSrtlervortices

willform under high free-streamturbulenceconditions.

Itisstillpossiblcthatcurvaturemay influcnccthehigh-FSTI transitional

boundary layer,even ifstablevorticesdo not form. To betterdetermine the effectsof

curvatureon high-FSTI transition,experimentsshould be conducted on fiatwalls and

wallswith strongstrcamwise curvature,under the same FSTI and accelerationconditions

as were considcredin thcpresentwork.
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TRANSITION MODELING

The results presented in this study suggest the potential utility of a two-scale

transition model. The spectral analysis and octant analysis indicate that the flow is

influenced by large scales originating in the free-stream and smaller scales produced in

the near-wall region. The large scales promote some turbulent transport in the boundary

layer and thereby influence the shape of the mean velocity and temperature profiles. As

the mean profiles are changed, the rate of near-wall turbulence production will be

affected. Beyond this influence of the large scales on the small, however, the two scales

may be largely uncoupled. A model based on the presumption that the scales are

uncoupled follows.

The effect of the large scales in the flow could be captured with an algebraic

model. The level of the fluctuations in the flee-stream would be specified, and the level

of the fluctuations induced in the boundary layer would be calculated. The level of the

induced fluctuations would decrease from a maximum at the edge of the boundary layer

to zero at the wall. The v' profiles from Figs. 6.19 and 7.22, which show v" decreasing

from a maximum value in the free-stream to a minimum near y/0=5, could be used to

guide the modeling. An algebraic expression would then be used to calculate local

contributions to the turbulent shear stress. Experimental data would be used to guide the

choice of algebraic expressions and constants. The low-frequency data in Figs. 6.44 and

7.49 suggest that the large-scale contribution to -u'v' should be about 10% of the local

u '2 induced by the free-stream.

The effect of the small scales in the boundary layer could be captured with an

existing turbulence model, such as a low-Reynolds-number k-e model. A k-e model

should capture the effects of acceleration. If necessary, however, an existing model could

be modified to limit turbulence production whenever K>2xl0 -6. To limit production, a

"production term modification" model, such as that suggested by Schmidt and Patankar
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(1991)mightbeused. Theturbulentshearstresscalculatedfor thesmall scaleswouldbe

added to the contribution from the large scales, to give the full turbulent shear stress.
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CHAPTER 9: CONCLUSIONS

1. Transition to turbulence has been documented in a boundary layer subject to high

(initially 8%) free-stream turbulence, strong acceleration and moderate to weak concave

curvature. This is believed to be the fhst detailed fluid mechanics and heat transfer

documentation of transition under such high free-stream turbulence conditions.

2. The non-turbulent zone of the transitional boundary layer is one of strong

unsteadiness and moderate eddy transport, but without near-wall turbulence production.

The boundary layer unsteadiness appears to be induced directly by the free-stream.

3. Skin friction and heat transfer coefficients in the transition zone drop below

turbulent correlations but never approach laminar values. They remain above laminar

flow values due to the influence of the high free-stream turbulence on the boundary layer.

The rises in skin friction coefficients and Stanton numbers during transition are,

therefore, less than in a low-FSTI flow. Transition models which predict skin friction

and heat transfer by some combination of laminar and fully-turbulent values will not be

accurate in high FSTI cases until the high-disturbance non-turbulent flow is properly

modeled.

4. The levels of turbulent fluctuations, particularly transport quantities such as the

turbulent shear stress, are strongly suppressed by favorable pressure gradients. When the

acceleration parameter, K, is above 3x 10 -6, turbulence production and further

development of the transition process are stopped.
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5. Thetransitionalflow is characterized by two scales. Large scale, low frequency

fluctuations are induced by the free-stream, and smaller scales are produced in the near

wall region. This conclusion is supported by spectral analysis and octant analysis results.

It suggests the utility of a two-scale transition model which would successfully compute

the effects of free-stream turbulence and near-wall bursting on production of the large-

scale turbulence, the cascading of energy to the small scales, and the dissipation of the

small scales. The k-e type model elements should adequately provide the near-wall

bursting production term and the dissipation term.

6. Under low-FSTI conditions on a concave wall, transition is strongly influenced, if

not governed, by the presence of stable streamwise (G6rtler) vortices. Under high-FSTI

conditions, no streamwise G6rtler vortices were observed and the time averaged flow was

two-dimensional.

7. Free-stream turbulence, acceleration and concave curvature interact to produce the

results presented. The effect of curvature on accelerated flow transition is still unclear.

There is an interaction of effects, for acceleration affects the streamwise variation of FSTI

and curvature strength. To help separate effects, experiments should be conducted for the

high-K, high-FSTI conditions described here but on a flat wall and, perhaps, on a wall

with stronger curvature.

359



REFERENCES

Abu-Ghannam, B. J. and Shaw, R. (1980). "Natural Transition of Boundary Layers - The
Effects of Turbulence, Pressure Gradient and Flow History," Y. Mechanical Engineering
Science, Vol. 22, No. 5, pp. 213-228.

Blaekwell, B. F., Kays, W. M. and Moffat, R. J. (1972). "The Turbulent Boundary Layer
on a Porous Plate: an Experimental Study of the Heat Transfer Behavior with Adverse
Pressure Gradients," HMT-16, Thermosciences Division, Mechanical Engineering
Department, Stanford University, Stanford, Calif.

BlackweU, B. F. and Moffat, R. J. (1975). "Design and Construction of a Low Velocity
Boundary Temperature Probe," J. Heat Transfer, Vol. 97, No. 2, pp. 313-315.

Blair, M. F. (1981). "Final Data Report - Vol. II -Velocity and Temperature Profile Data
for Accelerating, Transitional Boundary Layers," United Technologies Research Center
report R81-914388-16.

Blair, M.F. (1983). "Influence of Free-Stream Turbulence on Turbulent Boundary Layer
Heat Transfer and Mean Profile Development, Part-l, Experimental Data," J. Heat
Transfer, Vol. 150, pp. 33-40.

Blair, M.F. (1992). "Boundary-Layer Transition in Accelerating Flows With Intense
Freestream Turbulence: Part 1 - Disturbances Upstream of Transition Onset, Part 2 - The
Zone of Intermittent Turbulence," J. Fluids Engineering, Vol. 114, pp. 313-332.

Bradshaw, P. (1967). "The Turbulent Structure of Equilibrium Turbulent Boundary
Layers," J. Fluid Mech., Vol. 29, pp. 625-645.

Bradshaw, P. (1994a). "Turbulence: the chief outstanding difficulty of our subject,"
Experiments in Fluids, Vol. 16, pp. 203-216.

Bradshaw, P. (1994b). "The Law of the Wall," lecture at the Osborne Reynolds
Centenary Symposium, UMIST, Manchester, May 24, 1994.

Bridgeman, M. J., Cherry, D. G. and Pedersen, J. (1983) "NASAIGE Energy Efficient
Engine Low Pressure Turbine Scaled Test Vehicle Performance Report," NASA CR
168290.

Champagne, F. H., Sleicher, C. A. and Wehrmann, O. H. (1967a). "Turbulence
Measurements with Inclined Hot-Wires, Part 1. Heat Transfer Experiments with Inclined
Hot-Wire," J. Fluid Mech., Vol. 28, pp. 153-175.

Champagne, F. H. and Sleicher, C. A. (1967b). "Turbulence Measurements with Inclined

Hot-Wires, Part 2. Hot-Wire Response Equations," J. Fluid Mech., Vol. 28, pp. 177-182.

Chung, J. T. (1992). "Flow and Heat Transfer Experiments in the Turbine
Airfoil/Endwall Region," Ph.D. Thesis, Department of Mechanical Engineering,
University of Minnesota.

Clauser, F. H. (1956). "The Turbulent Boundary Layer," Advances in Applied Mechanics,
Vol. 4, pp. 1-51, Academic Press, New York.

360



Crane,R. I. andSabzvari,J. (1984)."Laser-DopplerMeasurementsof G6rtler Vorticesin
LaminarandLow-Reynolds-NumberTurbulentBoundaryLayers,"LaserAnemometryin
Fluid Mechanic_, pp. 19-35 (ed. R. J. Adrian et al.), LADOAN - Instituto Superior
T6chnico, Lisbon.

Crawford, M. E. and Kays, W. M. (1976). "STAN5 - A Program for Numerical
Computation of Two-Dimensional Internal and External Boundary Layer Flows," NASA
CR 2742.

Dhawan, S. and Narasimha, R. (1958). "Some Properties of Boundary Layer Flow During
the Transition from Laminar to Turbulent Motion," J. Fluid Mech., Vol. 3, pp. 418-436.

Dring, R. P., Blair, M. F., Joslyn, H. D., Power, G. D. and Verdon, J. M. (1986). "The
Effect of Inlet Turbulence and Rotor/Stator Interactions on the Aerodynamics and Heat
Transfer of a Large-Scale Rotating Turbine Model," NASA CR 4079.

Dryden, H. L. (1939). "Turbulence and the Boundary Layer," J. Aero. Sci., Vol. 6, pp.
85-100.

Eckert, E. R. G. (1987). "Cross Transport of Energy in Fluid Streams," Wiirme- und
Stoffiibertragung, Vol. 21, pp. 73-81.

Emmons, H. W. (1951). "The Laminar-Turbulent Transition in a Boundary Layer - Part
I," J. Aeronautical Science, Vol. 18, pp. 490-498.

Finnis, M. V. and Brown, A. (1994). "The Streamwise Development of G/Srtler Vortices
in a Favorable Pressure Gradient," ASME paper 94-GT-166.

Floryan, J. M. (1991). "On the G6rtler Instability of Boundary Layers," Prog. Aerospace
Sci., Vol. 28, pp. 235-271.

Galbraith, R. A. McD. and Head, M. R. (1975). "Eddy Viscosity and Mixing Length from
Measured Boundary Layer Developments," Aeronautical Quarterly, Vol. 26, pp. 133-154.

G6rtler, H. (1940). "Uber eine Dreidimensionale Instabilit_it Laminarer Grenschichten an

Konkaven W/inden," Ges. d. Wiss. G6ttingen, Nachr. a. d. Math.-Phys. K1. 2:1 (also
NACA TM 1375, 1954).

Gostelow, J. P. and Walker, G. J. (1991). "Similarity Behavior in Transitional Boundary
Layers Over a Range of Adverse Pressure Gradients and Turbulence Levels," J.
Turbomachinery, Vol. 113, pp. 617-625.

Hancock, P. and Bradshaw, P. (1989). "Turbulence Structure of a Boundary Layer
beneath a Turbulent Free-Stream," J. Fluid Mech., Vol. 205, pp. 45-76.

Hinze, J. (1975). Turbulence, Second Edition, McGraw Hill, New York.

Hirt, F. and Thomann, H. (1986). "Measurement of Wall Shear Stress in Turbulent
Boundary Layers Subject to Strong Pressure Gradients," J. Fluid Mech., Vol. 171, pp.
547-562.

Hishida, M. and Nagano, Y. (1978). "Simultaneous Measurements of Velocity and
Temperature in Nonisothermal Flows," J. Heat Transfer, Vol. 100, pp. 340-345.

361



Huffman, G. D. and Bradshaw, P. (1972). "A Note on von ILLrmfm's Constant in low
Reynolds Number Turbulent Flows," J. Fluid Mech., Vol. 53, pp. 45-60.

Hylton, L. D., Mihelc, M. S., Turner, E. R., Nealy, D. A., and York, R. E. (1983).
"Analytical and Experimental Evaluation of the Heat Transfer Distribution Over the
Surfaces of Turbine Vanes," NASA CR 168015.

Jones, W. P. and Launder, B. E. (1972). "Some properties of sink-flow turbulent
boundary layers," J. Fluid Mech., Vol. 56, pp. 337-351.

Julien, H. L., Kays, W. M. and Moffat, R. J. (1971). "Experimental Hydrodynamics of
the Accelerated Turbulent Boundary Layer With and Without Mass Injection," J. Heat
Transfer, Vol. 93, pp. 373-379.

Kawaguchi, Y., Matsumori, Y. and Suzuki, K. (1984). "Structural Study of Momentum
and Heat Transport in the Near Wall Region of a Disturbed Boundary Layer," 9th
Biennial Symposium on Turbulence.

Kays, W. M. (1994). "Turbulent Prandtl Number - Where Are We?" J. Heat Transfer,
Vol. 116, pp. 284-295.

Kays, W. M. and Crawford, M. E. (1993). Convective Heat and Mass Transfer, McGraw-
Hill Inc., New York.

Kearney D. W., Moffat, R. J. and Kays, W. M. (1970). "The Turbulent Boundary Layer:
Experimental Heat Transfer with Strong Favorable Pressure Gradients and Blowing,"
HMT-12, Thermosciences Division, Mechanical Engineering Department, Stanford
University, Stanford, Calif.

Keller, F. J. and Wang, T. (1993). "Flow and Thermal Structures in Heated Transitional

Boundary Layers With and Without Streamwise Acceleration," Final Report, Department
of Mechanical Engineering, Clemson University. Also Ph.D. Dissertation of F. J. Keller,
Department of Mechanical Engineering, Clemson Univerisity, 1993.

Keller, and Wang, T. (1995). "Effects of Criterion Functions on Intermittency in Heated
Transitional Boundary Layers with and without Streamwise Acceleration," J.
Turbomachinery, Vol. 117, pp. 154-165.

Kestoras, M. D. (1993). "Heat Transfer and Fluid Mechanics Measurements in a

Turbulent Boundary Layer: Introduction and Removal of Concave Curvature under High
Free-Stream Turbulence Conditions," Ph.D. Thesis, Department of Mechanical
Engineering, University of Minnesota.

Kestoras, M.D. and Simon, T.W. (1993). "Combined Effects of Concave Curvature and

High Free-stream Turbulence Intensity on Boundary Layer Heat and Momentum
Transport," ASME paper 93-WA/HT-56.

Kim, J., Kline, S. J. and Johnston, J. P. (1978). "Investigation of Separation and
Reattachment of a Turbulent Shear Layer: Flow Over a Backward-Facing Step," Report
MD-37, Thermosciences Division, Department of Mechanical Engineering, Stanford
University, Stanford, CA.

362



Kim, J. (1986)."The Developmentof aTurbulentHeatFlux Probeandits usein a2-D
BoundaryLayeroveraConvexSurface,"MSME Thesis,Departmentof Mechanical
Engineering,Universityof Minnesota.

Kim, J. (1990)."Free-streamTurbulence and Concave Curvature Effects on Heated,

Transitional Boundary Layers," Ph.D. Thesis, Department of Mechanical Engineering,
University of Minnesota.

Kim, J. and Simon, T. W. (1988). "Measurements of the Turbulent Transport of Heat and
Momentum in Convexly Curved Boundary Layers: Effects of Curvature, Recovery, and
Free-Stream Turbulence," J. Turbomachinery, Vol. 110, pp. 80-87.

Kim, J. and Simon, T. W. (1991). "Free-Stream Turbulence and Concave Curvature on

Heated, Transitional Boundary Layers, Volume I - Final Report," NASA CR 187150,
"Volume II - Program Listings and Tabulated Data," NASA CR 187151.

Kim, J., Simon, T.W. and Kestoras, M. (1994). "Fluid Mechanics and Heat Transfer
Measurements in Transitional Boundary Layers Conditionally Sampled on
Intermittency," J. Turbomachinery, Vol. 116, pp. 405-416.

Kim, J., Simon, T. W. and Russ, S. G. (1992). "Free-Stream Turbulence and Concave
Curvature Effects on Heated Transitional Boundary Layers," J. Heat Transfer, Vol. 114,
No. 2, pp. 338-347.

King, L. V. (1914a). "On the Convection of Heat from Small Cylinders in a Stream of
Fluid: Determination of the Convection Constants of Small Platinum Wires with

Application to Hot-Wire Anemometry," Proc. R. Soc. Lond., Vol. 90, pp. 563-570.

King, L. V. (1914b). "On the Convection of Heat from Small Cylinders in a Stream of
Fluid," Phil. Trans. R. Soc., Vol. A214, pp. 373-432.

King, L. V. (1915). "On the Precision Measurements of Air Velocity by Means of the
Linear Hot-Wire Anemometer," Phil. Mag. Vol. 29, pp. 556-577.

Kline, S. J. and McClintock, F. A. (1953). "Describing Uncertainties in Single-Sample
Experiments," J. Mech. Engr. Sci., Vol. 75, pp. 3-8.

Kuan, C. L. and Wang, T. (1990). "Investigation of the Intermittent Behavior of
Transitional Boundary Layer Using a Conditional Averaging Technique," Experimental
Thermal and Fluid Science, Vol. 3, pp. 157-173.

Lam, C. K. G. and Bremhorst, K. (1981). "A Modified Form of the k-e Model for

Predicting Wall Turbulence," J. Fluids Engineering, Vol. 103, pp. 456-460.

Leoutsakos, G. and Crane, R. I. (1990). "Three-Dimensional Boundary Layer Transition
on a Concave Surface," Int. J. Heat and Fluid Flow, Vol. 11, pp. 2-9.

Liepmann, H. W. (1943). "Investigation of Laminar Boundary-Layer Stability and
Transition on Curved Boundaries," NACA Wartime Report W-107. Originally issued
1943 as NACA ACR 3H30.

363



Mayle,R. E. (1991). "The Role of Laminar-Turbulent Transition in Gas Turbine
Engines," J. Turbomachinery, Vol. 113, pp. 509-537.

McDonald, H. (1969). "The Effect of Pressure Gradient on the Law of the Wall in

Turbulent Flow," J. Fluid Mech., Vol. 35, pp. 311-336.

Morkovin, M. V. (1978). "Instability, Transition to Turbulence and Predictability,"
AGARD-AG-236.

Nagano, Y., Tagawa, M. and Tsuji, T. (1992). "Effects of Adverse Pressure Gradient on
Mean Flows and Turbulence Statistics in a Boundary Layer," Turbulent Shear Flow_ 8
(ed. F. Durst et al.), Springer-Verlag, Berlin.

Narasimha, R. (1957). "On the Distribution of Intermittency in the Transition Region of a
Boundary Layer," J. Aero. Sci., Vol. 24, pp. 711-712.

Narasimha, R. (1984). "Subtransitions in the Transition Zone," Proc. 2nd IUTAM

Symposium on Laminar-Turbulent Transition, Novosibirsk, pp. 141-151.

Narasimha, R. (1985). "The Laminar - Turbulent Transition Zone in the Boundary
Layer," Progress in Aerospace Science, Vol. 22, No. 1, pp. 29-80.

O'Brien, J. E. and vanFossen, G. J. (1985). "The Influence of Jet Grid Turbulence on

Heat Transfer from the Stagnation Region of a Cylinder in Cross Flow," ASME paper
85-HT-58.

Powell, R. L., Hall, W. J., Hyink, C. H. Jr., Sparks, L. L., Bums, G. W., Scroger, M. G.
and Plumb, H. H. (1974). "Thermocouple Reference Tables Based on the IPTS-68," NBS
Monograph 125.

Prandtl, L. (1935). Aerodynamic Theory, Vol. 3, p. 152 (Durand, L. F. ed.).

Press, W. H., Flannery, B. P., Teukolsky, S. and Vetterling, W. T. (1988). Numerical
Recipes in C, The Art of Scientific Computing, Cambridge University Press, Cambridge.

Qiu, S., Simon, T. W. and Volino, R. J. (1995). "Evaluation of Local Wall Temperature,
Heat Flux, and Convective Heat Transfer Coefficient from the Near-Wall Temperature
Profile," to be presented at the 1995 ASME IMEC, San Francisco, CA, November 1995.

Rai, M. M. and Moin, P. (1991). "Direct Numerical Simulation of Transition and

Turbulence in a Spatially Evolving Boundary Layer," AIAA paper 91-1607.

Reynolds, O. (1883). "An Experimental Investigation of the Circumstances Which
Determine Whether the Motion of Water Shall be Direct or Sinuous and of the Law of

Resistance in Parallel Channels," Phil. Trans. Roy. Soc., Vol. 174, pp. 935-982.

Reynolds, W. C. (1976). "Computation of Turbulent Flows," Annual Review of Fluid
Mechanics, Vol. 8, pp. 183-208.

Rodi, W. and Scheuerer, G. (1985). "Calculation of Laminar-Turbulent Boundary Layer
Transition of Turbine Blades," Heat Transfer and Cooling in Gas Turbines, AGARD-CP-
390, pp. 18-1 through 18-13.

364



Rued, K. (1987). "Transitional Boundary Layers under the Influence of High Free Stream
Turbulence, Intensive Wall Cooling and High Pressure Gradients in Hot Gas
Circulation," NASA TM 88254.

Rued, K. and Wittig, S. (1985). "Free-Stream Turbulence and Pressure Gradient Effects
of Heat Transfer and Boundary Layer Development on Highly Cooled Surfaces," J. of
Engineering for Gas Turbines and Power, Vol. 107, pp. 54-59.

Rued, K. and Wittig, S. (1986). "Laminar and Transitional Boundary Layer Structures in
Accelerating Flow With Heat Transfer," J. Turbomachinery, Vol. 108, pp. 116-123.

Russ, S.G. (1989). "The Generation and Measurement of Turbulent Flow Fields," M.S.
Thesis, Department of Mechanical Engineering, University of Minnesota.

Samuel, A. E. and Joubert, P. N. (1974). "A Boundary Layer Developing in an
Increasingly Adverse Pressure Gradient," J. Fluid Mech., Vol. 66, pp. 481-505.

Schlichting, H. (1933). "Zur Entstehung der Turbulenz bei der Plattenstr6mung," Nachr.
Ges. Wiss. G6ttingen, Math. Phys. Klasse, pp. 182-208. See also ZAMM, Vol. 13, pp.
171-174.

Schlichting, H. (1979). Boundary Layer Thfory, 7th Edition, McGraw Hill, New York.

Schmidt, R. C. and Patankar, S. V. (1991). "Simulating Boundary Layer Transition with
Low-Reynolds-Number k-epsilon Turbulence Models, Part 1 - An Evaluation of
Prediction Characteristics, Part 2 - An Approach to Improving the Predictions," J.
Turbomachinery, Vol. 113, No. 1 pp. 10-26.

Schubauer, G. B. and Klebanoff, P. S. (1955). "Contributions on the Mechanics of
Boundary-Layer Transition," NACA Tech. Note 3489.

Schubauer, G. B. and Skramstad, H. K. (1948). "Laminar-Boundary-Layer Oscillations
and Transition on a Flat Plate," NACA report 909. Originally issued 1943 as NACA
ACR.

Simonich, J. C. and Bradshaw, P. (1978). "Effect of Free-Stream Turbulence on Heat
Transfer through a Turbulent Boundary Layer," J. Heat Transfer, Vol. 100, pp. 671-677.

Simonich, J. C. and Moffat, R. J. (1982). "Local Measurements of Turbulent Boundary
Layer Heat Transfer on a Concave Surface Using Liquid Crystals," HMT-35,
Thermosciences Division, Department of Mechanical Engineering, Stanford University.

Smith, D. J. (1993). "Fluid Mechanics Measurements in a Cascade Simulator Which
Models the Gas Turbine Environment," M.S.M.E. Thesis, Department of Mechanical
Engineering, University of Minnesota.

Sohn, K. H. and Reshotko, E. (1991). "Experimental Study of Boundary Layer Transition
with Elevated Freestream Turbulence on a Heated Flat Plate," NASA CR 187068.

Spalart, P. R. (1986). "Numerical Study of Sink-Flow Boundary Layers," J. Fluid Mech.,
Vol. 172, pp. 307-328.

365



Spalart, P. R. and Watmuff, J. H. (1993). "Experimental and Numerical Study of a
Turbulent Boundary Layer with Pressure Gradients," J. Fluid Mech., Vol. 249, pp. 337-
371.

Stcphens, C.A. and Crawford, M.E. (1990). "An Investigation into the Numerical
Prediction of Boundary Layer Transition Using the K.Y. Chien Turbulence Model,"
NASA CR 185252.

Suder, K. L., O'Brien, J. E. and Reshotko, E. (1988). "Experimental Study of Bypass
Transition in a Boundary Layer," NASA TM 100913.

Suzuki, H., Suzuki, K. and Sato, T. (1988). "Dissimilarity Between Heat and Momentum
Transfer in a Turbulent Boundary Layer Disturbed by a Cylinder," Int. J. Heat Mass
Transfer, Vol. 31, No. 2, pp. 259-265.

Swearingen, J. D. and Blackwelder, R. F. (1987). "The Growth and Breakdown of
Strcamwise Vortices in the Presense of a Wall," J. Fluid Mech., Vol. 182, pp. 255-290.

Tani, I. (1962). "Production of Longitudinal Vortices in the Boundary Layer along a
Concave Wall," J. Geophysical Research, Vol. 67, pp. 3075-3080.

Thielbahr, W. H., Kays, W. M. and Moffat, R. J. (1969). "The Turbulent Boundary
Layer: Experimental Heat Transfer with Blowing, Suction, and Favorable Pressure
Gradient," HMT-5, Thermosciences Division, Mechanical Engineering Department,
Stanford University, Stanford, CA.

Tollmien, W. (1931). "The Production of Turbulence," NASA TM 609.

Tollmien, W. (1936). "General Instability Criterion of Laminar Velocity Distributions,"
NACA TM No. 792.

van Driest, E. R. (1956). "On Turbulent Flow Near a Wall," J. Aero. Sci., Vol. 23, pp.
1007-1011.

Volino, R.J. and Simon, T.W. (1991). "Bypass Transition in Boundary Layers Including
Curvature and Favorable Pressure Gradient Effects," NASA CR 187187.

Volino, R.J. and Simon, T.W. (1994a) "Velocity and Temperature Profiles in Turbulent
Boundary Layer Flows Experiencing Streamwise Pressure Gradients," Fon_lamcntals of

Heat Transfer in Forced Convection 1994, ASME HTD-Vol. 285, pp. 17-24. Presented
at the 1994 ASME Winter Annual Meeting.

Volino, R.J. and Simon, T.W. (1994b) "Transfer Functions for Turbulence Spectra,"
Unsteady Flows in Aeropropulsion, ASME AD-Vol. 40, pp. 147-155. Presented at the
1994 ASME Winter Annual Meeting.

Volino, R. J. and Simon, T. W. (1994c). "An Application of Octant Analysis to Turbulent
and Transitional Flow Data," J. Turbomachinery, Vol. 116, pp. 752-758.

Volino, R.J. and Simon, T.W. (1995a). "Bypass Transition in Boundary Layers Including
Curvature and Favorable Pressure Gradient Effects," J. Turbomachinery, Vol. 117, pp.
166-174.

366



Volino, R. J. and Simon, T. W. (1995b). "Boundary Layer Transition under High Free-
Stream Turbulence and Strong Acceleration Conditions: Mean Flow Results,"
proceedings of the 4th ASME/JSME Thermal Engineering Joint Conference, Vol. 1, pp.
335-342.

Volino, R. J. and Simon, T. W. (1995c). "Measurements of Turbulent Transport in
Transitional Boundary Layers Under High Free-Stream Turbulence and Strong
Acceleration Conditions," to be presented at the 10th Turbulent Shear Flows Conference,
University Park, PA, August 1995.

Walker, G. J. (1993). "The Role of Laminar-Turbulent Transition in Gas Turbine

Engines: A Discussion," J. Turbomachinery, Vol. 115, pp. 207-217.

Wallace, J. M., Eckelmann, H. and Brodkey, R. S. (1972). "The Wall Region in
Turbulent Shear Flow," J. Fluid Mech., Vol. 54, Part 1, pp. 39-48.

Wang, T. (1984). "An Experimental Investigation of Curvature and Freestream
Turbulence Effects on Heat Transfer and Fluid Mechanics in Transitional Boundary
Layer Flows," Ph.D. Thesis, Department of Mechanical Engineering, University of
Minnesota.

Wang, T. and Simon, T.W. (1987). "Heat Transfer and Fluid Mechanics Measurements in

a Boundary Layer Undergoing Transition on a Convex-Curved Wall," J.
Turbomachinery, Vol. 109, No. 3, pp. 443-452.

Wang, T., Simon, T. W. and Buddhavarapu, J. (1985). "Heat Transfer and Fluid
Mechanics Measurements in Transitional Boundary Layer Flows," J. Engineering for
Gas Turbines and Power, Vol. 107, No. 4, pp. 1007-1015.

Wills, J. A. B. (1962). "The Correction of Hot-Wire Readings for Proximity to a Solid
Boundary," J. Fluid Mech., Vol. 12, pp. 388-396.

Willmarth, W. W. and Lu, S. S. (1972). "Structure of the Reynolds Stress Near the Wall,"
J. Fluid Mech., Vol. 55, Part 1, pp. 65-92.

Wilson, D. J. (1970). "An Experimental Investigation of the Mean Velocity, Temperature
and Turbulence Fields in Plane and Curved Two-Dimensional Wall Jets: Coanda Effect,"

Ph.D. Thesis, Department of Mechanical Engineering, University of Minnesota.

Wortmann, F. X. (1969). "Visualization of Transition," J. Fluid Mech., Vol. 38, pp. 473-
480.

You, S. M. (1986). "Turbulent Boundary Layer Heat Transfer and Fluid Mechanics
Measurements on a Curved Convex Wall," M.S.M.E. Thesis, Department of Mechanical
Engineering, University of Minnesota.

Zhou, D. and Wang, T. (1993). "Combined Effects of Elevated Free-Stream Turbulence
and Streamwise Acceleration on Flow and Thermal Structures in Transitional Boundary
Layers," ASME HTD-Vol. 242, Gas Turbine Heat Transfer 1993, ed. D. M. McEligot,
pp. 41-52.

367



APPENDIX A:

VELOCITY AND TEMPERATURE PROFILES IN TURBULENT
BOUNDARY LAYER FLOWS EXPERIENCING STREAMWISE

PRESSURE GRADIENTS

SUMMARY

The standard turbulent law of the wall, devised for zero pressure gradient flows,

has been previously shown to be inadequate for accelerating and decelerating turbulent

boundary layers. Here, formulations for mean velocity profiles from the literature are

applied and formulations for the temperature profiles are developed using a mixing length

model. These formulations capture the effects of pressure gradients by including the

convective and pressure gradient terms in the momentum and energy equations. The

profiles which include these terms deviate considerably from the standard law of the wall;

the temperature profiles more so than the velocity profiles. The new profiles agree well

with experimental data. The modification to the velocity profile is useful for evaluation

of more accurate skin friction coefficients from experimental data by the near-wall fitting

technique. The temperature profile modification improves the accuracy with which one

may extract turbulent Prandfl numbers from near-wall mean temperature data when they

cannot be determined directly.

INTRODUCTION

When presented in wall coordinates (u + vs y+), mean velocity profiles plotted

using data from turbulent boundary layers seem to be self similar in the near-wall region

over a wide range of conditions. In the viscous sublayer (y+<5)

u+=y +. (A. 1a)
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Outsidetheviscoussublayer(30<y+<150),in thesocalled"log region",the standardlaw

of thewall

u+ = 1 In y+ + C (A. lb)
K

holds. The yon KAn_n constant, K:,and the offset constant, C, are most commonly taken

from data as 0.41 and 5.0, respectively. The extent of the log region varies with the flow

conditions, extending to higher y+ as Reynolds number is increased. In the outer, or

wake, region of the boundary layer, the self similarity of profiles expressed in wall units

breaks down, being influenced by Reynolds number, curvature, pressure gradient, and

free-stream turbulence effects.

In the turbulent thermal boundary layer, the mean temperature profile can be

expressed as

t+=Pr y+ (A.2a)

in the conduction layer which, for a Pr=l fluid corresponds to the viscous sublayer and

t + = Prt In y+ + C t (A.2b)
K

in the log region. The turbulent Prandtl number, Prt, is typically taken as 0.9, and Ct is

assigned to be 13.2Pr-5.66, based upon experimental data. The choices of constants and

functions in the velocity and temperature profiles have been supported by time-averages

of Direct Numerical Simulations (DNS).

The self-similarity of the velocity profile lends considerable utility in the

determination of skin friction coefficients, Cf. Preston tube and Stanton probe

measurements of shear stress, for example, depend on the standard relationship so that,

with calibration, they can be employed to measure wall shear stress in terms of measured

pressure. Using measured velocity distributions to compute wall shear stress also
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requires an assurance that the mean velocity profile can be cast in terms of a self similar

form. For unaccelerated, high-Reynolds-number, turbulent boundary layers, this is the

"law" given as Eqns. (A.la) and (A.lb). If the actual velocity prof'fle were to deviate

from the standard profile but the technique were mistakenly applied, assuming that the

standard profile holds, errors in Cf could be expected. Hirt and Thomann (1986)

discussed such errors with Preston tube measurements in adverse pressure gradient flows.

The temperature law of the wall expressed by Eqns. (A.2a) and (A.2b) has utility

in the calculation of local turbulent Prandtl number, Prt, from measured wall heat flux,

wall temperature, boundary layer mean temperature profile data and wall shear stress.

Numerous instances have been documented where Prt deviated from the commonly

assumed value of 0.9 (e.g. Kays (1994) and Kim and Simon (1991)).

The standard law of the wall velocity and temperature distributions were derived

for zero-pressure-gradient flows. For such flows they are generally accepted as correct.

In the presence of adverse or favorable pressure gradients, however, there remains some

controversy over the appropriate form which one should apply for an equivalent analysis.

Rued (1987), for example, concluded that pressure gradients do have an effect on the

wake regions of velocity profiles, and small effects on the viscous sublayer region, but no

effect on the log region. He cites several references, including Samuel and Joubert

(1974), which support the conclusion that the law of the wall is applicable to flows with

streamwise pressure gradients. Galbraith and Head (1975) also concluded that the log-

law of Eqn. (A.lb) is universal and more fundamental than is the standard near-wall

mixing length distribution, _=1¢y, upon which the standard law of the wall for velocity

was originally derived. To explain discrepancies noted with pressure gradients, they

concluded that I¢ is the variable. They assert that their assumption is correct and

supported by Bradshaw's (1967) strong adverse pressure gradient measurements.
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On theotherside of the controversy are instances of deviation from the standard

profile. Jones and Launder (1972) considered sink flows with constant-K = U_ dx

values of 1.5x10 "6, 2.5x10 -6, and 3.0x10 -6. The velocity profile data fell above (higher

u+ at a given y+) the standard log-law at all three accelerations, with the deviation

increasing with K. Spalart (1986) performed a Direct Numerical Simulation (DNS) of

Jones and Launder's (1972) experiments, finding agreement with their results. He also

presented a plot of mixing length, _, vs y, showing that the slope is not a constant. This

would imply that _: is not constant. He went on to suggested that Galbraith and Head

(1975) may be correct in stating that the log-law is a more universal relationship than the

assumption of a constant _:. The assumption of a universal profile may not be entirely

accurate, however, for Spalart's (1986) DNS results showed a displacement and change in

slope of the log region as the acceleration strength-parameter, K, was changed.

McDonald (1969) derived corrections to the mean velocity profile for pressure gradient

flows. These corrections have the opposite trend, with acceleration, to that seen in the

Jones and Launder (1972) data.

Huffman and Bradshaw (1972) examined the velocity profiles in boundary layers,

channels, pipes, annuli, and wall jets to conclude that _:--0.41 is a constant, even when

there is no log region in the data. Nagano, Tagawa, and Tsuji (1992) concluded that the

standard log-law does not apply and that _:-_0.4 is unchanging in adverse pressure

gradient flows. They stated that "over-fitting" of data to the standard log-law (using the

fitting technique in situations where doing so is not justified) is the reason for claims that

the standard log-law is universal. Essentially, with an incorrect choice of Cf, one can

always force at least some of the data in a profile to fall along the standard log-law.

Nagano, Tagawa, and Tsuji proceed to warn against the use of wall functions in

turbulence models due to these deviations from the standard law of the wall.
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Spaiart and Watmuff (1993) compared DNS and experimental results for a flow

which is subject to an acceleration, followed by a deceleration. Skin friction coefficients

were obtained from Preston tube measurements in the experiment. Velocity profiles from

the DNS results deviated from the log-law in a manner which was consistent with that

described by Jones and Launder (1972). The experimental results showed a better match

to the standard log-law. In the laminar sublayer, however, the DNS results showed a

good fit to the expected u+=y + line, while the experiments showed deviations from the

line for y+ values as low as 2. Spalart and Watmuff (1993) point out that the Preston tube

measurements may have been in error due to these deviations from the standard law of

the wall. Differences in Cf between the experiment and DNS of as high as 12% were

reported in this study. Spalart and Watmuff (1993) stated that the DNS results added to

the evidence which indicates a moderate failure of the law of the wail in flows with

pressure gradients. They also stated that the body of evidence in support of this statement

is small and not conclusive.

Data from the Heat Transfer Laboratory of the University of Minnesota taken in a

favorable pressure gradient flow, suggest that the conclusions of Nagano, Tagawa and

Tsuji (1992) are correct -- that the standard log-law fails in pressure gradient flows. The

present work was initiated after attempts to fit experimental data from a favorable

pressure gradient flow to the standard law of the wall failed. The log-region tends to be

short in such flows due to the immaturity of the boundary layer (indicated as low values

of Re0) as a result of the acceleration. With an appropriate choice of Cf, one can make a

"reasonable" fit of most, if not all, of the log-region to the standard profile. When this is

done, however, the fit in the sublayer, while still within a possibly acceptable range, is

clearly not as close as the fits routinely obtained in zero pressure gradient flows. Since

the behavior in the sublayer is known with more certainty than that in the van Driest

damped layer or the log layer, accurately fitting the very near-wall data is important.

Given that the attempted fits of the accelerated flow data to the standard log law were
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unacceptable,analternativewassoughtwhichwould allowmoreaccuratedetermination

of skin friction coefficients.

Therehasbeenmuchlesswork in theliteratureondocumentationof pressure

gradienteffectson thetemperatureprof'fle. Because no pressure gradient term appears

explicitly in the boundary layer energy equation, it is not clear at fast glance that a

pressure gradient should directly affect the temperature prof'de. The data which do exist

(some of which are presented below) show that the deviations from the standard

temperature profile are even stronger than the deviations discussed above for the velocity

profiles, however.

The following section presents derivations of mean velocity and temperature

profiles which can be applied in pressure gradient flows. The velocity law profile is

similar to that presented by Huffman and Bradshaw (1972) for accelerated flows. The

derivation for the temperature profile is believed to be new. The derived forms are

verified by comparisons to experimental data for accelerated and decelerated, turbulent

boundary layer flows.

ANALYSIS

The following development of velocity and temperature profiles starts with the

boundary layer momentum and energy equations and proceeds in a manner similar to that

used in the derivation of the standard law of the wall, but without the deletion of terms

which are considered to be relevant in accelerated boundary layer flow. The mixing

length model is used for closure of the momentum equation with K:--0.41 which is

assumed to be constant and with van Driest (1956) damping using the variable A + model

documented in Kays and Crawford (1993).

Velocity Profile

We start with the boundary layer momentum equation:
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3u 3u _ dP

OUVxx+OV_-Vyy+_=0 (A.3)

and do not make the Couette flow assumption to eliminate the convection terms. Also,

the pressure gradient term is kept. In the standard law of the wall development, these

terms are dropped. Next, we substitute for the normal velocity, v, using the continuity

equation:

3u _u -ybU 3x dP

OU_xx - 9_yy J0_xx dy dx-_-+--=0

This is then integrated with respect to y and rearranged to have:

(A.4)

- -- ]z 1+ y dP+ u dy dy
x o 'co dx _x Oy

(A.5)

For the standard law of the wall, ! = 1.
_o

Next, we convert from x-y coordinates to x-y + coordinates, replacing u with u+ux and

replacing y dPm__ with p+y+. For the transformation,
_o dx

_ly O(_-uX)ly = Y+ dux Ou'_ + u+'_+ ux t)u+[-- _' _y+lx _-qy+
(A.6)

I,+u lI
_YYx OY x v OY+lx

(A.7)

dy = _-xdy+ y+v d___.dx-.--_--_d_
(A.8)
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Sincetheintegrationis at a f'u_ed streamwise position, Eqn. (A.8) reduces to

dy = v dy+.
U, C

With the transformation, Eqn. (A.5) becomes

[( dux _u+ + dux -i-u x
x___=l+p+y+ +u_-x_ + u+u_ y+--_--_-_-+u _
'_o

( _U+]V dy+] v dy +u_ + __z__++.+d__+.+_fix)_ j_-V ay+I_+ Y+ dx _-'_ " dx

After integrating the inner integral by parts and rearranging:

(A.9)

v d___,v++2 + 2vg+ au+,+ vu+ -..+au+- +
! l+p+y++u--_- x dx J6 u oy u + J_ -_-x°YXo = + ux -- "_'x oY ux

(A. 10)

-_U v dU**, yields,Introducing u x = ** and K = U----_ dx

__x =l+p+y++ K + v u+2dy+

Xo U**

+ 2v +u + _u+_ + vu + _gu+- +

U._-_ ]_ "-'_-x aY U**_-C_ ]_+_x aY

(A.11)

¢ _u +

As a check, Eqn. (A. 11) was solved for unaccelerated laminar flow, where --Xo= --,_y+

= 0. For this case, Eqn. (A.11) becomes
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VU + + ]

d._/-_ _u +

Values for Cf, dx and -_x were taken from the Blasius solution at a given x and

with assigned values of U.. and v. Numerical integration of Eqn. (A.12) reproduced the

Blasius solution for u + vs y+. This is not a practical technique for arriving at a Blasius

solution since the Blasius solution was required to supply the above streamwise gradients

for the integration. To make Eqn. (A.11) useful, an approximation must be made. We

will assume that _ is negligible. This reduces Eqn. (A.11) to
y÷

(A.12)

yx =l+p+y++ K +fl (A.13)
'Co

where fl -
V

For turbulent flow, the assumption of °_u+J

_x [y+-0 is

reasonable and is consistent with the use of wall coordinates for presentation of the data

(i.e. u+=u+(y +) assumed for the near wall flow). Figure A. 1 shows the solution to Eqn.

(A. 13) for laminar unaccelerated flow along with the Blasius solution and the line u+=y +

(which results if the Couette flow assumption is applied and the convection terms are

dropped from Eqn. (A.3)). The results are converted to Blasius similarity coordinates for

generality. Note the good agreement between Eqn. (A.13) and the Blasius solution in the
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innerpart of the boundary layer (1"1<2). This exercise has shown that the streamwise term

Ou_- is not an important term for evaluation of the near-wall pmf'de.

bx y+

For turbulent flow, the mixing length model is applied for x as follows:
'_o

i= (V+eM) du

Xo u2 dy
(A.14)

EM _ £2 du (m. 15)
dy

/ +/A +
,=lcy_l-e -y ) (A.16)

eM is the eddy viscosity, and £ is the mixing length. Theterm(1 e-y+/A+)
- is the van

Driest (1956) damping term which provides a continuous transition from the viscous

sublayer, which is dominated by molecular diffusion, to the outer boundary layer flow,

which is dominated by eddy transport.

To proceed, we will assume that 1<is a constant (=0.41) in spite of the controversy

discussed above.

The damping model parameter, A +, is assumed to vary with the pressure gradient,

as recommended by Kays and Crawford (1993):

A +_ 25 where a=

l+ap +

"20.59 for p+ > 0

30.18 for p+ < 0
(A.17a)

In flows with rapidly changing acceleration rates, the lag model suggested by Kays and

Crawford (1993),

dA + A_q - A +

dx + = 4000 (A. 17b)
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+
is used to prevent sudden changes in the sublayer thickness. The equilibrium value, Aeq,

is the local value given by Eqn. (A.17a).

Substituting the mixing length into Eqn. (A. 14) and converting to wall

coordinates,

(A.18)

du +

Equating from Eqn. (A.18) and Eqn. (A.13), solving for d--'_' and integrating, yields:

dy +

(A.19)

A profile can be generated with the assignment of K, Cf and fl (v, Cf, U.., dCf ) When
dx -"

fitting experimental data, the local value of the acceleration constant, K, is known, and Cf

is adjusted until the data in u+-y + coordinates and calculated profile, also in u+-y +

coordinates, match. The process is iterative because Cf must be determined at two or

more streamwise positions before an accurate calculation of fl is available. The value of

fl is usually small and the calculated profile is fairly insensitive to its value, however, so

the convergence is quick.
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Temperature Profile

The temperature profile is generated in the same manner.

boundary layer energy equation,

Starting with the

bT. bT. 1 bq

u_-. v_._Tr =0 (n.20)

and applying continuity to substitute for v, then integrating with respect to y, one obtains:

q _pc[_[ubT bT 0u_oo =1 qo uL bx _yyS_ -dy y" (A.21)

The next development is to transform Eqn. (A.21) to x-y + coordinates. First, using:

T=T w- qo t + (A.22)
pea, t

and

bT qo Ot+
m = _ (A.23)
by pcv by +

and, for the uniform heat flux case, qo=constant, the streamwise gradient becomes:

 TI= I-_-Xy u 2 "_ by+ x

1 _st 1 _u.+_+_u_ 1_t+1
U**St: dx U2St dx u7dx u, _xly+

(A.24)

where St- qo

pcU,,.(Tw - T** )"

With substitution, the transformed Eqn. (A.21) becomes

q1_,<[(m-qo u+u* u 2 dx by +

1 bt + j_+ (y+ du x bu +v by + dx by+

1 dSt 1 dU.. t +du x 1 0t +

U**St _ dx U2**St dx u x dx u, bx

dx ax )u, ju_
(A.25)
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After simplifying the inner integral,

q=1÷(__- 1 _t/_X. __,_
"_ _ U**St _" + u+dy+U**St 2 dx fo _ dx J0 u+t+dy+

+_'x--v,_+ u+ Ot+dY+Ox + vt+ '_+-"_dy+-ux-- _-x--v'_+ t+ _x+ dY+

(A.26)

As with the velocity profile, the terms _ and_ axe assumed to be insignificant

_x [y. _x y+

and axe set to zero, leaving

q_ t,. /---l+[_-fqo f2 u+dy + _2 f _Y+u+t+dy +

+2
vt** dSt

where f2 - U**-_ dx

For computing q, the mixing length model is used:
qo

= =(__H_t+q a+eH dt+ +

qo v dy + v Jdy +

To eliminate ell, we use the turbulent Prandfl number, Pr t, as:

(A.28)

eM = Pr t
EH

(E l)2Ky + 1- e -y+/A+ du+

e__.__H= dy +

v Pr t
(A.29)

Equating (A.27) and (A.28) and solving for
dt +

dy +'
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Kt** + K +
1 + + f2 u+dy + - + fl u+t+dy +

dt +

dy+

Pr Pr t

Integrating,

(A.30)

K +
1+ Kt+ + f2 5_+u+dy + - + fl 5J u+t+dy +

t+ =.[_+ [_'- _

1 2 u+
dy +

--4
Pr Pr t

iy + (A.31)

Equation (A.31) can be integrated numerically. The values of u + and du+-- are from the
dy +

velocity profile, Eqn. (A.19). The required inputs to Eqn. (A.31) are K, Cf, fl, +t._, f2,

and Prt. The turbulent Prandtl number, Prt, can be taken from a correlation such as the

following proposed by Kays and Crawford (1993),

pr t = 1

t'CPet_ 1Prt,., _(CPet)2ii_exp ( CPetl 3] (A.32)2Prt**

where C=0.2, Pe t = EM Pr, and Prt**, the turbulent Prandtl number in the log region of
V

the boundary layer, is either measured, assigned the fiat plate value of 0.85, or found by

fitting the t+-y + profile to temperature profile data.
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If qoandTw are both known along the test wall, no "fitting" of the data is

required. Recall that such fitting was required with the velocity profile processing when

Cf was to be evaluated. Equation (A.31) can be integrated without iteration, then

compared to the experimental data.

The above development was for the ease of a uniform heat flux. For the case of

uniform wall temperature (Tw=constant), the derivation is similar, and the final result is

f2 y+,+It+.
o,+'A+)}2 u-+

Pr Pr t

ly + (A.33)

Calculation of Prt

Equation (A.30) can be solved for Prt, as:

Ky+( _y+/A+ y12 du +-o jj
Pr i =

u+t+dy + +/_-_-f +f2 .[1{+

dt +

dy +

Pr

(A.34)

If experimental data from the temperature profile are available, Eqn. (A.34) can be used

dt +

to evaluate Prt(y ). All terms are calculated or are available, except for d--'_' which is

taken directly from the experimental data.
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RESULTS AND DISCUSSION

The following demonstrates the importance of the corrections for pressure

gradient and discusses the utility of the profiles developed above.

Figures A.2a and A.2b compare velocity and temperature profiles generated for

one example set of conditions; K=2.0x 10 -6, Cf=6.0×10 "3, fl=-5.0× 10 -6, t+=20, and

f2=-l.0xl0 -4, with various terms in Eqns. (A.19) and (A.31) set to zero to demonstrate

the importance of each in the profile evaluation. Included are (a) the standard law of the

wall (K, fl, f2 and p+ set to zero), (b) correction for acceleration using just the A + term

(K, fl, f2 and p+ set to zero, but A+--40, which is consistent with the actual p+), (c)

correction with just the p+ term (K, fl and f2 set to zero and A+=25), (d) correction with

A + and p+ (K, fl and f2 set to zero and A+--40), and (e) the full correction as given by

Eqns. (A.19) and (A.31). From the differences in the curves, one can see that each part of

the correction makes a significant contribution to the total profile. An explanation for the

effect of each term follows.

In a favorable pressure gradient, the p+ term causes a drop in u + values below

those of the standard law of the wall (compare curves a and c of Fig. A.2a), and a rise in

t + values above those of the standard thermal law of the wall (compare curves a and c of

Fig. A.2b). To explain this, consider a momentum balance on an element of fluid in the

boundary layer. If the convection terms in the boundary layer momentum equation (Eqn.

(A.3)) were set to zero, the resulting equation would be dP bx
_- = _-y; the normal gradient of

stress balances the streamwise pressure gradient. For an accelerating flow, _xxshear <0,

bu bu
"r must therefore decrease with distance from the wall. Since xo< must also

by' by

decrease with distance from the wail. This results in a drop in u + values below those of

the standard law of the wall. In turbulent flow, the p+ term also has a secondary effect.

bu

Since the eddy viscosity is proportional to _yy, Eqn. (A. 15), EM must drop in response to
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thefavorablepressure gradient effect described above. In a turbulent flow, the eddy

viscosity enhances mixing outside of the viscous sublayer, thereby increasing wall shear
0u

and reducing _yy and x outside the sublayer, relative to their values at the wall. In

0u +
dimensionless variables, _ drops. In favorable pressure gradients, the reduced eddy

Oy+

Ou +

viscosity causes a rise in 0Y ¥ back toward laminar values, somewhat mitigating the drop

Ou+
in _ caused by the direct effect of the p+ term.

Oy+

The p+ term has no direct effect on the temperature profile, since the pressure

gradient does not appear explicitly in the boundary layer energy equation (Eqn. (A.20)).

The secondary effect described above is present, however. As 0u+ drops in a favorable
Oy+

pressure gradient, the eddy diffusivity, ell, must also fall (Eqn. (A.29)). The result is a

rise in t + values above those predicted by the standard thermal law of the wall (compare

curves a and c in Fig. A.2b).

The A + term is used to model the thickness of the viscous sublayer. Favorable

pressure gradients (or acceleration) strain the flow in the streamwise direction, causing a

reduction in eddy transport and an increase in sublayer thickness. This is a stabilizing

effect. The reduction in eddy transport has the same effect described above with regard

to the secondary effect of the p+ term. "When EM and en drop, the velocity and

temperature prof'des both rise above the standard profiles.

When the A + and p+ effects are combined, they tend to cancel each other in the

velocity profile, but are additive for the temperature profile (due to the absence of a direct

p+ effect for temperature). The result is a larger deviation of the temperature profile from

the standard prof'de as a result of acceleration than for the velocity profile. Herein lies the

reason for the apparent robustness of the velocity profiles to different accelerations which
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is not sharedby thetemperatureprofiles. Suchbehaviorwasnotedby Bradshaw

(1994b).

The remainder of the corrections in Eqns. (A.19) and (A.31) are due to the

convection terms in Eqns. (A.3) and (A.20). The magnitudes and signs of these

corrections will depend on local conditions, including, for example, the rate at which the

free-stream is being accelerated and the rate at which the boundary layer is growing. In

Eqns. (A.19) and (A.31), these effects are expressed in terms of K, fl, and f2.

To evaluate velocity profiles given by Eqn. (A. 19), experimental velocity profile

data from four studies are plotted in Fig. A.3a along with calculated profiles

corresponding to each. Data were taken from Blair (1981), Blackwell, Kays and Moffat

(1972), Thielbahr, Kays and Moffat (1969), and Kearney, Moffat and Kays (1970). All

but the first were taken from Kays and Crawford (1993). Pertinent constants from these

profiles are given in Table A. 1. All four studies were done on flat plates, with K held

constant. Blair's mild acceleration case deviates only slightly from the standard, zero

pressure gradient law of the wall, and the data match the calculated profile well. The fits

of the other three profiles are reasonable, but could stand improvement. Blackwell et

al.'s adverse pressure gradient data, and Thielbahr et al.'s favorable pressure gradient

data do not match the calculated profile particularly well in the viscous sublayer region

(where acceleration effects on the calculated profile are small), indicating that better

estimates of Cf than those given with the experimental data might be possible. As shown

in Fig. A.3b, if Cf were increased by approximately 8%, to 0.0022 in Blackwell's case

and to 0.0053 in Thielbahr's case, the experimental data and the calculated profiles could

be brought into good agreement. For Blackwell et al.'s and Thielbahr et al.'s flows, the

8% change discussed above is within the expected experimental uncertainty in Cf.

Julien, Kays and Moffat (1971), who provided the velocity profiles used in Thielbahr et

al.'s study, estimate an uncertainty of + 10% in Cfin this case. Fitting to Eqn. (A.19) is

believed to reduce this uncertainty and improve Cf estimation. Figure A.4 shows a force
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fit of Thielbahr et al.'s velocity data to the standard law of the wall. The required Cf was

0.0061. This is a 15% increase above the value estimated above using a fit to Eqn. (A.19)

and a 23% increase above their published value. The Kearney et al. data could not be

brought into good agreement with the calculated profile. Given the relatively strong

acceleration parameter in this case, relaminarization effects may have become strong

enough to explain the discrepancy between the data and the turbulent flow calculation.

Perhaps the flow was stabilized to the point (low momentum thickness Reynolds number)

where the mixing length, A + and turbulent Prandtl number models were not so accurate.

Temperature Profiles

The measured and calculated temperature profiles corresponding to the flat wall

velocity profiles in Fig. A.3a are shown in Fig. A.5a. The unadjusted Cf values given

with the data sets and used in Fig. A.3a were used in the data reduction. Blair's (1981)

case was subject to a uniform wall heat flux boundary condition. The other three cases

had uniform wall temperature boundary conditions. The matches between calculation

and data are reasonable for all four cases.

If the updated Cf values used with Fig. A.2b were applied to Blackwell et al.'s

and Thielbahr et al.'s temperature profile data, the results would appear as shown in Fig.

A.5b. The match between Blackwell et al.'s data and Thielbahr et al.'s data and the

calculated profiles improves.

An examination of the near-wall region (y+<10) shows some discrepancies

between the measured data and the calculated profiles. In this region, acceleration effects

are minimal, and all data should fall near the line t+=Pr y+. Thielbahr et al.'s and

Kearney et al.'s data fall noticeably above this line in both Figs. A.5a and A.5b. If at

each point in the profile the temperature difference (Tw-T) is decreased by 0.47°C below

the reported value in Kearney et al.'s case and 0.84°C in Thielbahr et al.'s case, the near-

wall data is brought into good agreement with t+=Pr y+, as shown in Fig. A.5c. The
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requiredshift couldbedueto errorin themeasurementof Tw, the profile temperatures,

or some combination of both. The shifts in Tw given above represents about 3.5% of the

overall temperature difference (Tw-To_) in both cases. Kearney et al. note the

discrepancy between their data and the t+=Pr y+ line, and suggest that their measured

temperature in this region may be in error by as much as 1.3°C. They also checked their

energy balance by calculating the enthalpy thickness, A 2, using mean temperature profile,

wall temperature, and heat flux data, along with the energy integral equation. Differences

in ,52 of as high as 8.4% were reported. This discrepancy is not large, given the nature of

the measurements, but with the shift in Tw proposed above, the discrepancy in A 2

decreases from 8.4% to about 5%. The shifts in Tw given above, therefore, appear

reasonable and within the experimental uncertainty.

Note that the deviations of the temperature profile data from the standard

unaccelerated law of the wall values are much larger than those for the velocity profile in

all cases. This is particularly apparent in Blair's mild, favorable pressure gradient flow

and Blackwell et al.'s adverse pressure gradient flow. In these cases, the deviations of the

velocity profile from the unaccelerated law of the wall are small, but the deviations of the

temperature prof'fles are significant and Eqns. (A.31) and (A.33) represent major

improvements.

Calculation of Prt

The temperature profiles presented above were calculated using the turbulent

Prandfl number distribution given in Eqn. (A.32), with Prto.--0.85. The good match

between the experimental data and the calculated profiles in Fig. A.5c indicate that this

model is adequate, and suggests that pressure gradients, alone, do not significantly affect

the turbulent Prandtl number distribution. In some flows, however, this distribution may

change. Eqn. (A.34) could be applied in an attempt to calculate the Prt distributions. As

an example of such an application, Kim and Simon (1991) and Kestoras (1993) measured
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Prt directly (asexplainedabovein Chapter2) in anunaccelerated,nominal8%FSTI

flow, along the concave wall used in the present study. They were able to take direct

measurements for y+>100. Probe size limitations prevent measurements within y+<100

of their flows. Mean temperature profile data, acquired by Kestoras (1993), was

processed in the present study to determine local values of Prt, using Eqn. (A.34). The

results for four streamwise stations are shown in Fig. A.6. Profiles of Pr t determined

from F_.qn. (A.34) and from direct measurements are plotted versus y+. Below y+=100,

the measured data can not be trusted due to spatial resolution problems. Above y+--400,

the calculated profiles lose accuracy as the mean velocity and temperature gradients

become small. In the range 100<y+<400, the calculated and measured results agree,

within the uncertainty of the data.

CONCLUSIONS

1. New formulations have been developed for mean velocity and temperature

profiles in turbulent flows. The velocity profile is similar to one in the literature. No

equivalent to the temperature formulation has been found in the literature. These profiles

capture the effects of non-zero pressure gradients and match experimental data well.

2. The improvements to the velocity profiles allow an improved determination of

skin friction coefficients from experimental data using a near-wall fitting technique. It

was shown that "force fits" to the standard law of the wall can lead to errors of as large as

15%.

3. The prof'des presented here are dependent on the mixing length model which

assumes K:=0.41 and are based upon a documented variable-A + model. As shown,

inclusion of this variable-A + model is quite important. While this model appears to be

adequate, further work to clarify the behavior of K:and A + under various conditions

would be desirable.
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4. Themodelhasbeentestedthroughcomparisonto somedatafrom pressure

gradientflows. Furthertestingin bothfavorableandadversepressuregradientcases

wouldbeuseful.
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Case

Blair

BlackweU

Kxl06

KealTley

Thielbahr 1.67

2.68

Cfx 103

4.98

2.02

4.96

4.96

flxl06

-34.0
-4.43

-0.88

-3.88

I f2x 104

-0.065

-1.25
-1.37

-7.90

+ A +
It** IRe0 IReA2

15.2 20.8 4533 2459
24.9 42.2 747 1880

31.3 72.5 550 1345

Table A.I: Experimental Data
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APPENDIX B: PROGRAM LISTINGS

C PROGRAMS

Name

s_cal.c

X_Cal.C

cold.c

kcol.c

sacq.c

sred.c

tacq.c

xacq.c

404

408

413

417

418

425

430

437

Description

Acquires data for calibration of single hot-wire probe.

Subsequent processing with swcr.f.

Acquires data for calibration of cross-wire probe and hot-

wires of triple-wire probe. Subsequent processing with

xwcr.f

Acquires data from triple-wire probe for determination of

cold-wire compensation constant, kcc. Used with kcol.c

and kcol.f.

Calls program kcol.f to calculate cold wire compensation

constant, kcc.

Acquires velocity profile data using single hot-wire probe.

Raw instantaneous voltage data stored in binary format.

Subsequent processing with sred.c, skfric.f.

Reduces profile data acquired with sacq.c, converting

voltages to mean and fluctuating velocities. Further

processing with skfric.f.

Acquires mean temperature profile data with traversing

thermocouple probe. Subsequent processing with tplus.f.

Acquires profile data from U and V velocity components

with cross-wire probe. Raw instantaneous voltage data

stored in binary form. Subsequent processing with xred.c.
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xred.c 442

vtacq.c 448

vtred.c 455

facq.c 463

fred.c 467

cacq.c 471

cred.c 474

hred.c 479

Reduces profile data acquired using xacq.c. Turbulent

shear stress among quantifies calculated.

Acquires profile data for U and V velocity components and

temperature, T, using triple-wire probe. Raw instantaneous

voltage data stored in binary form. Subsequent processing

with vtred.c, prt.f, and quadrant.f.

Reduces profile data acquired with vtacq.c. Turbulent heat

flux among quantities calculated. Octant analysis done.

Further processing with prt.f and quadrant.f.

Acquires voltage data from single hot-wire probe for

spectral analysis with fred.c

Processes data acquired with facq.c using Fast Fourier

Transform to calculate power spectrum of u' fluctuations.

Acquires voltage data from cross-wire probe for spectral

analysis with cred.c and hred.c

Processes data acquired with cacq.c to calculate u' and v'

power spectra.

Processes data acquired with cacq.c to calculate u'v"

spectra.

FORTRAN PROGRAMS

Name Pa_.agg

swcr.f 484

xwcr.f 486

Description

Calculates calibration constants for single hot-wire using

data acquired with s_cal.c

Calculates calibration constants for both wires of cross-wire

probe using data acquired with x_cal.c
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kcol.f

skfric.f

tplus.f

prt.f

quadrant.f

fplot.f

smoln.f

lwall.f

488

491

497

5O5

508

509

510

511

Calculates cold wire compensation constant.

Uses output of sred.c to f'md skin friction coefficients and

velocity profiles in wall coordinates.

Reduces output of tacq.c to wall coordinates. Local wall

temperature, heat flux and Stanton number determined

from profile data.

Reduces output of vtred.c to dimensionless form.

Turbulent Prandtl number calculated.

Octant data output by vtred.c nondimensionalized and put

in form for plotting.

Reduced spectral data sections from fred.c, cred.c and

hred.c pieced together.

Spectra output by fplot.f smoothed for plotting.

Mean velocity and temperature profiles calculated in wall

coordinates using method of Appendix A.
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APPENDIX C: TABULATED DATA

KEY TO DATA

Single Hot-Wire Velocity Profiles

x

vise

cf

yeff

d99.5

dell

del2

H

Uw

Rex

Redl

Red2

coefl
coef2

A +

K

fl

N

Y

U

y+, U +

distance from leading edge of test wall [m]

kinematic viscosity [m2/s]

skin friction coefficient

distance profile data has been shifted in the y direction [cm]

boundary layer thickness, 599.5 [cm]

displacement thickness, 5" [cm]

momentum thickness, 0 [cm]

shape factor, 5"/0

core velocity extrapolated to the wall, Ucw [m/s]

x-based Reynolds number, Rex

displacement thickness Reynolds number, ReS*

displacement thickness Reynolds number, Re0

coefl+coef2*y is equation of line fit to core velocity, coefl=Uw
coefl [m/s], coef2 [m/(s cm)]

Van Driest damping constant

acceleration parameter

parameter used in Appendix A to calculate mean velocity profiles

profile point number

distance from the wall [cm]

mean streamwise velocity [m/s]

y and U in wall coordinates
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k

u' streamwise rms velocity, u' [m/s]

gamma intermittency, y

Thermocouple Probe Mean Temperature Profiles

paffn

x

cf

yeff

Tw

Tinf

Tw measured

Tw correction

Q wall

Stanton No.

Qwall measured

delther

deleth

delcon

qadded

Uw

Rex

Reh

coefl
coef2

atmospheric pressure [ram Hg]

distance from the leading edge of the test wall [cm]

skin friction coefficient

adjustment of raw data so that y-position is one thermocouple-wire
radius when the wire is in contact with the test wall [cm]

wall temperature determined from profile data [°C]

free-stream temperature [°C]

embedded thermocouple temperature (not used) [°C]

difference between Tw and Tw measured [°C]

convective wall heat flux determined from mean temperature profile

(value used to determine St) [W/m 2]

Stanton number, St

convective wall heat flux determined based on input power to heater
with radiation correction based on Tw (corrected) or Tw measured

thermal boundary layer thickness, 5t99.5 [cm]

enthalpy thickness, A2 [cm]

conduction thickness, k(Tw-Too)/q, (k= conductivity of air) [cm]

S_t99.5 pcpO(T- T.o)dy [W/m]

core velocity extrapolated to the wall [m/s]

x-based Reynolds number, Rex

enthalpy thickness Reynolds number, ReA2

coefl+coef2*y is equation of line fit to core velocity, coefl=Uw
coefl [m/s], coef2 [m/(s cm)]
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A +

K

fl, f2

N

Y

T

Tnd

y+, t +

Prt

Van Driest damping constant

acceleration parameter

parameter used in Appendix A to calculate mean velocity and

temperature profiles

profile point number

distance from the wall [cm]

mean temperature [°C]
T-T**

dimensionless temperature,
T W _ TOO

y and T in wall coordinates

turbulent Prandtl number, Prt, as calculated in Appendix A

Cross-Wire and Triple-Wire Profiles

x

Patm

qwall

Y

U

V

T

U'

V'

t'

U'V'

U't'

V't'

distance from the leading edge of the test wall [cm]

atmospheric pressure [mm Hg]

convective heat flux (determined based on input power to heater with radiation
correction) [W/rn2]

distance from the test wall [cm]

mean streamwise velocity [m/s]

mean velocity normal to test wall [m/s]

mean temperature [°C]

streamwise rms fluctuating velocity, u' [m/s]

normal component of rms fluctuating velocity, v' [m/s]

rms fluctuating temperature, t' [°C]

turbulent shear stress, u'v'''7 [m2/s 2]

streamwise component of turbulent heat flux, u't' [°C m/s]

normal component of turbulent heat flux, v't' [°C m/s]
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U_V_2

v'2t'

gamma

dU/dy

dT/dy

cm

eh

1

Prt

cross-stream transport of turbulent shear stress, u'v '2 [m3/s 3]

cross-stream transport of turbulent heat flux, v'2t ' [°C m2/s 2]

intermittency, _'

normal gradient of mean streamwise velocity [l/s]

normal gradient of mean temperature [°C/m]

eddy viscosity, EM [m2/s]

eddy diffusivity of heat, EH [m2/s]

mixing length of momentum, £M [m]

turbulent Prandtl number, Prt
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Station = al z=-1.59 dovngash

z = 0.361 visc = 1.59800E-05

cf = 3.70000E-03 ye¢f = O.

d99.5 = 0.332005 dell = 6.67784E-02

del2 = 4.19241E-02 B = 1.59284

Uw = 17.6007 Rex = 397613.

Red1 = 735.510 Red2 = 461.760

coe_l = 17.6007 coef2 = 0,147210

l+ = 25.0000

K = O. fl = O.

| y U y+

1 2.50000E-03 0.590903 1.18435

2 4.50000E-03 1.32826 2.13182

3 7.00000E-03 2.34107 3.31617

4 8.50000E-03 2.96241 4.02677

5 1.00000E-02 3.58699 4.73738

6 1.15000E-02 4.17930 5.44799

7 1,30000E-02 4.74165 6,15859

8 1.45000E-02 5.24011 6.86920

9 1.60000E-02 5.83077 7.57981

10 1.70000E-02 6.22263 8.05355

11 1.80000E-02 6.57644 8.52728

12 1.95000E-02 7.05931 9.23789

13 2.10000E-02 7.50889 9.94850

14 2.25000E-02 7.99304 10.6591

15 2,40000E-02 8.41209 11.3697

16 2.55000E-02 8.87311 12.0803

17 2.70000E-02 9.32427 12.7909

18 2.85000E-02 9.67468 13.5015

19 3.05000E-02 10.11806 14.4490

20 3.25000E-02 10.54536 15.3965

21 3.45000E-02 11.0266 16.3440

22 3.65000E-02 11.3264 17.2914

23 3.95000E-02 11.9817 18.7127

24 4.15000E-02 12.2160 19.6601

25 4.55000E-02 12.7728 21.5551

26 4.90000E-02 13.1853 23.2132

27 5.30000E-02 13.4448 25.1081

28 6.05000E-02 14.0915 28.6612

29 6.60000E-02 14.3482 31.2667

30 7.65000E-02 14.7386 36.2410

31 9.00000E-02 14.8370 42.6364

32 0.117000 14.6615 55.4273

33 0.171000 13.7874 81.0092

34 0.201500 13.9873 95.4582

35 0.262500 16.3671 124.356

36 0.275000 16.7794 130.278

37 0.290000 17.1807 137.384

38 0.308500 17.4240 146.148

39 0.345500 17.6405 163.676

40 0.419500 17.6512 198.733

41 0.567500 17.7200 268.846

42 0.863500 17.7175 409.073

43 1.36350 17.8058 645.942

44 1.86350 17.8809 882.811

45 2.363S0 17.9349 1119.68

46 2.86350 18.0129 1356.55

47 3.36350 18.1080 1593.42

u÷

0.780551

1.75456

3.09243

3.91318

4.73822

5.52063

6.26346

6.92190

7.70213

8.21975

8.68713

9.32496

9.91883

10.55838

11.1119

11.7209

12.3169

12.7797

13.3654

13.9298

14.5655

14.9615

15.8272

16.1367

16.8722

17.4171

17.7599

18.6141

18.9532

19.4689

19.5988

19.3670

18.2124

18.4764

21.6201

22.1646

22.6947

23.0161

23.3022

23.3163

23.4071

23.4039

23.5205

23.6197

23.6911

23.7941

23.9196

m I

0.268100

0.383800

0.680900

0.625700

0.698000

0.771000

0.975900

0.974500

1.15060

1.13900

1.16960

1.22320

1.28850

1.39150

1.38220

1,50890

1.49810

1.48710

1.59150

1.56530

1.54440

1.66280

1.68690

1.60630

1.54000

1.58940

1.53370

1.50040

1.42850

1.30360

1.45240

1.60970

2.36320

2.48930

1.41600

1.11910

0.900400

0.647800

0.433200

0.267000

0.251200

0.126800

0.110100

gmm_a

4. O0000E-02

6. 80000E-02

6. 90000E-02

6. 50000E-02

6. O0000E-02

6.80000E-02

8. 20000E-02

1.0IO00E-O1

9. 80000E-02

1. O0000E-01

9. 90000E-02

8,20000E-02

9.10000E-02

O. 108000

8. O0000E-02

1.01000E-01

9.90000E-02

8. 80000E-02

9. 90000E-02

8. 80000E-02

8.10000E-02

8. 80000E-02

8. 80000E-02

9. 30000E-02

6. 90000E-02

8.00000E-02

7. 70000E-02

7. 20000E-02

8. 30000E-02

6. 40000E-02

8. 90000E-02

7. 40000E-02

9. 90000E-02

9. 70000E-02

4.60000E-02

4. 90000E-02

4. O0000E-02

4. 40000E-02

3.10000E-02

2. 90000E-02

1. 80000E-02

4. O0000E-03

O.

9.99000E-02 O.

1.03100E-01 O.

0.110300 O.

0.107800 O.
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Station = a2 z=-2.19

x = 0.361 visc= 1.59200E-05

cf = 4.00000E-03 yeff= O.

d99.5 = 0.330759 dell = 5.03582E-02

del2 = 2.97678E-02 H = 1,69170

Uw = 17.6195 Rex : 399538.

Red1 = 557.342 Red2 = 329.456

coefl = 17.6195 coef2 = 0.140897

A+ = 25.0000

K = O. fl = O.

| y U y+

1 1.00000E-03 0.324160 0.494956

2 1.50000E-03 0.341310 0.742433

3 2.50000E-03 0.758415 1.23739

4 4.00000E-03 1.48349 1.97982

5 5.50000E-03 2.15360 2.72226

6 7.00000E-03 2.72149 3.46469

7 8.50000E-03 3.34085 4.20712

8 1.00000E-02 3.95365 4.94955

9 1.15000E-02 4.50439 5.69199

10 1.30000E-02 5.03242 6.43442

11 1.45000E-02 5.63112 7.17685

12 1.55000E-02 5.95400 7.67181

13 1.70000E-02 6.38914 8.41424

14 1.85000E-02 6.93527 9.15668

15 1.95000E-02 7.30640 9.65163

16 2.05000E-02 7.59693 10.14659

17 2.20000E-02 7.97449 10.8890

18 2.40000E-02 8.45258 11.8789

19 2.60000E-02 8.88321 12.8688

20 2.80000E-02 9.32884 13.8588

21 3.00000E-02 9.79340 14.8487

22 3.20000E-02 10.26368 15.8386

23 3.40000E-02 10.6428 16.8285

24 3.65000E-02 11.0588 18.0659

25 3.95000E-02 11.5407 19.5507

26 4.25000E-02 11.9887 21.0356

27 4.55000E-02 12.3373 22.5205

28 4.95000E-02 12.7219 24.5003

29 5.45000E-02 13.1774 26.9751

30 6.00000E-02 13.5917 29.6973

31 6.65000E-02 14,0123 32.9145

32 7.40000E-02 14.4340 36.6267

33 8.30000E-02 14.7542 41.0813

34 9.70000E-02 15.1898 48.0107

35 0.113000 15.5399 55.9300

36 0.136000 15.8476 67.3139

37 0.173500 16.1059 85.8748

38 0.247000 17.1056 122.254

39 0.283500 17.4275 140.320

40 0.340000 17.6075 168.285

41 0.453000 17.6395 224.215

42 0.679000 17,6993 336.075

43 1.13100 17,7827 559.795

44 1.63100 17.8428 807.273

45 2.13100 17.9379 1054.75

46 2.63100 17.9589 1302.23

47 3.13100 18.0730 1549.71

48 3.63100 18.1340 1797.18

=+ U J gamma

0.411387 0.300100 5.10000E-02

0.433152 0.359200 5.90000£-02

0.962494 0.452400 7.10000E-02

1.88268 0.664100 6.90000E-02

2.73311 0.705300 9.40000E-02

3.45381 0.793700 9.50000E-02

4.23982 0.923300 9.40000E-02

5.01752 1.08710 8.60000E-02

5.71645 1.23750 1.00000E-01

6.38657 1.22940 1.04000E-01

7.14637 1.41410 0.122000

7.55613 1.35720 0.129000

8.10836 1.43820 0.107000

8.80145 1.54970 0.120000

9.27244 1.62240 0.152000

9.64116 1.63970 0.118000

10.12031 1.68920 0.128000

10.7270 1.82740 0.120000

11.2735 1.86100 0.130000

11.8391 1.95980 0.125000

12.4287 2.01670 0.141000

13.0255 2.01760 0.125000

13.5066 2.06650 0.134000

14.0345 2.07710 0.121000

14.6462 2.16290 0.140000

15.2147 2.13260 0.117000

15.6571 2.19420 0.127000

16.1452 2.13520 0.119000

16,7233 2.15000 0.122000

17.2490 2.03410 0.144000

17.7828 1.96260 8.90000E-02

18.3180 1.86810 0.114000

18.7243 1.67330 7.30000E-02

19.2772 1.52840 8.10000E-02

19.7215 1.29490 7.10000E-02

20.1120 1.26370 5.70000E-02

20.4398 1.52960 6.30000E-02

21.7084 0.911300 5.60000E-02

22.1170 0,670200 5.00000E-02

22.3454 0.432700 3.40000E-02

22.3860 0.212200 2.50000E-02

22.4619 0.134500 1.80000E-02

22.5678 0.110800 O.

22.6441 0.116200 O.

22.7647 1.04100E-01 O.

22.7914 1.02000E-01 O.

22.9361 0.105300 O.

23.0135 9.39000E-02 O.
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Station = a3 z=-2.69 midspan

x = 0.361 visc= 1.59300E-05

cf = 3.80000E-03 yeff= O.

d99.5 = 0.316012 dell = 5.59506E-02

del2 = 3,04422E-02 H = 1.83793

Uw = 17.5729 Rex = 398231.

Rod1 = 617.208 Red2 = 335.818

coefl = 17.5729 coef2 = 0,146621

A+ = 25.0000

= O. fl = O.

• y U y+ u+

1 5.00000E-04 0.320480 0.240422 0.418390

2 1.00000E-03 0.328160 0.480844 0.428416

3 1.50000E-03 0.352333 0.721266 0.459974

4 2.50000E-03 0.792856 1.20211 1.03508

5 4.00000E-03 1.45833 1.92338 1.90387

6 6.50000E-03 2.42537 3.12549 3.16634

7 8.00000E-03 2.96219 3.84675 3.86717

8 9.50000E-03 3.48939 4.56802 4.55544

9 1.15000E-02 4.10423 5.52970 5.35812

10 1.35000E-02 4.72433 6.49139 6.16765

11 1.50000E-02 5.07948 7.21266 6.63131

12 1.75000E-02 5.78974 8.41477 7.55856

13 1.90000E-02 6.18577 9.13603 8.07558

14 2.10000E-02 6.65877 10.09772 8.69310

15 2.30000E-02 7.04507 11.0594 9.19741

16 2.55000E-02 7.73126 12.2615 10.09324

17 2.70000E-02 7.98593 12.9828 10.42571

18 3.00000E-02 8.55360 14.4253 11.1668

19 3.25000E-02 8.94844 15.6274 11.6823

20 3.55000E-02 9.43371 17.0700 12.3158

21 3.85000E-02 9.78190 18.5125 12.7704

22 4.25000E-02 10.33436 20.4359 13.4916

23 4.60000E-02 10.6905 22,1188 13,9565

24 5.10000E-02 11.1578 24.5230 14.5667

25 5.60000E-02 11.5111 26.9273 15.0279

26 6.30000E-02 11.9280 30.2932 15.5721

27 7.15000E-02 12.5555 34.3803 16.3914

28 7.80000E-02 12.8192 37.5058 16.7355

29 9.05000E-02 13.5235 43.5164 17.6550

30 9.90000E-02 13.9586 47.6035 18.2231

31 0.108500 14.3174 52.1716 18.6916

32 0.121500 15.0183 58.4225 19.6065

33 0.130500 15.3979 62.7501 20.1021

34 0.142000 15.8325 68.2798 20.6695

35 0.155000 16.2491 74.5308 21.2133

36 0.170500 16.5955 81.9839 21.6656

37 0.192500 16.9471 92.5624 22.1246

38 0.223500 17.2877 107.469 22.5692

39 0.269000 17.4711 129.347 22.8087

40 0.360000 17.5877 173.104 22.9609

41 0.542000 17.6369 260.617 23.0251

42 0.906000 17.7026 435.645 23.1109

43 1.40600 17.7848 676.066 23.2182

44 1.90600 17.8429 916.488 23.2941

45 2.40600 17.9269 1156.91 23,4038

46 2.90600 18.0139 1397.33 23.5174

47 3.40600 18.0620 1637.75 23.5801

u ' gamma

0.487200 7.00000E-02

0.527600 5.90000E-02

0.588600 7.70000E-02

0.847900 8.00000E-02

0.892400 1.02000E-01

1.05540 9.70000E-02

1,22810 0.110000

1.35460 0.137000

1.59550 0.136000

1.61520 0.163000

1.72500 0.143000

1.96150 0.151000

2.06890 0.174000

2.15600 0.166000

2.29960 0.167000

2.38620 0.162000

2.38510 0.169000

2.62720 0.188000

2.61990 0.176000

2.73950 0,172000

2,73350 0.185000

2.83300 0.180000

2.80770 0.169000

2.78870 0.153000

2.83760 0.158000

2.78380 0.150000

2.73690 0.170000

2.62110 0.150000

2.47900 0.122000

2.35740 0.105000

2.16390 9.70000E-02

1.81530 7.90000E-02

1.63520 8.10000E-02

1.36590 5.20000E-02

1.09620 6.10000E-02

0.952100 5.60000E-02

0.807300 5.90000E-02

0.590400 3.90000E-02

0.490900 4.50000E-02

0.386400 4.30000E-02

0.350200 2.20000E-02

0.109300 1.00000E-03

0.116000 O.

1.03100E-01 O.

9.38000E-02 O.

0.109500 O.

0.108200 O.
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Station = a4 z=-3.24

x = 0.361 visc • 1.59600E-05

c_ = 3.25000E-03 ?elf = O.

d99.5 = 0.268630 dell = 7.25600E-02

del2 • 3.57517E-02 H = 2.02956

Ue = 17.5439 Rex = 396826.

Kedl = 797.611 Red2 • 392.998

coefl = 17.5439 coef2 = 0.152619

I+ • 25.0000

K = O. _1 • O.

I y U y+ u+

1 5.00000E-04 0.331520 0.221560 0.468766

2 1.00000E-03 0.348960 0.443119 0.493426

3 1.50000E-03 0.365125 0.664679 0.516282

4 2.50000E-03 0.790347 1.10780 1.11754

5 4.50000E-03 1.57419 1.99404 2.22588

6 7.50000E-03 2.50423 3.32340 3.54096

7 9.50000E-03 3.04435 4.20963 4.30469

8 1.25000E-02 3.82080 5.53899 5.40257

9 1.50000E-02 4.29764 6.64679 6.07682

10 1.80000E-02 4.91566 7.97615 6.95069

11 2.05000E-02 5.35475 9.08395 7.57156

12 2.35000E-02 5.93096 10.41330 8.38632

13 2.60000E-02 6.29625 11.5211 8.90284

14 2.95000E-02 6.74917 13.0720 9.54326

15 3.35000E-02 7.17140 14.8445 10.14029

16 3.80000E-02 7.63858 16.8385 10.8009

17 4.25000E-02 8.11215 18.8326 11.4705

18 4.70000E-02 8.43328 20.8266 11.9246

19 5.40000E-02 8.86892 23.9284 12.5406

20 6.20000E-02 9.45293 27.4734 13.3664

21 6.85000E-02 9.84743 30.3537 13.9242

22 7.65000E-02 10.13086 33.8986 14.3249

23 9.05000E-02 11.0709 40.1023 15.6541

24 9.75000E-02 11.5491 43.2041 16.3303

25 1.04500E-01 11.8711 46.3060 16.7856

26 0.115000 12.6472 50.9587 17.8830

27 0.121500 13.1173 53.8390 18.5478

28 0.128000 13.5423 56.7193 19.1487

29 0.135500 14.1163 60.0427 19.9603

30 0.142000 14.5531 62.9230 20.5779

31 0.149000 15.0418 66.0248 21.2689

32 0.156000 15.3495 69.1266 21.7040

33 0.167000 15.8774 74.0009 22,4505

34 0.177000 16.3231 78.4321 23.0808

35 0.188000 16.6619 83.3064 23.5597

36 0.204000 17.0098 90.3963 24.0516

37 0.227000 17.2828 100.5881 24.4377

38 0.269000 17.4991 119.199 24.7436

39 0.353000 17.5766 156.421 24.8532

40 0.521000 17.6388 230.865 24.9411

41 0.857000 17.6855 379.753 25.0071

42 1.35700 17.7288 601.313 25.0683

43 1.85700 17.8249 822.873 25.2042

44 2.35700 17.9249 1044.43 25.3457

45 2.85700 17.9759 1265.99 25.4178

46 3.35700 18.0520 1487.55 25.5253

u _ gma

0.825800 9.80000E-02

0.909300 0.116000

0.931700 9.70000E-02

1.03990 0.111000

1.12310 0.112000

1.43710 0.132000

1.58000 0.160000

1.76560 0.164000

2.01380 0.173000

2.16880 0.193000

2.36470 0.220000

2.51210 0.200000

2.62120 0.210000

2.64800 0.207000

2.73270 0.229000

2.77640 0.212000

2.87020 0.210000

2.79310 0.190000

2.80590 0.210000

2.86590 0.192000

2.86240 0.182000

2.78220 0.171000

2,67870 0.151000

2.64210 0.155000

2.56030 0.124000

2.43630 0.110000

2.33560 0.121000

2.20990 9.60000E-02

2.01990 9.10000E-02

1.83710 8.60000E-02

1.72490 8.40000E-02

1.54670 5.80000E-02

1.31900 7.10000E-02

1.08990 6.40000E-02

0.938600 5.10000E-02

0.773900 3.80000£-02

0.656300 4.60000E-02

0.572000 3.70000E-02

0.325700 3.00000E-02

0.205700 2.50000E-02

1.04700E-01 1.O0000E-03

9.16000E-02 O.

0.106100 O.

0.104900 O.

0.105400 O.

1.02100E-01 O.
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Station = a5 z=-3.79 upwash

x = 0.361 visc= 1.59700E-05

cf = 2.20000E-03 yeff= O.

(199.5 = 0.271486 dell = 9.11756E-02

del2 = 3.95890E-02 H = 2.30305

Uw = 17.5966 Rex = 397769.

Red1 = 1004.621 Red2 = 436.213

coefl = 17.5966 coef2 = 0.149031

A+ = 25.0000

K = O. fl = O.

| y U y+

1 5.00000E-04 0.225280 0.182722

2 1.00000E-03 0.232160 0.365443

3 1.50000E-03 0.237440 0.548165

4 2.50000E-03 0.402533 0.913608

5 4.50000E-03 0.311945 1.64449

6 8.50000E-03 1.61798 3.10627

7 1.20000E-02 2.63189 4.38532

8 1.45000E-02 2.97639 5.29893

9 1.90000E-02 3.70529 6.94342

10 2.25000E-02 4.29173 8.22248

11 2.55000E-02 4.57318 9.31880

12 3.10000E-02 5.33068 11.3287

13 3.45000E-02 5.62315 12.6078

14 4.05000E-02 6.27083 14.8005

15 4.50000E-02 6.64232 16.4450

16 5,10000E-02 7.13173 18.6376

17 5.70000E-02 7.31157 20.8303

18 6.90000E-02 7.93645 25.2156

19 7.85000E-02 8.39962 28.6873

20 8.85000E-02 9.00041 32.3417

21 9.65000E-02 9,37384 35.2653

22 0.107000 9.98923 39.1024

23 0.115500 10.56971 42.2067

24 0.122500 11.1447 44.7668

25 0,128500 11.5894 46.9595

26 0.135000 12.0602 49.3349

27 0.141500 12.7218 51.7102

28 0.146000 13.1681 53.3547

29 0.151000 13.5346 55.1819

30 0.156800 14.0070 57.3015

31 0.164000 14.5026 59.9327

32 0.170500 14.9440 62.3081

33 0.177500 15.4684 64.8662

34 0.184000 15.7288 67.2416

35 0.196000 16.3304 71.6269

36 0.205500 16.6309 75,0986

37 0.221000 17.0666 80.7630

38 0.238500 17.3162 87.1582

39 0.273500 17.5632 99.9487

40 0.343500 17.6425 125.530

41 0.483500 17.6876 176.692

42 0.763500 17.7154 279.016

43 1.26350 17.7688 461.738

44 1.76350 17.8679 644.459

45 2.26350 17.9369 827.181

46 2.76350 18.0119 1009.90

47 3.26350 18.0780 1192,62

_+ _J gaNla

0.386009 0.458200 6.20000E-02

0.397798 0.489900 7,00000E-02

0.406845 0.524700 6.70000E-02

0.689727 0.580800 7.60000E-02

0.534507 0.767300 9.00000E-02

3.11504 0.986600 0.117000

4.50966 1.34420 0.165000

5.09993 1.41040 0.139000

6,34888 1.76250 0.177000

7.35373 1.97590 0.202000

7.83598 1.91520 0.193000

9.13394 2.12260 0.210000

9.63507 2.09390 0.185000

10.7448 2.25200 0.201000

11.3814 2.36940 0.199000

12.2200 2.33100 0.205000

12.5281 2.18610 0.168000

13.5988 2.11220 0.153000

14.3924 2.15640 0.127000

15.4219 2.21950 0.140000

16.0617 2.21230 0.126000

17.1162 2.17430 0.122000

18.1108 2.14790 0.120000

19.0960 2.06590 1.02000E-01

19.8581 2.04380 0.106000

20.6647 2.02410 9.50000E-02

21.7983 1.90800 8.90000E-02

22.5631 1.95880 9.70000E-02

23.1910 1.82690 7.90000E-02

24.0005 1.66610 5.80000E-02

24,8496 1.56460 6.40000E-02

25.6060 1.49370 7,00000E-02

26.5046 1.29340 6.50000E-02

26.9508 1.30610 6.20000E-02

27.9816 1.09340 5.90000E-02

28.4965 0.990100 5.70000E-02

29.2430 0.701500 3.30000E-02

29.6708 0.749500 4.70000E-02

30.0940 0.536500 4.40000E-02

30.2298 0.346700 2.70000E-02

30.3071 0.214900 2.40000E-02

30.3547 0.106100 8.00000E-03

30.4461 0.107100 O.

30.6159 0.111300 O.

30.7343 1,02400E-01 O.

30.8628 0.111700 O.

30.9759 1.02400E-01 O.
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Station = bl z=-1.59 downgash

• = 0.361 visc= 1.60000E-05

cf = 3.60000E-03 yeff= O.

d99.5 = 0.332855 dell = 6.75221E-02

del2 = 4.08870E-02 8 = 1.65143

Us = 16.5115 Rex = 372541.

Red1 = 696.809 Red2 = 421.942

coefl = 16.5115 coef2 = 0.136973

1+ = 25.0000

K = O. fl = O.

• y U y+ u+ n*

1 1.00000E-03 0.274240 0.437828 0.391478 0.150600

2 1.50000E-03 0.277600 0.656743 0.396274 0.168600

3 2.50000E-03 0.510772 1.09457 0.729126 0.207100

4 4.50000E-03 1.16521 1.97023 1.66334 0.286100

5 7.50000E-03 2.21397 3.28371 3.16044 0.530300

6 9.00000E-03 2.75634 3.94046 3.93468 0.820100

7 1.05000E-02 3.22202 4.59720 4.59943 0.534600

8 1.25000E-02 3.82080 5.47286 5.45418 0.599900

9 1.45000E-02 4.37805 6.34851 6.24966 0.732800

10 1.65000E-02 4.97202 7.22417 7.09756 0.807300

11 1.80000E-02 5.46507 7.88091 7.80138 0.698900

12 1.95000E-02 5.91806 8.53765 8.44804 0.950600

13 2.10000E-02 6.27969 9.19440 8.96425 0.900600

14 2.30000E-02 6.77710 10.07005 9.67432 0.991500

15 2.50000E-02 7.26896 10.9457 10.37643 0.608700

16 2.70000E-02 7.70393 11.8214 10.9974 1.07580

17 2.90000E-02 8.13313 12.6970 11.6100 1.14760

18 3.10000E-02 8.54028 13.5727 12.1912 1.20960

19 3.35000E-02 9.08673 14.6673 12.9713 1.18630

20 3.55000E-02 9.42974 15.5429 13.4609 1.18370

21 3.80000E-02 9.84840 16.6375 14.0586 1.20050

22 4.10000E-02 10.32616 17.9510 14.7406 1.26060

23 4.40000E-02 10.8202 19.2645 15.4458 1.20070

24 4.70000E-02 11.1545 20.5779 15.9231 1.22810

25 5.15000E-02 11.5567 22.5482 16.4972 1.24130

26 5.70000E-02 12.1103 24.9562 17.2874 1.20170

27 6.20000E-02 12.5126 27.1454 17.8617 1.12630

28 6.80000E-02 12.7769 29.7723 18.2391 1.14280

29 7.95000E-02 13.2726 34.8074 18.9466 1.10750

30 9.10000E-02 13.4308 39.8424 19.1724 1.17170

31 0.114000 13.4964 49.9124 19.2662 1.36130

32 0.160000 13.1926 70.0526 18.8325 1.85530

33 0,234000 14.8845 102.4518 21.2476 1.38770

34 0.255500 15.5910 111.865 22.2562 0.896400

35 0.270500 15.9204 118.433 22.7263 0.667600

36 0.293000 16.2368 128.284 23.1781 0.562700

37 0.328500 16.4684 143.827 23.5086 0.313000

38 0.399500 16.5692 174.912 23.6525 0.174400

39 0.541500 16.5709 237.084 23.6550 0.140400

40 0.825500 16.6305 361.427 23.7400 0.110700

41 1.32550 16.6848 580.342 23.8175 0.107400

42 1.82550 16.7659 799.256 23.9333 1.03500E-01 O.

43 2.32550 16.8269 1018.17 24.0204 1.03300E-01 O.

44 2.82550 16.8919 1237.08 24.1132 0.105400 O.

45 3.32550 16.9740 1456.00 24.2303 9.87000E-02 O.

gin8

1.60000E-02

1.50000E-02

1.50000E-02

6.00000E-03

1,50000E-02

1.40000E-02

1.10000E-02

1.40000E-02

2.70000E-02

2.50000E-02

2,20000E-02

2.90000E-02

1.50000E-02

2.30000E-02

2.10000E-02

1.60000E-02

2.40000E-02

3.00000E-02

2.10000E-02

1.70000E-02

1.50000E-02

1.80000E-02

2.70000E-02

2.40000E-02

2.00000E-02

2.50000E-02

1.40000E-02

1.60000E-02

1.70000E-02

1.90000E-02

1.50000E-02

1.60000E-02

2.00000E-02

1.30000E-02

1.00000E-02

1.20000E-02

1.00000E-02

9.00000E-03

7.00000E-03

1.00000E-03

O.
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Station = b2 z=-2.19

x = 0.361 visc = 1.60000E-05

cf = 3.70000E-03 yeff= O.

d99.5 = 0.280972 dell = 5.14789E-02

de12 = 2.81582E-02 H = 1.82820

Uw = 16.4463 Rex = 371070.

Red1 = 529.149 Red2 = 289.437

coe_l = 16.4463 coef2 = 0.159764

1+ = 25.0000

K = O. _1 = O.

| y U y+ u+ u _ ga_la

1 1.00000E-03 0.272800 0.442115 0.385646 0.197000 1.40000E-02

2 1.50000E-03 0.276800 0.663173 0.391301 0.205600 8.00000E-03

3 2.50000E-03 0.535287 1.10529 0.756714 0.269000 8.00000E-03

4 4.50000E-03 1.22230 1.98952 1.72791 0.577400 6.00000E-03

5 7.00000E-03 2.11461 3.09481 2.98933 0.543000 1.50000E-02

6 8.50000E-03 2.62249 3.75798 3.70731 0.619600 1.30000E-02

7 1.00000E-02 3.12222 4.42115 4.41376 0.728700 2.90000E-02

8 1.20000E-02 3.71715 5.30538 5.25478 0.794700 1.60000E-02

9 1.40000E-02 4.40247 6.18961 6.22359 0.899500 1.60000E-02

10 1.55000E-02 4.85548 6.85278

11 1.70000E-02 5.29761 7.51596

12 1.85000E-02 5.67157 8.17913

13 2.05000E-02 6,16646 9.06336

14 2.25000E-02 6.58655 9.94759

15 2.50000E-02 7.27883 11.0529

16 2.65000E-02 7.64740 11.7160

17 2.85000E-02 8.01194 12.6003

18 3.10000E-02 8.46191 13.7056

19 3.35000E-02 8.90397 14,8109

20 3.60000E-02 9,28714 15.9161

21 3.90000E-02 9.81681 17.2425

22 4.15000E-02 10.20649 18.3478

23 4.45000E-02 10.48110 19.6741

24 5.05000E-02 11.1169

25 5.50000E-02 11.7029

26 5.85000E-02 11.8601

27 6.55000E-02 12.4618

28 7.10000E-02 12.7887

29 7.95000E-02 13.2167

30 8.95000E-02 13.7068

31 9.95000E-02 14.1276

22.3268

24.3163

25.8637

28.9585

31.3902

35.1481

39.5693

43.9904

32 0.111000 14.4151 49.0748

33 0.131000 14.8362 57.9171

34 0.154500 15.1414 68.3068

35 0.193000 15.5824 85.3282

36 0.236500 16.0464 104.5602

37 0,283500 16.4296 125.340

38 0.345000 16.5396 152.530 23.3814

39 0.468000 16.5416 206.910 23.3842

40 0.714000 16.5793 315.670 23.4375

41 1.20600 16.6177 533.191 23.4918

42 1.70600 16.6979 754.248 23.6051

43 2.20600 16.7959 975.306 23.7437

44 2,70600 16.8479 1196.36 23.8172

45 3.20600 16.9290 1417.42 23.9318

46 2.70600 16.9639 1196.36 23.9812

6.86400 1.04410 2.30000E-02

7.48901 1.09260 2.30000E-02

8.01766 1.09800 1.60000E-02

8,71727 1.22500 3.10000E-02

9.31113 1.37410 2.90000E-02

10.28979 1.36950 3.80000E-02

10.8108 1.43330 2.70000E-02

11.3262 1.42400 2.90000E-02

11.9623 1.53280 3.70000E-02

12.5872 1.55790 2.80000E-02

13.1288 1.59780 2.50000E-02

13.8776 1.61460 3.90000E-02

14.4285 1.68990 3.30000E-02

14.7884 1.58900 2.00000E-02

15.7155 1.63100 2.50000E-02

16.5440 1.58890 2.50000E-02

16.7662 1.60950 3.10000E-02

17.6168 1.48110 1.60000E-02

18.0789 1.39120 1.60000E-02

18.6839 1.27250 1.90000E-02

19.3767 1.10150 1.50000E-02

19.9717 0.951900 1.40000E-02

20.3780 0.882400 8.00000E-03

20.9734 0.830900 1.10000E-02

21.4048 0.891000 1.70000E-02

22.0283 0.939000 1.S0000E-02

22.6841 0.554200 8.00000E-03

23.2259 0.282000 5.00000E-03

0.363400 8.00000E-03

0.170700 8.00000E-03

0.106300 2.00000E-03

9.22000E-02 O.

0.105200 O.

1.03200E-01 O.

1,00100E-01 O.

0,109000 O.

9.79000E-02 O.
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Station = b3 z=-3.24 midspan

• = 0.361 visc = 1.59900E-05

cf = 3.20000E-03 yeff= O.

d99.5 = 0.307932 dell = 6.01724E-02

del2 = 3.06232E-02 H = 1.96493

Uw = 16.4834 Rex = 372139.

Red1 = 620.290 Red2 = 315.681

coefl = 16.4834 coef2 = 0.130786

A+ = 25.0000

K = O. fl = O.

| y U y+ u+ u _

1 5.00000E-04 0.246080 0.206171 0.373224 0.247500

2 1.O0000E-03 0.255520 0.412342 0.387542 0.281000

3 1.50000E-03 0.260480 0.618514 0.395064 0.324200

4 2,50000E-03 0,480968 1.03086 0.729474 0.393700

5 4.50000E-03 1.12178 1.85554 1.70138 0.522700

6 7.50000E-03 2.00430 3.09257 3.03988 0.909500

7 9.50000E-03 2.51519 3.91725 3.81473 0.869100

8 1.25000E-02 3.41142 5.15428 5.17403 1.08210

9 1.45000E-02 3.81938 5.97896 5.79277 1.25400

10 1.70000E-02 4.45318 7.00982 6.75404 1,36260

11 1.90000E-02 4.82573 7.83451 7.31909 1.47380

12 2.15000E-02 5.45949 8.86536 8.28030 1.57580

13 2.35000E-02 5.81182 9.69005 8.81466 1.65910

14 2.65000E-02 6.36133 10.9271 9.64810 1.76710

15 2.90000E-02 6.79893 11.9579 10.31180 1.82360

16 3.15000E-02 7.20262 12.9888 10.9241 1.91450

17 3.45000E-02 7,64215 14.2258 11.5907 1.95720

18 3.80000E-02 8.10589 15.6690 12.2940 2.11060

19 4.15000E-02 8.50824 17.1122 12.9043 2.11040

20 4.55000E-02 9.09612 18.7616 13.7959 2.14460

21 4.85000E-02 9.34427 19.9986 14.1723 2.14660

22 5.45000E-02 9.94070 22.4727 15.0768 2.15010

23 5.95000E-02 10.29405 24.5344 15.6128 2.11340

24 6.65000E-02 10.8288 27.4208 16.4238 2.12260

25 7.30000E-02 11.3007 30.1010 17.1395 1.98460

26 7.95000E-02 11.7086 32.7812 17.7581 1.92290

27 8.75000E-02 12.2373 36.0800 18.5601 1.85240

28 9.50000E-02 12.5982 39.1725 19.1075 1.73250

29 0.105000 13.2711 43.2959 20.1281 1.58310

30 0.112000 13.5299 46.1823 20.5205 1.43300

31 0.125500 14.2165 51.7490 21.5619 1.13410

32 0.135000 14.6460 55.6662 22.2132 0.991300

33 0.146000 14.9554 60.2020 22.6826 0.855300

34 0.163500 15.3932 67.4180 23.3466 0.643800

35 0.183500 15.8268 75.6648 24.0041 0.447600

36 0.206500 16.0881 85.1487 24.4004 0.402700

37 0.250500 16.3838 103.2918 24.8489 0.299000

38 0.325000 16.4583 134.011 24.9620 0.254900

39 0.474000 16.5036 195.450 25.0307 0.143000

40 0,772000 16.5524 318.328 25.1047 0.107100

41 1.27200 16.6768 524.499 25.2933 8.45000E-02 O.

42 1.77200 16.7229 730.671 25.3632 9.62000E-02 O.

43 2.27200 16.7899 936.842 25.4649 9.60000E-02 O.

44 2.77200 16.8509 1143.01 25.5575 0.106000 O.

45 3.27200 16.8930 1349.18 25,6212 1.01700E-01 O.

g_a

1.10000E-02

1. O0000E-02

1. 60000E-02

1. 20000E-02

1.30000E-02

2.10000E-02

2. 40000E-02

2. 20000E-02

2. 30000E-02

3. 90000E-02

4. 90000E-02

4. O0000E-02

3. 80000E-02

4. O0000E-02

4. 20000E-02

4. 20000E-02

4. 20000E-02

5. O0000E-02

4. 70000E-02

4. 60000E-02

4. 30000E-02

4. 20000E-02

3. 30000E-02

3. 80000E-02

3.10000E-02

2. 70000E-02

2. 30000E-02

1. 50000E-02

1. 50000E-02

1. 50000E-02

6. O0000E-03

1. 30000E-02

1. 30000E-02

1. 20000E-02

7. 00000E-03

1. 20000E-02

5. O0000E-03

1. O0000E-02

7. O0000E-03

1. O0000E-03
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Station = b4 z=-3.24

x = 0.361 visc= 1.600005-05

cf = 2.45000E-03 yeff= O.

d99.5 = 0.280231 dell = 7.71034E-02

del2 = 3.487635-02 H = 2.21077

Uw : 16.4617 Rex : 371417.

Red1 : 793.283 Red2 = 358.827

coefl = 16.4617 coef2 = 0.144269

A+ = 25.0000

K = O. fl = O.

i y U 7+

1 5.00000E-04 0.213120 0.180050

2 1.000005-03 0.218560 0.360100

3 1.50000E-03 0.224960 0.540149

4 2.50000E-03 0.372297 0.900249

5 4.500005-03 0.851805 1.62045

6 8.500005-03 1.71943 3.06085

7 1.200005-02 2.45994 4.32120

8 1.500005-02 3.03997 5.40149

9 1.80000E-02 3.48944 6.48179

10 2.15000E-02 4.01170 7.74214

11 2.500005-02 4.56966 9.00249

12 2.80000E-02 4.85018 10.08279

13 3.30000E-02 5.59064 11.8833

14 3.65000E-02 6.93679 13.1436

15 4.150005-02 6.42081 14.9441

16 4.65000E-02 6.93026 16.7446

17 5.150005-02 7.32985 18.5451

18 5.75000E-02 7.80878 20.7057

19 6.350005-02 8.32898 22.8663

20 6.90000E-02 8.64009 24.8469

21 7.75000E-02 9.28372 27.9077

22 8.400005-02 9.71457 30.2484

23 9.15000E-02 10.22820 32.9491

24 9.85000E-02 10.6962 35.4698

25 0.106000 11.2729 38.1706

26 0.112500 11.7103 40.6112

27 0.119500 12.1685 43.0319

28 0.127000 12.7586 45.7327

29 0.133000 13.1424 47.8933

30 0.140500 13.6322 50.5940

31 0.148000 13.9861 53.2947

32 0.158500 14.6110 57.0758

33 0.166500 14.8517 59.9566

34 0.182500 15.4268 65.7182

35 0.196000 15.7716 70.6795

36 0.215500 16.0895 77.6015

37 0.246000 16.3596 88.5845

38 0.302500 16.4590 108.930

39 0.415500 16.5053 149.621

40 0.641500 16.5632 231.004

41 1.09360 16.6007 393.769

42 1.59350 16.6828 573.819

43 2.09350 16.7869 753.868

44 2.59350 16.8369 933.918

45 3.09350 16.9050 1113.97

46 3.59350 16.9760 1294.02

_+

0.369898

0.379339

0.390448

0.646171

1.47842

2.98429

4.26955

5.27627

6.05638

6.96284

7.93125

8.41813

9.70328

10.30407

11.1441

12.0284

12.7219

13.5532

14.4560

14.9960

16.1131

16.8609

17.7524

18.5647

19.5657

20.3247

21.1200

22.1442

22.8103

23.6605

24.2746

25.3593

25.7770

26.7752

27.3736

27.9255

28.3943

28.5667

28.6471

28.7476

28.8127

28.9553

29.1359

29.2227

29.3408

29.4640

u _

0.283600

0.317500

0.358100

0.414200

0.523700

0.749100

0.985100

1.20480

1.33770

1.39320

1.59310

1.57620

1.84830

1.89340

1.91780

2.01970

1.98400

2.01590

2,08790

1.97950

2.04180

1.97030

1.95090

1.87080

1.78090

1.77100

1.64300

1,48380

1.40440

1.23920

1.16570

0.906700

0.940300

0.585300

0.524400

0.476000

0.302400

0.236700

0.198300

0.116900

gamla

1.00000E-02

7.00000E-03

1.00000E-02

1.10000E-02

1.000005-02

1.30000E-02

2.70000E-02

2.70000E-02

4.200005-02

3.80000E-02

4.70000E-02

4.10000E-02

5.600005-02

6.80000E-02

4.700005-02

5.20000E-02

4.800005-02

4.10000E-02

4.600005-02

3.500005-02

3.70000E-02

2.20000E-02

3.200005-02

2.10000E-02

1.90000E-02

2.000005-02

1.80000E-02

1.70000E-02

1.30000E-02

7.00000E~03

1.500005-02

S.O0000E-03

2.60000E-02

7.00000E-03

6.00000E-03

1.40000E-02

7.00000E-03

7.00000E-03

7,00000E-03

3.000005-03

9.50000E-02 O.

9.88000E-02 O.

9.26000E-02 O.

1.00000E-01 O.

9.57000E-02 O.

0.115300 O.
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Station = b5 z=-3.79 upuash

• = 0.361 ViIc= 1.59900E-05

cf = 2.10000E-C0 yeff= O.

d99.5 = 0.290065 dell = 8.80755E-02

de12 = 3,76160E-02 H = 2.34144

Uu = 16.4725 Rex • 371893.

Red1 = 907.334 Red2 • 387.512

coefl = 16.4725 coef2 = 0.127358

A+ = 25.0000

K = O. _1 = O.

• y U y+ u+ u' gma

1 5.00000£-04 0.201600 0.166908 0.377690 0.266300 8.00000£-03

2 1.00000E-03 0.207520 0.333816 0.388781 0.345200 5.00000E-03

3 1.50000E-03 0.215520 0.500724 0.403768 0.383700 1.90000E-02

4 2.50000E-03 0.354182 0.834539 0.663545 0.431100 1.70000E-02

5 4.50000E-03 0.802423 1.50217 1.50331 0.470600 1.20000E-02

6 8.50000E-03 1.56933 2.83743 2.94008 0.611300 1.80000E-02

7 1.25000E-02 2.28241 4.17270 4.27601 0.797000 3.00000E-02

8 1.65000E-02 2.84372 5.50796 5.32760 0.927200 3.10000E-02

9 2.05000E-02 3.33212 6.84322 6.24260 1.11520 4.00000E-02

10 2.50000E-02 3.84344 8.34539 7.20053 1.19450 4.00000E-02

11 2.95000E-02 4.31225 9.84756 8.07684 1.18590 3.60000E-02

12 3.45000E-02 4.90903 11.5166 9.19688 1.43300 3.80000E-02

13 3.85000E-02 5.24927 12.8519 9.83431 1.42070 3.50000E-02

14 4.45000E-02 5.79430 14.8548 10.8554 1.42630 4.10000E-02

15 5.00000E-02 6.17471 16.6908 11.5681 1.40160 3.40000E-02

16 5.70000E-02 6.67345 19.0275 12.5025 1.42530 2.80000E-02

17 6.40000E-02 7.19604 21.3642 13.4815 1.49720 2.90000E-02

18 7.05000E-02 7.57223 23.5340 14.1863 1.40210 2.30000E-02

19 7.90000E-02 8.16225 26.3714 15.2917 1.47530 2.10000E-02

20 8.60000E-02 8.59689 28.7082 16.1059 1.42230 1.60000E-02

21 9.40000E-02 9.15824 31.3787 17.1576 1.43320 1.20000E-02

22 1.01000E-01 9.69689 33.7154 18.1667 1.43420 2.00000E-02

23 0.107500 10.14123 35.8852 18.9992 1.34940 1.10000E-02

24 0.114500 10.6754 38.2219 20.0000 1.37210 1.50000E-02

25 0.121000 11.0445 40.3917 20.6914 1.28090 1.10000E-02

26 0.129500 11.8165 43.2291 22.1377 1.26590 1.40000E-02

27 0.135000 12.2171 45.0651 22.8883 1.20340 9.00000E-03

28 0.141500 12.7048 47.2349 23.8019 1.13920 1.20000E-02

29 0.148000 13.1564 49.4047 24.6480 1.10690 9.00000E-03

30 0.155000 13.5960 51.7414 25.4716 1.01360 9.00000E-03

31 0.162500 14.0206 54.2451 26.2670 0.985100 2.00000E-02

32 0.171000 14.4822 57.0825 27.1318 0.815400 4.00000E-03

33 0.180000 14.8817 60.0868 27.8804 0.683700 7.00000E-03

34 0.191000 15.3224 63.7588 28.7059 0.639800 8.00000E-03

35 0.203500 15.6210 67.9315 29.2654 0.482800 5.00000E-03

36 0.224000 16.0549 74.7747 30.0782 0.498900 8.00000E-03

37 0.247500 16.2667 82.6194 30.4750 0.485200 2.00000E-02

38 0.294500 16.4438 98.3087 30.8069 0.243300 5.00000E-03

39 0.388500 16.5191 129.687 30.9478 0.178900 7.00000E-03

40 0.576500 16.5220 192.445 30.9534 0.130200 3.00000E-03

41 0.952500 16.5996 317.959 31.0987 0.115900 O.

42 1.45250 16,6588 484.867 31.2096 1.00700E-01 O.

43 1.95250 16.7199 651.775 31.3241 9.78000E-02 O.

44 2.44250 16.7669 815.345 31.4122 9.86000E-02 O.

45 2.95250 16.8489 985.591 31.5659 1.01700E-01 O.

46 3.45250 16.9220 152.50 31.7026 9.65000E-02 O.
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Station : cl z=-1.59 doenwash

z = 0.361 visc= 1.61600E-05

¢f = 4.10000El03 yeff = O.

499.5 = 0.341839 dell = 6.35699E-02

del2 = 4.07665E-02 H = 1.55936

Uw = 18.0578 Rex = 403395.

Red1 = 710.354 Red2 = 455.541

coefl = 18.0578 coef2 = 0.156081

A+ = 25.0000

K = O. fl = O.

! y U y+ u+ u' ga_l

1 5.00000E-04 0.328000 0.252971 0.401173 0.525500 7.70000E-02

2 1.00000E-03 0.331840 0.505942 0.405870 0.318000 7.60000E-02

3 1.50000E-03 0.339447 0.758913 0.415174 0.276400 7.60000E-02

4 2.50000E-03 0.745050 1.26485 0.911262 0.369500 9.90000E-02

5 4.50000E-03 1.67031 2.27674 2.04294 0.486400 1.03000E-01

6 6.00000E-03 2.39664 3.03565 2.93130 0.889600 0,113000

7 7.00000E-03 2.84888 3.54159 3.48443 0.724300 0.119000

8 8.00000E-03 3.29358 4.04754 4.02834 1.01240 0.120000

9 9.00000E-03 3.73081 4.55348 4.56311 0.847300 0.108000

10 1.05000E-02 4.34802 5.31239 5.31801 1.16590 0,118000

11 1.20000E-02 5.02999 6.07130 6.15212 0.992200 0.112000

12 1.30000E-02 5.46016 6.57725 6.67826 1.03890 0.114000

13 1.40000E-02 5.80159 7.08319 7.09586 1.07280 0.121000

14 1.55000E-02 6.43168 7.84210 7.86652 1.23270 0.118000

15 1.65000E-02 6.74480 8.34804 8.24949 1.28570 0.131000

16 1.80000E-02 7.21356 9.10695 8.82282 1.37390 0.117000

17 2.00000E-02 7.85401 10.11884 9.60615 1.41110 0.126000

18 2.05000E-02 8.17880 10.37181 10.00340 1.38190 0.119000

19 2.20000E-02 8.63755 11.1307 10.56449 1.44460 0.112000

20 2.35000E-02 9.13711 11.8896 11.1755 1.59440 0.152000

21 2.50000E-02 9.52612 12.6485 11.6513 1.62610 0.127000

22 2.70000E-02 10.09382 13.6604 12.3456 1.55940 0.130000

23 2.85000E-02 10.41527 14.4193 12,7388 1.67830 0.140000

24 3.05000E-02 10.8297 15.4312 13,2457 1.73260 0,123000

25 3.30000E-02 11.4371 16.6961 13.9886 1.77500 0.117000

28 3.50000E-02 11.8231 17.7080 14.4607 1.79170 0.133000

27 3.75000E-02 12.3355 18.9728 15.0875 1.68370 0.128000

28 3.95000E-02 12.5871 19.9847 15.3951 1.88370 0.129000

29 4.35000E-02 13.2127 22.0085 16.1603 1.82190 0.131000

30 4.65000E-02 13.5733 23.5263 16.6013 1.71330 0.112000

31 5.05000E-02 13.9878 25.5501 17.1083 1.68850 0.112000

32 5.50000E-02 14.3327 27.8268 17.5302 1.70330 0.107000

33 6.15000E-02 14.7856 31.1154 18.0841 1.59440 0.105000

34 6.85000E-02 15.1288 34.6570 18.5038 1.44900 9.70000E-02

35 7.85000E-02 15.3255 39.7164 18.7444 1.48380 9.00000E-02

36 9.85000E-02 15.4722 49.8353 18.9239 1.37280 9.70000E-02

37 0.138500 14.7974 70.0730 18.0988 1.91890 0.108000

38 0.167500 14.3929 84.7453 17.6038 2.37210 0.141000

39 0.203000 14.4812 102.7062 17.7118 2.60730 0.171000

40 0.274000 17.1813 138.828 21.0143 1.26420 9.80000E-02

41 0.287000 17.5396 145.205 21.4524 0.937200 5.30000E-02

42 0.305000 17.8429 154.312 21.8234 0.811900 5.10000E-02

43 0.334500 18.0063 169.238 22.0234 0.569700 6.30000E-02

44 0.393500 18.1230 199.088 22.1660 0.317100 3.70000E-02

45 0.511500 18.1338 258.789 22.1792 0.234700 3.80000E-02

46 0.747500 18.1744 378.192 22.2289 0.119400 1.30000E-02

47 1.21950 18.2567 616.996 22.3296 9.87000E-02 O.

48 1.71950 18.3269 869.967 22.4154 1.02100E-01 O.

49 2.21950 18.3939 1122,94 22.4974 1.00100E-01 O.

50 2.71950 18.4759 1375.91 22.5977 8.06000E-02 O.

51 3,21950 18.5530 1628.88 22.6919 1.00300E-01 O.

52 3.71950 18.6520 1881.85 22.8130 0.107900 O.
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Station = ¢2 z=-2.19

x = 0.361 visc = 1.61500E-05

cf = 3.80000E-03 yeff= O.

d99.5 = 0.315950 dell = 4.98164E-02

del2 = 2.86252E-02 H s 1.72823

Uw = 18.0258 Rex = 402930.

Red1 _ 556.025 Red2 = 321.732

coefl - 18.0258 coef2 = 0.149207

i+ = 25.0000

K = O. fl = O.

| y U 7+ u+

1 1.50000E-03 0.326357 0.729776 0.415357

2 2.50000E-03 0.659069 1.21629 0.638803

3 4.50000E-03 1.49549 2.18933 1,90332

4 6.50000E-03 2.30355 3.16236 2.93175

5 8.00000E-03 2.96655 3.89214 3.77555

6 9.00000E-03 3.44588 4.37866 4.38561

7 1.00000E-02 3.86163 4.86518 4.91473

8 1.15000E-02 4.38311 5.59495 5.57842

9 1.30000E-02 5.05437 6.32473 6.43273

10 1.40000E-02 5.43340 6.81125 6.91513

11 1.50000E-02 5.76956 7.29776 7.34297

12 1.65000E-02 6.25844 8.02754 7.96517

13 1.80000E-02 6.81773 8.75732 8.67699

14 1.90000E-02 7.11376 9.24383 9.05374

15 2.05000E-02 7.58121 9.97361 9.64867

16 2.20000E-02 8.02965 10.7034 10.21941

17 2.35000E-02 8,48655 11.4332 10.8009

18 2.50000E-02 8.82808 12,1629 11.2356

19 2.70000E-02 9.34210 13.1360 11.8898

20 2.90000E-02 9.79940 14,1090 12.4718

21 3.10000E-02 10.20944 15.0820 12.9936

22 3.35000E-02 10.7668 16.2983 13.7030

23 3.55000E-02 11.1657 17.2714 14.2107

24 3.80000E-02 11.5737 18.4877 14.7300

25 4.10000E-02 12.0448 19.9472 15.3295

26 4.40000E-02 12.3535 21.4068 15.7224

27 4.90000E-02 12.9530 23.8394 16.4854

28 5.30000E-02 13.2134 25.7854 16.8168

29 6.05000E-02 13.7990 29.4343 17.5621

30 6.70000E-02 14.2285 32.5967 18.1088

31 7,45000E-02 14.5473 36.2456 18.5144

32 8.65000E-02 15.0529 42.0838 19.1580

33 9.85000E-02 15.4932 47.9220 19.7183

34 0.112000 15.8545 54.4900 20.1781

35 0.130500 16.2365 63.4905 20.6643

36 0.154500 16.5609 75.1670 21.0772

37 0.191500 16.8201 93.1681 21.4070

38 0.263500 17.7360 128.197 22.5727

39 0.302500 17.9638 147.172 22.8627

40 0.380500 18.0739 185.120 23.0028

41 0.536500 18.1099 261.017 23.0486

42 0.848500 18.1625 412.810 23.1156

43 1.34850 18.2258 656.069 23.1961

44 1.84850 18.3119 899.328 23.3057

45 2.34850 18.3569 1142.59 23.3630

46 2.84850 18.4619 1385.85 23.4967

47 3.34850 18.5240 1629.10 23.5756

0.314600 7.10000E-02

0.838100 9.60000E-02

0.835200 1.03000E-01

1.04710 8.50000E-02

1.06190 0.132000

1.10050 0.119000

1.12160 0.121000

1.27550 0.141000

1.28790 0.164000

1.47460 0.156000

1.54520 0.152000

1.54770 0.157000

1.73320 0.156000

1.81660 0.159000

1.82430 0.168000

2.05820 0.163000

2.00240 0.154000

2.03460 0.163000

2.17300 0.153000

2.26750 0.192000

2.36960 0.169000

2,40950 0.185000

2.41860 0.167000

2.44510 0.158000

2.40640 0.150000

2.44820 0.163000

2.43230 0.180000

2.38530 0.143000

2.34370 0.136000

2.26960 0.129000

2.15410 0.135000

2.00110 0.129000

1.82630 0.114000

1.51420 9.30000E-02

1.36830 8.20000E-02

1.32750 8.20000E-02

1.46270 9.60000E-02

0.778100 6.70000E-02

0.616600 5.20000E-02

0.309600 4.30000E-02

0.151500 2.80000E-02

0.193000 8.00000E-03

0.112100 O.

0,111500 O.

0.108500 O.

9.98000E-02 O.

9.66000E-02 O.
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Station = c3 z=-2,69 midspan

x = 0.361 v£sc = 1.61500E-05

cf = 3.25000E-03 yeff= O.

d99.5 = 0.299662 dell = 5.95002E-02

de12 = 3.19093E-02 H = 1.86487

Uw = 18.0200 Rex = 402800.

Red1 = 663.897 Red2 = 356.041

coefl = 18.0200 coef2 = 0.152619

A+ = 25.0000

K = O. fl = O.

| y U y+ u+ u s g_a

1 1.00000E-03 0.294240 0.449789 0.405061 0.411100 6.60000E-02

2 1.50000E-03 0.303791 0.674683 0.418210 0.726700 6.80000E-02

3 2.50000E-03 0.624952 1.12447 0.860332 0.596200 9.10000E-02

4 4.50000E-03 1.39714 2.02405 1.92335 0.916900 0.140000

5 7.00000E-03 2.29749 3.14852 3.18280 1.09980 0.148000

6 8.50000E-03 2.86355 3.82320 3.94207 1.46500 0.146000

7 1.00000E-02 3.40188 4.49789 4.68315 1.47040 0.148000

8 1.15000E-02 3.84462 5.17257 5.29263 1.59550 0.178000

9 1.35000E-02 4.37387 6.07215 6.02123 1.77430 0.202000

10 1.55000E-02 5.04870 8.97173 8.94747 2.01130 0.194000

11 1.70000E-02 5.56782 7.64641 7.66485 2.11480 0.516000

12 1.85000E-02 5.92156 8.32109 8.15182 2.27630 0.217000

13 2.05000E-02 6.33715 9.22067 8.72395 2.41970 0.219000

14 2.30000E-02 7.06182 10.34514 9.72155 2.49260 0.218000

15 2.45000E-02 7.33784 11.0198 10.10152 2.56840 0.234000

16 2.70000E-02 7.89984 12.1443 10.8752 2.70270 0.239000

17 2.90000E-02 8.18564 13.0439 11.2686 2.78150 0.235000

18 3.25000E-02 8.96234 14.6181 12.3379 2.89780 0.236000

19 3.45000E-02 9.21070 15.5177 12.6798 2.97500 0.237000

20 3.85000E-02 9.77892 17.3169 13.4620 2.98570 0.235000

21 4.20000E-02 10.27991 18.8911 14.1517 3.06340 0.227000

22 4.55000E-02 10.6821 20.4654 14.7054 3.14420 0.243000

23 4.95000E-02 10.9044 22.2645 15.0113 3.05060 0.215000

24 5.75000E-02 11.6761 25.8629 16.0737 3.04630 0.213000

25 6.25000E-02 11.8805 28.1118 16.3551 3.07640 0.215000

26 7.25000E-02 12.3746 32.6097 17.0354 2.98120 0.198000

27 8.25000E-02 12.8330 37.1076 17.6664 2.88770 0.186000

28 9.35000E-02 13.4658 42.0553 18.5375 2.79290 0.183000

29 1.02000E-01 13.9437 45.8785 19.1953 2.56700 0.150000

30 0.110500

31 0.118500

32 0.129000

33 0.138500

34 0.149500

35 0.159000

36 0.177500

37 0.193500

38 0.225000

39 0.282000

40 0.382500

41 0.583500

42 0.985500

43 1.48550

44 1.98550

45 2.48550

46 2.98550

47 3.48550

14.4569 49.7017 19.9019 2.43270 0.158000

14.8227 53.3000 20.4055 2.22800 0.135000

15.3526 58.0228 21.1349 2.01600 0.134000

15.7760 62.2958 21.7178 1,79690 0.122000

16.3304 67.2434 22.4809 1.47130 8.00000E-02

16.5844 71.5164 22.8307 1.33430 7.60000E-02

17.1490 79.8375 23.8079 1.10160 6.70000E-02

17.4011 87.0341 23.9549 0.991400 7.70000E-02

17.6787 101.2025 24.3371 0.861100 7.00000E-02

17.9634 126.840 24.7290 0.502000 5.00000E-02

18.0329 172.044 24.8247 0.336600 3.80000E-02

18.1070 262.452 24.9268 0.142600 1.80000E-02

18.1796 443.267 25.0267 0.109800 1.00000E-03

18.2438 668.161 25.1151 9.74000E-02 O.

18.3229 893.056 25.2239 0.106600 O.

16.3819 1117.95 25.3052 9,95000E-02 O.

18.4729 1342.84 25.4305 0.106000 O.

18.5650 1567.74 25.5572 9.79000E-02 O.
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Station = c4 z=-3.24

x = 0.361 visc = 1.61400E-05

cf = 2.40000E-03 yeff= O.

d99.5 = 0.283840 dell = 8.14809E-02

del2 = 3.80685E-02 H =. 2.14037

U= = 17.9830 Rex • 402222.

Redl = 907,851 Red2 = 424.155

coefl = 17.9830 coef2 = 0.148340

&+ = 25.0000

K = O. fl = O.

• 7 g y+ u+ u' g=,,,,-a

1 1.50000E-03 0.243200 0.578949 0.390401 0.691900 6.40000E-02

2 2.50000E-03 0.402125 0.964915 0.645517 0.501900 8.50000E-02

3 4.50000E-03 0.945087 1.73685 1.51712 0.745300 0.110000

4 8.50000E-03 2.00832 3.28071 3.22390 1.19890 0.164000

5 1.10000E-02 2.64319 4.24563 4.24302 1.49600 0.179000

6 1.35000E-02 3.16802 5.21054 5.08551 1.68030 0.195000

7 1.60000E-02 3.72388 6.17546 5.97783 1.87400 0.212000

8 1.85000E-02 4.15399 7.14037 6.66827 1.91130 0.226000

9 2.15000E-02 4.78461 8.29827 7.68058 2.29140 0.258000

10 2.40000E-02 5.14532 9.26319 8.25960 2.32340 0.238000

11 2.75000E-02 5.79693 10.6141 9.30561 2.57100 0.249000

12 3.00000E-02 6.03564 11.5790 9.68881 2.59380 0.254000

13 3.50000E-02 6.70019 13.5088 10.7556 2.72120 0.246000

14 3.85000E-02 7.23878 14.8597 11.6202 2.97880 0.266000

15 4.15000E-02 7.50018 16.0176 12.0398 2.91820 0.262000

16 4.70000E-02 8.04876 18.1404 12.9204 2.95340 0.268000

17 5.20000E-02 8.53468 20.0702 13.7004 3.06210 0.263000

18 5.70000E-02 8.69473 22.0001 13.9574 2.99100 0.256000

19 6.70000E-02 9.25425 25.8597 14.8555 2.97990 0.236000

20 7.60000E-02 9.80003 29.3334 15.7317 2.98170 0.242000

21 8.40000E-02 10.07411 32.4212 16.1716 2.91350 0.185000

22 9.85000E-02 10.8551 38.0177 17.4253 2.88870 0.192000

23 0.107500 11.4502 41.4914 18.3806 2.91380 0.266000

24 0.115000 12.0546 44.3861 19.3509 2.85540 0.184000

25 0.121000 12.3047 46.7019 19.7523 2.67390 0.171000

26 0.133000 13.2583 51.3335 21.2831 2.49310 0.142000

27 0.139000 13.7860 53.6493 22.1301 2.46680 0.151000

28 0.144500 14.1595 55.7721 22.7299 2.31050 0.146000

29 0.151500 14.6922 58.4739 23.5849 2.16510 0.142000

30 0.158000 15.0828 60.9827 24.2119 1.94490 1.01000E-01

31 0.166000 15.5924 64.0704 25.0300 1.77780 1.03000E-01

32 0.173500 16.0699 66.9651 25.7965 1.61350 9.90000E-02

33 0.181000 16.4174 69.8599 26.3543 1.38880 7.50000E-02

34 0.191500 16.8441 73.9125 27.0392 1.17760 7.90000E-02

35 0.203500 17.1577 78.5441 27.5427 1.10890 8.80000E-02

36 0.222500 17.6006 85.8775 28.2536 0.832200 6.00000E-02

37 0.243500 17.7334 93.9828 28.4668 0.790100 7.50000E-02

38 0.285500 17.9435 110,193 28.8041 0.574600 4.40000E-02

39 0.369500 18.0138 142,614 28.9169 0.493800 5.00000E-02

40 0.537500 18.0589 207.457 28.9893 0.155100 2.20000E-02

41 0.873500 18.1055 337,141 29.0642 9.9800E-02 2.00000E-03

42 1.37350 18.2038 530.125 29.2219 0.107200 O.

43 1.87350 18.2479 723,108 29.2927 1.00000E-01 O.

44 2.37350 18.3379 916.091 29.4373 1.04000E-01 O.

45 2.87350 18.4059 1109.07 29.5464 9.62000E-02 O.

46 3.37350 18.4860 1302.06 29.6749 0.109200 O.
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Station = c5 z=-3.79 upeash

x = 0.361 visc = 1.61300E-05

cf = 2.25000E-03 yeff= O.

d99.5 = 0.284155 dell = 9.34640E-02

del2 = 4.12376E-02 H = 2.26647

Uw = 17.9971 Rex = 402787.

Red1 = 1042.83 Red2 = 460.109

coefl = 17.9971 coef2 : 0.149402

A+ = 25.0000

K = O. fl = O.

| y U y+ u+ u' gazna

1 5.00000E-04 0.239680 0.187117 0.397058 0.836400 1.03000E-01

2 1.00000E-03 0.236000 0.374234 0.390962 0.493100 9.70000E-02

3 1.S0000E-03 0.244160 0.881351 0.404480 0.525700 9.20000E-02

4 2.50000E-03 0.427317 0.935586 0.707900 0.845200 0.117000

5 4.50000E-03 0.947131 1.68405 1.56903 0.761700 0.114000

6 8.50000E-03 1.94101 3.18099 3.21551 1.18230 0.184000

7 1.10000E-02 2.47048 4.11658 4.09265 1.49480 0.179000

8 1.45000E-02 3.15550 5.42640 5.22745 1.60790 0.219000

9 1.75000E-02 3.64561 6.54910 6,03938 1,77600 0.232000

10 2.10000E-02 4.23676 7.85892 7.01869 2.14440 0,248000

11 2.40000E-02 4.64349 8.98162 7.69248 2.15560 0.243000

12 2.75000E-02 5.06089 10.29144 8.38396 2.23690 0.243000

13 3.15000E-02 5.54834 11.7884 9.19147 2.33240 0.258000

14 3.55000E-02 6.02425 13.2853 9.97987 2.39500 0.254000

15 3.95000E-02 6.52138 14.7823 10.8034 2.60050 0.272000

16 4.35000E-02 6.82195 16.2792 11.3014 2.51430 0.253000

17 5.00000E-02 7.33830 18.7117 12.1568 2.67580 0.249000

18 5.60000E-02 7.69720 20.9571 12.7513 2.57630 0.253000

19 6,45000E-02 8.05552 24.1381 13.3449 2.45920 0.217000

20 7.65000E-02 8.61916 28.6289 14.2787 2.44210 0.216000

21 8.70000E-02 8.91890 32.5584 14.7752 2.40260 0.185000

22 1.04500E-01 9.65787 39.1075 15.9994 2.25610 0.148000
23 0.116000

24 0.122500

25 0.133500

26 0.139000

27 0.144000

28 0.150000

29 0.155000

30 0.162000

31 0.167500

32 0.173000

33 0.179500

34 0.186000

35 0.194500

36 0.203000

37 0.214500

38 0.229000

39 0.250000

40 0,291000

41 0.373000

42 0.537000

43 0.665000

44 1.36500

45 1.86500

46 2.36500

47 2.86500

48 3.36500

10.52484 43.4112 17.4356 2.42650 0.176000

10.8129 45.8437 17.9128 2.29030 0.142000

11.7701 49.9603 19.4986 2.33100 0.141000

12,2996 52.0186 20.3758 2.27270 0.148000

12.7041 53.8897 21.0458 2.20160 0.140000

13.2606 56.1351 21.9677 2.06380 0.144000

13.6060 58.0063 22.5399 2.01740 0.114000

14.2005 60.6260 23.5247 1.97870 0.129000

14.6718 62.6842 24.3056 1.84940 9,50000E-02

15.0942 64.7425 25.0052 1.77780 0.117000

15.5715 67.1751 25.7961 1.56930 9.90000E-02

15.9389 69.6076 26.4047 1.58470 9.60000E-02

16.4233 72.7886 27.2072 1.30410 7.50000E-02

16.7778 75.9696 27.7943 1.11610 7.20000E-02

17.1723 80.2733 28.4479 1.13620 7.90000E-02

17.5138 85.6997 29.0137 0.768400 5.70000E-02

17.7696 93.5586 29.4374 0.727700 8.00000E-02

17.9856 108.902

18.0468 139.589

18.0739 200.964

18.1155 323.713

18.1958 510.830

18.2849 697.947

18.3419 885.064

18.4339 1072.18

18.4950 1259.30

29.7952 0.488300 4.00000E-02

29.8967 0.248400 3.00000E-02

29.9415 0.168000 2.90000E-02

30.0105 0.228100 1.00000E-03

30.1434 1.00000E-01 O.

30.2910 9.86000E-02 O.

30.3856 9.30000E-02 O.

30.5380 0.111200 O.

30.6391 9.44000E-02 O.
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Station = dl z=-1.59 downgash

• = 0.361 visc= 1.62500E-05

cf = 4.45000E-03 yeff= O.

d99.5 = 0.355209 dell = 6.38822E-02

del2 = 4.24693E-02 H = 1.50420

Uw = 19.1109 Rex = 424556.

Red1 " 751.291 Red2 = 499.463

coefl = 19.1109 coef2 = 0.158691

1+ = 25.0000

K " O. fl " O.

| y U y+

1 1.00000E-03 0.387360 0.554745

2 1.50000E-03 0.426567 0.832117

3 2.50000E-03 1.00204 1.38686

4 4.00000E-03 1.94647 2.21898

5 5.00000E-03 2.47783 2.77372

6 6.00000E-03 3.03397 3.32847

7 7.00000E-03 3.50249 3.88321

8 8.00000E-03 3.98215 4.43796

9 9.00000E-03 4.44257 4.99270

10 1.05000E-02 5.14872 5.82482

11 1.15000E-02 5.62412 6.37956

12 1.25000E-02 6.11839 6.93431

13 1.35000E-02 6.56621 7.48905

14 1.45000E-02 6.93815 8.04380

15 1.60000E-02 7.55136 8.87591

16 1.70000E-02 7.91524 9.43066

17 1.85000E-02 8.45801 10.26277

18 1,95000E-02 8.85028 10.8175

19 2.05000E-02 9.27850 11.3723

20 2.15000E-02 9.58158 11.9270

21 2.30000E-02 10.12887 12.7591

22 2.40000E-02 10.34460 13.3139

23 2.60000E-02 10.8767 14.4234

24 2.75000E-02 11.2878 15.2555

25 2.90000E-02 11.7049 16.0876

26 3.05000E-02 12.0956 16.9197

27 3.20000E-02 12.5475 17.7518

28 3.35000E-02 12.7627 18.5839

29 3.65000E-02 13.3849 20.2482

30 3.85000E-02 13.7103 21.3577

31 4.15000E-02 14.1166 23,0219

32 4.50000E-02 14.5693 24.9635

33 4.85000E-02 14.9011 26.9051

34 5.35000E-02 15.3313 29.6788

35 5,90000E-02 15.7709 32.7299

36 6.50000E-02 15.9324 36.0584

37 7.70000E-02 16.3691 42.7153

38 9.10000E-02 16.5080 50.4817

39 0.119000 16.1151 66.0146

40 0.153500 15.5211 85.1533

41 0.182000 15.2448 100.9635

42 0.232500 16.1962 128.978

43 0.259000 17.1879 143.679

44 0.272000 17.8012 150.891

45 0.282500 18.1444 156.715

46 0.297500 18.4557 165.036

47 0.321500 18.8741 178.350

48 0.350000 19.0675 194,161

49 0.407000 19.1141 225.781

50 0.521000 19.1998 289.022

0.429703

0.473196

1.11158

2.15924

2.74869

3.36561

3.88536

4.41745

4.92820

5.71154

6.23890

6.78721

7.28397

7.69657

8.37681

8.78047

9.38257

9.81772

10.29275

10.6290

11.2361

11.4754

12,0656

12.5217

12.9844

13.4178

13.9191

14.1578

14.8481

15.2090

15.6597

16.1619

16.5300

17.0072

17.4948

17.6740

18.1584

18.3125

17.8767

17.2178

16.9112

17.9666

19.0667

19.7471

20.1278

20.4731

20.9372

21.1518

21.2035

21.2985

u _

0.798700

0.714700

0.753000

0.731300

0.849100

1.15530

1.20980

1.25620

1.24660

1.24850

1.46540

1.60370

1.45560

1.48300

1.50250

1.73470

1.75190

1.85790

1.82920

1.91210

1.83420

2.02060

1.92910

2.05330

2.15360

2.07780

2.04420

2.15150

2.14210

2.18580

2.29030

2.25970

2.34850

2.16450

2.05980

2.08090

1.82120

1.74290

2.05890

2.49830

2.67370

2.60650

2.21680

1.82400

1.52600

1.46360

1.08660

0.738400

0.693300

0.450400

gm&

O. 391000

O. 386000

O. 426000

O. 425000

O. 434000

O. 446000

O. 403000

O. 413000

0.413000

0.413000

0.416000

0.419000

O. 390000

O. 370000

O. 353000

O, 401000

O. 390000

0.412000

O. 388000

O. 377000

O, 397000

O. 415000

O. 399000

O. 407000

O. 400000

O. 398000

O. 376000

O, 414000

O. 401000

O. 391000

0.411000

O. 396000

O. 438000

O. 402000

0.381000

O. 412000

O. 370000

O. 361000

O. 487000

O. 576000

O. 634000

O. 594000

O. 481000

O. 384000

O. 347000

O. 321000

O. 267000

O. 201000

O. 168000

8. 90000E-02

532



51 0.749000

52 1.20500

53 1.70500

54 2.20500

55 2.70500

56 3.20500

57 3.70S00

19.2443 415.504 21.3480 0.299500 1.70000E-02

19.2837 668.467 21.3917 1.03000E-01 O.

19.3968 945.839 21.5172 1.00500E-01 O.

19.4729 1223.21 21.6015 1.02600E-01 O,

19.5389 1500.58 21.6748 0.108100 O.

19.6140 1777.96 21.7580 9.55000E-02 O.

19.6960 2055.33 21.8490 9.51000E-02 O.
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Station = d2 z=-2.19

• = 0.361 visc = 1.62300E-05

cf = 3.85000E-03 yeff= O.

d99.5 = 0.361053 dell = 5.09754E-02

de12 = 3.07203E-02 H = 1.65934

Ug = 19.1405 Rex = 425738.

Red1 = 601.166 Red2 = 362.293

coefl = 19.1405 coef2 = 0.160033

I+ = 25.0000

K = O. fl = O.

| y U y+ u+

1 1,50000E-03 0.382966 0,776141 0.456029

2 2.50000E-03 0.786337 1.29357 0.936356

3 4.50000E-03 1.74341 2.32842 2.07602

4 6.00000E-03 2.52443 3.10456 3.00604

5 7.00000E-03 2.96301 3,62199 3.52830

6 8.00000E-03 3.38748 4.13942 4.03376

7 9,00000E-03 3.95872 4,65684 4.71397

8 1.00000E-02 4.40652 5.17427 5.24721

9 1.10000E-02 4.78923 5.69170 5.70293

10 1.25000E-02 5.37755 6,46784 6.40349

11 1.40000E-02 6.02289 7.24398 7.17196

12 1.50000E-02 6.38350 7.76140 7.60136

13 1.65000E-02 6.96283 8.53755 8.29121

14 1.75000E-02 7.38370 9,05497 8.79238

15 1.85000E-02 7.79569 9.57240 9.28297

16 1.95000E-02 8.10110 10.06983 9.64664

17 2.10000E-02 8.58607 10.8660 10.22414

18 2.25000E-02 9.03816 11.6421 10.7625

19 2.40000E-02 9.59940 12.4162 11.4308

20 2.50000E-02 9.82381 12.9357 11.6980

21 2.70000E-02 10.36426 13.9705 12.3416

22 2,85000E-02 10.6185 14.7467 12.6444

23 3.15000E-02 11.4447 16.2990 13.6281

24 3.30000E-02 11.7104 17.0751 13.9446

25 3.55000E-02 12.3075 18.3687 14,6555

26 3.75000E-02 12.5017 19.4035 14.8868

27 4.15000E-02 13.1672 21.4732 15.6793

28 4.45000E-02 13.5589 23.0255 16.1457

29 4.80000E-02 13.9574 24.8365 16.6202

30 5.20000E-02 14.1559 26.9062 16.8566

31 6.00000E-02 14.7864 31.0456 17.6074

32 6.60000E-02 15.1569 34.1502 18.0485

33 7.40000E-02 15.5166 38.2896 18.4769

34 8.50000E-02 15.9072 43,9813 18,9420

35 9.90000E-02 16.3078 51,2253 19.4190

36 0.116500 16.8151 60.2802 20.0231

37 0.133500 17.1716 69.0765 20.4476

38 0.157500 17.4060 81.4948 20.7267

39 0.205500 17.9337 106.331 21.3551

40 0.251000 18.5025 129.874 22.0324

41 0.291000 18.9265 150.571 22.5373

42 0.338000 19,0763 174.890 22.7157

43 0.432000 19.1833 223.529 22.8431

44 0.620000 19.2471 320.805 22.9191

45 0.996000 19.3046 515,357 22.9876

46 1.49600 19.3718 774,071 23.0676

47 1.99600 19.4519 1032.78 23.1630

48 2.49600 19.5239 1291.50 23.2487

49 2,99600 19.6329 1550.21 23.3786

50 3.49600 19.7050 1808.92 23.4643

U I g_a

0.746600 0.352000

0.819100 0.364000

0.847700 0.374000

1.12190 0.398000

1.31130 0.421000

1.28610 0.437000

1.45260 0.432000

1.44700 0.425000

1.49460 0.432000

1.60290 0.428000

1.73920 0.434000

1.75620 0.415000

1.88770 0.398000

1.96300 0.403000

2,07310 0.408000

2.10710 0.398000

2.29570 0.415000

2.35490 0.417000

2.32190 0.417000

2.50420 0.405000

2.47000 0.407000

2.61690 0.448000

2.72030 0,413000

2.81510 0.426000

2.79010 0.428000

2.84430 0.425000

2.87760 0.423000

2.88270 0.436000

2.83480 0,439000

2.89540 0.424000

2.84740 0.414000

2.75510 0.399000

2.64330 0.367000

2.49860 0.400000

2.24960 0.360000

1.95480 0.356000

1.73710 0.350000

1.71550 0.368000

1.65260 0.353000

1.40630 0.287000

0.816800 0.187000

0.639200 0.167000

0.445800 0.110000

0.425200 4.70000E-02

9.990E-02 2,00E-03

9.940 OE-02 O.

9.17000E-02 O.

9.82000E-02 O.

1.04100E-01 O.

0.115800 O.
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Station = d3 z=-2.69 midspan

x = 0.361 visc= 1.62000E-05

cf = 3.40000E-03 yeff= O.

d99.5 = 0.313311 dell = 5,92559E-02

del2 ffi 3.29197E-02 H ffi 1.80001

Uw = 19.1188 Rex = 426042.

Red1 = 899.321 Red2 = 388.509

coefl : 19.1188 coef2 : 0.167798

A+ = 25.0000

K = O. fl = O.

| y U y+ u+

1 1.50000E-03 0.353494 0.729895 0.448433

2 2.50000E-03 0.746038 1.21649 0.946404

3 4.50000E-03 1.57272 2.18969 1.99512

4 7.00000E-03 2.69776 3.40618 3.42230

5 8.00000E-03 3.10796 3.89278 3.94268

6 9,50000E-03 3.67502 4.62267 4.66203

7 1.10000E-02 4.18474 5.35257 5.30866

8 1.25000E-02 4.81835 6.08246 6.11244

9 1.35000E-02 5.07530 6.56906 6.43839

10 1.55000E-02 5.70423 7.54225 7.23623

11 1.70000E-02 6.24307 8.27215 7.91980

12 1.80000E-02 6.55301 8.75874 8.31297

13 1.95000E-02 6.95049 9.48864 8.81721

14 2.15000E-02 7.45646 10.46183 9.45907

15 2.35000E-02 7.99808 11.4350 10.14615

16 2.50000E-02 8.38033 12.1649 10.6311

17 2.70000E-02 8.88168 13.1381 11.2671

18 2.90000E-02 9.27391 14.1113 11.7646

19 3.15000E-02 9.77350 15.3278 12.3984

20 3.40000E-02 10.20150 16.5443 12.9414

21 3.70000E-02 10.8296 18.0041 13.7381

22 3.90000E-02 10.9095 18.9773 13.8395

23 4.30000E-02 11.5501 20.9237 14.6522

24 4.60000E-02 11.8803 22.3835 15.0711

25 5.05000E-02 12.1539 24.5731 15.4181

26 5.90000E-02 12.8428 28.7092 16.2920

27 6.50000E-02 13.0363 31.6288 16.5375

28 7.70000E-02 13.6923 37.4680 17.3697

29 8.60000E-02 14.1625 41.8473 17.9662

30 9.55000E-02 14.4288 46.4700 18.3040

31 0.113500 15.1993 55.2287 19.2814

32 0.125000 15.7566 60.8246 19.9884

33 0.135000 16.2103 65.6906 20.5639

34 0.146000 16.7407 71.0431 21.2369

35 0.156000 17.1379 75.9091 21.7407

36 0,168500 17.5891 81.9916 22.3130

37 0.182000 18.0111 88.5606 22.8484

38 0.198000 18.3351 96.3462 23.2595

39 0.222500 18.7104 108.268 23.7355

40 0.255000 18.8816 124.082 23.9527

41 0.320000 19.0980 155.711 24.2273

42 0.450000 19.1874 218.969 24.3406

43 0.710000 19.2733 345.484 24.4496

44 1.21000 19.3267 588.782 24.5174

45 1.71000 19.3968 832.081 24.6063

46 2.21000 19.4939 1075.38 24.7295

47 2.71000 19.5699 1318.68 24.8259

48 3.21000 19.6600 1561.98 24.9401

u: gamma

1.13990 0.320000

1.13670 0.359000

1.04170 0.408000

1.59040 0.446000

1.45370 0.452000

1.71350 0.461000

1,77130 0.456000

1.99210 0.455000

1.97340 0.487000

2.24370 0.449000

2.41500 0.476000

2.44580 0.471000

2.52770 0.474000

2.73130 0.488000

2.84120 0.480000

2.94980 0.475000

3.03970 0.472000

3.13720 0.470000

3.25940 0.507000

3.34890 0.504000

3.34700 0.467000

3.45630 0.505000

3.44560 0.469000

3.46320 0.471000

3.57120 0.484000

3.46130 0.464000

3.44560 0.456000

3.39210 0.470000

3.29380 0.459000

3.27770 0.451000

2.97220 0.430000

2.75630 0.413000

2.55560 0.360000

2,30200 0.368000

2,00030 0.309000

1.78220 0.285000

1.50260 0.261000

1.40110 0.243000

0.974700 0.181000

0.954300 0.182000

0.746600 0.143000

0.465600 9.70000E-02

0.141900 3.40000E-02

9.77000E-02 O.

0.117600 O.

9.87000E-02 O.

9.56000E-02 O,

1.01300E-01 O.
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Station = d4 z=-3.24

x = 0.361 visc= 1.61800E-05

c_ = 2.90000E-03 7e_f = O.

d99.5 = 0.367107 dell = 7.79691E-02

de12 = 4.03640E-02 H = 1.93165

U= = 19.2340 Rex = 429139.

Red1 = 926.858 Red2 = 479.827

coefl = 19.2340 cool2 = 0.156000

A+ = 25.0000

K " O. fl = O.

! y U y+ u+ u p galma

1 5.00000E-04 0.297120 0.226331 0.405676 1.12360 0.302000

2 1,00000E-03 0.298720 0.452663 0.407860 0.943000 0.312000

3 1.50000E-03 0.305936 0.678994 0.417712 1.05750 0.316000

4 2.50000E-03 0.638632 1.13166 0.871961 1.33490 0.387000

5 4.50000E-03 1.40218 2.03698 1.91448 1.43960 0.450000

6 7,00000E-03 2.30754 3.16864 3.15062 1.63590 0.474000

7 9.00000E-03 2.97673 4.07396 4.06430 1.92840 0.511000

8 1.05000E-02 3.43299 4.75296 4.68726 2.02950 0.519000

9 1.25000E-02 3.98619 5,65828 5.44258 2.22320 0.498000

10 1.45000E-02 4.57482 6,56361 6.24627 2.35140 0.535000

11 1.60000E-02 5.11180 7.24260 6.97945 2.53110 0.542000

12 1.75000E-02 5.47618 7.92159 7,47696 2.76430 0.531000

13 1.95000E-02 5.85053 8,82692 7.98808 2.77570 0.526000

14 2.20000E-02 6.39481 9.95858 8.73121 2.97740 0.530000

15 2.40000E-02 6.84797 10.8639 9.34993 3.06100 0.588000

16 2.60000E-02 7.15772 11.7692 9.77285 3.19740 0.560000

17 2.90000E-02 7.78933 13.1272 10.6352 3.34810 0.564000

18 3.10000E-02 8.07902 14.0325 11.0308 3.43140 0.559000

19 3.45000E-02 8.60861 15.6169 11.7538 3.44428 0.556000

20 3.75000E-02 9.05745 16.9748 12.3667 3.51240 0.578000

21 4.05000E-02 9.22146 18.3328 12.5906 3.51180 0.551000

22 4.65000E-02 9.90760 21.0488 13.5274 3.62390 0.567000

23 5.05000E-02 10.18872 22.8595 13.9113 3.51510 0.572000

24 5.75000E-02 10.6076 26.0281 14.4832 3.57890 0.579000

25 6.60000E-02 11.0369 29.8757 15.0694 3.52390 0.579000

26 7.60000E-02 11.3228 34.4023 15.4597 3.50740 0.577000

27 9.35000E-02 11.8434 42.3240 16,1704 3.48580 0.557000

28 0.110500 12.8240 50.0192 17.5094 3.49470 0.573000

29 0.119000 13.1368 53.8668 17.9365 3.36100 0,563000

30 0.132500 14.0498 59.9778 19.1831 3.27370 0.537000

31 0.139500 14.6107 63.1464 19.9488 3.08580 0.521000

32 0.145500 15.0093 65.8624 20.4931 2.95120 0.498000

33 0.153000 15.5421 69.2574 21.2205 2.84080 0.482000

34 0.160000 15.8977 72.4260 21.7061 2.68100 0.446000

35 0,169500 16.6734 76.7263 22.7652 2.38510 0.386000

36 0.175500 17.0118 79,4423 23.2273 2.11130 0.342000

37 0.184000 17.4074 83.2899 23.7674 1.97360 0.316000

38 0.194500 17.8850 88.0429 24.4195 1.62800 0.268000

39 0.205000 18.2676 92.7958 24.9418 1.51010 0.268000

40 0.218500 18.6042 98.9068 25.4014 1.21550 0.197000

41 0.238500 18.9040 107.960 25.8108 0.861100 0.184000

42 0.271500 19.0270 122.898 25.9787 0.944400 0.202000

43 0.337500 19.1723 152.774 26.1771 0.736100 0.151000

44 0.479500 19.2816 217.052 26.3262 0.432100 9.80000E-02

45 0.733500 19.3743 332.028 26.4529 0.173800 1.70000E-02

46 1.23350 19.4267 558.359 26.5245 9.61000E-02 O.

47 1.73350 19.5109 784,690 26.6393 0.109600 O.

48 2.23350 19.5749 1011.02 26.7268 0.109400 O.

49 2.73350 19.6529 1237,35 28.8333 9.21000E-02 O.

50 3,23350 19.7460 1463.68 26.9603 9.90000E-02 0.
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Station = d5 z=-3.79 upwash

x = 0.361 v£sc = 1.61700E-05

cf = 2.45000E-03 yeff= O.

d99.5 = 0.334747 dell = 9.20223E-02

de12 = 4.40098E-02 a = 2.09095

Uw = 19.2323 Rex = 429367.

Red1 = 1094.50 Red2 = 523.444

coefl = 19.2323 coef2 = 0.162106

A+ = 25.0000

g = O. fl = O.

• y U y+ u+ u' gaz_a

1 1.00000E-03 0.271840 0.416284 0.403844 0.852900 0.226000

2 1.50000E-03 0.280480 0.624425 0.416680 0.904400 0.246000

3 2.50000E-03 0.536185 1.04071 0.796555 1.13030 0.276000

4 4.50000E-03 1.23362 1.87328 1.83266 1.24920 0.361000

5 7.00000E-03 1.97016 2.91399 2.92686 1.35100 0.369000

6 9.00000E-03 2.51911 3.74655 3.74237 1.88550 0.389000

7 1.15000E-02 3.16856 4.78726 4.70721 1.82860 0.418000

8 1.40000E-02 3.88056 5.82797 5.76495 2.09950 0.450000

9 1.60000E-02 4.23112 6,66054 6.28573 2.34190 0.451000

10 1.90000E-02 4.96918 7.90939 7.38220 2.49400 0.475000

11 2.10000E-02 5.35734 8.74195 7.95885 2.68090 0.482000

12 2,35000E-02 5.89157 9.78266 8.75250 2.77580 0.517000

13 2.55000E-02 6.16187 10.6152 9.15404 2.80490 0.507000

14 2.90000E-02 6.62766 12.0722 9.84602 2.89860 0.476000

15 3.25000E-02 7.17784 13.5292 10.6634 3.14220 0.501000

16 3.55000E-02 7.63802 14.7781 11.3470 3.11910 0.537000

17 3.85000E-02 8,03424 16.0269 11.9356 3.21690 0.519000

18 4.20000E-02 8.11665 17.4839 12.0581 3.14850 0.497000

19 4.90000E-02 8.82114 20.3979 13.1046 3.20040 0.513000

20 5.40000E-02 9.03943 22.4793 13.4289 3.11240 0.505000

21 6.40000E-02 9.45503 26.6421 14.0464 3.07130 0.511000

22 7.60000E-02 9.77008 31.6375 14.5144 3.07630 0.467000

23 9.55000E-02 10.39849 39.7551 15.4480 3,10010 0.458000

24 0.111000

25 0.126000

26 0.134500

27 0.139500

28 0.149500

29 0.154000

30 0.162500

31 0.168000

32 0.174500

33 0.180000

34 0.186000

35 0.192500

36 0.199500

37 0.209000

38 0.221000

39 0.236500

40 0.256000

41 0.294000

42 0.370000

43 0.522000

44 0.826000

45 1.32600

46 1.82600

47 2.32600

48 2.82600

49 3.32600

10.9025 46.2075 16.1967 2.97910 0.452000

11.7669 52.4517 17.4809 3.06400 0.459000

12.5629 55.9901 18.6634 3.16080 0.544000

12.8115 58.0716 19.0327 3.09970 0.512000

13.8223 62.2344 20.5343 3.04060 0.524000

14.0767 64.1077 20.9123 2.89420 0.501000

14.8483 67.6461 22.0586 2.59220 0.445000

15.2687 69.9356 22.6831 2.57090 0.408000

15.8281 72.6415 23.5141 2.45810 0.382000

16.2714 74.9310 24.1727 2,29210 0.351000

16.7157 77.4287 24.8328 2.08510 0.325000

17.1590 80.1346 25.4914 2.05660 0.301000

17.5224 83.0486 26.0312 1.75770 0.262000

17.9119 87.0033 26.6098 1.65920 0.243000

18.2924 91.9987 27.1751 1.41160 0.216000

18.6880 98.4511 27.7628 1.20490 0.180000

18.9426 106.569 28.1410 1.20930 0.171000

19.1565 122.387 28.4589 0.871400 0.141000

19.2197 154.025 28.5527 0.726300 0.129000

19.3478 217.300 28.7430 0.422200 7.80000E-02

19.3794 343.850 28.7900 0.105700 6.00000E-03

19.4458 551.992 28.8886 0.105100 O.

19.5079 760,134 28.9808 9.93000E-02 O.

19.6119 968.275 29.1354 9.97000E-02 O.

19.6819 1176.42 29.2394 9.09000E-02 O.

19.7850 1384,56 29.3925 1.01400E-01 O.

537



Station = el z=-1.59 dovn_ash

z = 0.361 vtmc = 1.63000E"05

cf = 4.47000E-03 yeff" O.

d99.8 = 0.512255 dell = 6.44502E"02

de12 = 4.39273E-02 H = 1.46720

Uw = 20.0320 Rex - 443653.

Redl = 792.066 Red2 = 539.848

coefl = 20.0320 coe_2 = 0.161377

A+ = 25.0000

E = O. fl = O.

| 7 U y+ u+ u' 8m

1 1.00000E-03 0.421120 0.581000 0.444674 0.978300 0.836000

2 1.50000E-03 0.469908 0.871500 0.496192 1.12390 0.815000

3 2.50000Z-03 1.11749 1.45250 1.18000 0.989700 0.853000

4 3.50000Z-03 1.79979 2.03350 1.90046 1.00430 0.863000

5 4.50000E-03 2.42709 2.81450 2.56284 0.925000 0.868000

6 5.50000X-03 3.00867 3.19550 3,17696 1.15330 0.666000

7 6.50000E-03 3.55911 3.77650 3.75816 1.27830 0.860000

8 7.50000£-03 4.10680 4.35750 4.33650 1.28910 0.847000

9 8.50000E-03 4.67045 4.93850 4.93168 1.46440 0.853000

10 9,50000E-03 5.23098

11 1.05000E-02 5.88467

12 1.1SO00E-02 6.34594

13 1.25000E-02 6.83430

14 1.35000£-02 7.29476

15 1.45000E-02 7.72965

16 1.55000E-02 8.24183

17 1.65000E-02 8.58092

5.51950 5.52356 1.47340 0.837000

6.10050 6,21381 1.57740 0.828000

6.68150 6.70089 1.67270 0.831000

7.26250 7.21656 1.66230 0.827000

7.84350 7.70277 1.58140 0.816000

8.42450 8,16199 1.83190 0.823000

9.00550 8,70282 1.77370 0.820000

9.58650 9.06088 2.00800 0.824000

18

19 1.90000E-02 9.70047 11.0390 10.24305

20 2.00000E-02 10.03248 11.6200 10,5936

21 2.15000E-02 10.51026 12.4915 11.0981

1.80000E-02 9.25350 10.45800 9.77107 2.00000 0.813000

22 2.30000E-02 11.0119

23 2.45000E-02 11.5197

24 2.60000E-02 11.9949

25 2.75000E-02 12.4508

26 2.90000E-02 12.8154

27 3.10000E-02 13.1509

28 3.40000E-02 13.8423

29 3.60000E-02 14.2139

30 3.85000E-02 14.6234

31 4.15000E-02 15.0910

32 4.45000E-02 15.3799

33 4.95000E-02 15.9909

34 5.35000£-02 16.2462

35 6.15000E-02 16.6962

36 7.05000E-02 16.9174

37 8.85000E-02 17.1331

13.3630 11.6278

14.2345 12.1641

15.1060 12.6658

15.9775 13.1472

16.8490 13.5322

18.0110 13.8865

19.7540 14.6165

20.9160 15,0089

22.3685 15.4413

24.1115 15.9350

25.8545 16.2401

28.7595 16.8854

31.0835 17.1549

35.7315 17.6301

40.9605 17.8636

51.4185 18.0914

72.3345 17.6500

96.4460 17.0916

17.3257

19.7366

20.2756

20.5927

20.8317

21.0415

21,1256

21.2647

21,3432

21.4384

21.5071

38 0.124500 16.7150

39 0.166000 16.1862

40 0.204500 16.4079 118.815

41 0.261500 18.6913 163.552

42 0.298000 19.2016 173.138

43 0.314000 19.5019 182.434

44 0.340500 19.7283 197.831

45 0.393500 19.9269 228.624

46 0.499500 20.0066 290.210

47 0.711500 20.1383 413.382

48 1.13550 20.2127 659.726

49 1.63550 20.3028 950.226

50 2.13550 20.3679 1240.73

2.14260 0.827000

2.13160 0.814000

2.20750 0.827000

2.25480 0.817000

2.29620 0.841000

2.34590 0.825000

2.33710 0.824000

2.33230 0.834000

2.44690 0.853000

2.49730 0.842000

2.49950 0.641000

2.51240 0.844000

2.49830 0.840000

2.45770 0.839000

2.36670 0.836000

2.35550 0.842000

2.25640 0,819000

2.22250 0.822000

2.02820 0.834000

2.05830 0.881000

2.54060 0.913000

2.79000 0.908000

1.81330 0.808000

1.53070 0.744000

1.26830 0.714000

0.956800 0.670000

0.824200 0,579000

1.05340 0.268000

0.343700 3.70000E-02

9.89000E-02 O.

1.03400E-01 O.

1.01600E-01 O.
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Station = e2 z=-2.19

x = 0.361 visc= 1.63000E-05

cf = 4.13000E-03 yeff = O.

d99.5 = 0.462376 dell = 5.18481E-02

del2 = 3.30372E-02 H = 1.56939

Uw - 20.0191 Rex = 443368.

Red1 • 636.780 Red2 = 405.751

coefl 1 20.0191 coef2 = 0.162195

1+ = 25.0000

K = O. fl = O.

Y U y÷ u* u' ga]ma
2.50000E-03 0.950717 1.39527 1.04507 0.977100 0.776000

1

1

2 4.50000E-03 2.02582

3 6.00000E-03 2.97570

4 7.00000E-03 3.44648

5 8.00000E-03 4+00342

6 9.00000E-03 4.58188

7 I.O0000E-02 5.15056

8 1.10000E-02 5.82269

9 1.20000E-02 6.10565

2.51148 2.22688 1.06770 0.796000

3.34864 3.27103 1.33770 0.821000

3.90674 3.78853 1.28380 0.809000

4.46485 4.40075 1.65620 0.810000

5.02296 5.03662 1.59960 0.828000

5.58106 5.66174 1.85810 0.834000

6.13917 6.18073 1.83590 0.811000

6.69728 6.71163 1.89190 0.798000

10 1.30000E-02 6.59942 7.25538 7.25440 2.04540 0.802000

11 1.40000E-02 7.08503 7.81349 7.78820 2.11350 0.825000

12 1.50000E-02 7.51108 8.37159 8.25653 2.08489 0.805000

13 1.60000E-02 8.00691 8.92970 8.80158 2.17590 0.809000

14 1.70000E-02 8.31561 9.46781 9.14092

15 1.85000E-02 8.86289 10,32496 9.74251

16 1.95000E-02 9.37393 10.8831 10,30427

17 2.05000E-02 9.71156 11.4412 10.6754

18 2.20000E-02 10.28820 12.2783 11.3093

19 2.30000E-02 10.55848 12.8364 11.6064

20 2.45000E-02 11.0538

21 2.60000E-02 11.3976

22 2.80000E-02 11.9410

23 2.95000E-02 12,3292

24 3.10000E-02 12.5996

25 3.35000E-02 13.2817

25 3.50000E-02 13,4324

27 3.80000E-02 13,8372

28 4.15000E-02 14,4045

29 4.45000E-02 14.7360

30 4.90000E-02 15.0960

31 5.50000E-02 15.4712

32 6.30000E-02 15.9217

33 7.20000E-02 16.3367

34 8.30000E-02 16.5812

35 0.105000

36 0.123500

37 0.148500

38 0.183500

39 0.233000

40 0.272500

41 0.308500

42 0.377000

43 0.514000

44 0.788000

45 1,28800

46 1.78800

47 2.28800

48 2.78800

49 3.28800

17.1824

17.5514

17.8307

18.4031 102.4125

18.8998 130.039

19.4490 152.084

19.7118 172.176

19.8787 210.406

20.0637 286.867

20.1574 439.788

20.2437 718.841

20.2939 997.894

20.3869 1276.95

20.4589 1556.00

20.5670 1835.05

13.6736 12.1508

14.5108 12.5288

15.6270 13.1262

16.4641 13.5529

17.3013 13.8501

18.6966 14.5999

19.5337 14.7655

21.2080 15.2105

23.1614 15.8341

24.8357 16.1985

27.3472 16.5942

30.6958 17.0066

35.1607 17.5019

40.1837 17.9580

46.3228 18.2269

58.6012 18.8877

68.9261 19.2934

82.8768 19.6004

20.2296

20.7755

21.3793

21.6681

21.8517

22.0550

22.1580

22.2529

22.3080

22.4103

22.4894

22.6082

2.31380 0.800000

2.52090 0.813000

2.47660 0.809000

2.47520 0,806000

2.67470 0.810000

2.72900 0.821000

2.70240 0.820000

2.81900 0.805000

2.85480 0.804000

2.88640 0.798000

2.98350 0.834000

2.92450 0.823000

2.98470 0.817000

3.09430 0.821000

3.11500 0.819000

2.96710 0.834000

3.01970 0.822000

3.05470 0.822000

2.92030 0.814000

2.74420 0.792000

2.73200 0.780000

2.40780 0.767000

2.12810 0.792000

2.03780 0.806000

1.94680 0,781000

1.76630 0.714000

1.34950 0.634000

1.24440 0.574000

1.15660 0.459000

0.589100 0.184000

0.185900 1.70000E-02

9.90000E-02 O.

1.02100E-01 O.

9.80000E-02 O.

9.08000E-02 O.

1.01300E-01 O.
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Station = e3 z=-2.69 midspan

• = 0.361 visc = 1.63100E-05

cf = 4.27000E-C0 yeff= O.
d99.5 = 0.413891 dell = 6.789658-02

del2 = 3.482448-02 8 = 1.66253

Ue = 19.9756 Rex = 442133.

Redl = 709.086 Red2 = 426.512

coefl = 19.9756 coef2 = 0.167257

A+ = 25.0000

I = O. fl = O.

• y U y+ u+ u' gasaa

I 5.00000E-04 0.390560 0.282954 0.423144 1.20840 0.726000

2 1.O0000g-03 0.395520 0.565908 0.428518 0.764500 0.735000

3 1.500008-03 0.452523 0.848862 0.490276 0.952500 0.748000

4 2.500008-03 1.06750 1.41477 1.15656 1.28160 0.777000

5 3.50000£-03 1.73046 1.98068 1.87483 1.40160 0.782000

6 4.50000£-03 2.32584 2.54659 2.51988 1.62290 0.806000

7 5.500008-03 2.86066 3.11249 3.09934 1.55470 0.800000

8 6.500008-03 3.35633 3.67840 3.63635 1.91700 0.794000

9 7.500008-03 3.81662 4.24431 4.13504 1.77160 0.796000

10 8.50000E-03 4.34404

11 9.50000E-03 4.82542

12 1.05000E-02 5.22256

13 1.200008-02 5.93065

14 1.300008-02 6.27063

15 1.45000E-02 6.85405

16 1.55000E-02 7.25640

17 1.65000E-02 7.62325

18 1.75000E-02 7.86148

19 1.95000E-02 8.53110

20 2.10000E-02 8,96603

21 2,25000E-02 9.40807

22 2.40000E-02 9.97591

23 2.50000E-02 10.13835

24 2.70000E-02 10.46828

25 3.00000E-02 11.1191

26 3.20000E-02 11.4526

27 3.50000E-02 12.0200

28 3.75000E-02 12.2828

29 4.20000E-02 12.7937

30 4.65000E-02 13.1935

31 5.20000E-02 13.7240

32 5.70000E-02 13.8564

33 6.70000E-02 14.2355

34 8.05000Eo02 14.6746

35 9.60000E-02 15.2743

36 0.109000 15.7337

37 0.123000 16.4259

38 0.133000 16.8317

39 0.145000 17.3114

40 0.157500 17.8848

41 0.168000 18.1968

4,81022 4.70645 2.02590 0.791000

5.37613 5.22799 2.08740 0.803000

5.94203 5.65827 2.25330 0.811000

6.79090 6.42544 2,39760 0,805000

7.35680 6.79378 2.53290 0.801000

8.20566 7.42587 2.55410 0.804000

8.77157 7.86179 2.72570 0.804000

9.33748 6.25924 2.80760 0.793000

9.90339 8.51735 2,93190 0.813000

11.0352 9.24283 3.02730 0,809000

11.8841 9.71406 3.15530 0.814000

12.7329 10,19298 3.26370 0.803000

13.5818 10.8082

14.1477 10.9842

15.2795 11.3416

16.9772 12.0468

18.1091 12.4081

19.8068 13.0228

21.2215 13.3075

23.7681 13.8610

26.3147 14.2942

29.4272 14.8669

32.2568 15.0124

37.9158 15.4232

45.5566 15.8989

54.3272 16.5487

61.6840 17.0463

69.6067 17.7963

75.2658 16.2359

82,0566 18.7557

89.1305 19.3769

95.0725 19.7150

3.26490 0.798000

3.33970 0.813000

3.43490 0.814000

3.52410 0.818000

3.60660 0.808000

3.58280 0.812000

3.66370 0.834000

3.68980 0.808000

3.64330 0.830000

3.59800 0.819000

3,58460 0.828000

3.52350 0.840000

3,50020 0.814000

3.35510 0.797000

3.27260 0.787000

2.94730 0.758000

2.78080 0.740000

2.58080 0.735000

2.18460 0,706000

1.98460 0.708000

42 0.184500

43 0.201000

44 0.225500

45 0.256500

46 0.318500

47 0.442500

48 0.690500

49 1.18650

50 1.68650

18.6961 104.4100 20.2559

19.0322 113.747 20.6200

19.4244 127.612 21.0449

19.5915 145.155 21,2260

19.7939 180.242 21.4453

19.9903 250.414 21.6581

20.0922 390.759 21.7685

20.1797 671.450 21.8633

20.2558 954.404 21.9458

1.77480 0.653000

1.63630 0.611000

1.32350 0.556000

1.38520 0.625000

1.34470 0.437000

0.839900 0.223000

0.395400 4.10000E-02

9.820008-02 O.

9.780008-02 O.
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Station = e4 z=-3.24

x = 0.381 visc= 1.63300E-05

cf = 3.15000E-03 7eff = O.

d99.5 = 0.385928 dell = 7.68143E"02

de12 = 4.18063E-02 B = 1.83739

Uw = 19.9935 Rex = 441987,

Red1 = 940.470 Red2 = 511.852

coefl = 19.9935 coef2 = 0.169022

A+ = 25.0000

K • O. fl - O.

| y U 7+ u+ u _ gzBma
1 1.00000E-03 0.335520 0.485895 0.422853 1.01700 0.616000

2 1.50000E-03 0.346965 0.728843 0.437277 0.987000 0.851000

3 2.50000E-03 0.796373 1,21474 1.00366 1.43660 0.714000

4 4.00000E-03 1.49889 1.94358 1.88904 1,53600 0.742000

5 6.00000E-03 2.27267 2.91537 2.86423 1.66460 0.773000

6 8,00000E-03 3.05554 3.88716 3.85087 1.94480 0.771000

7 9.50000E-03 3.61128 4.81601 4.55128 2.02680 0.766000

8 1.10000E-02 4.28470 5.34485 5.39997 2.36800 0.766000

9 1.20000E-02 4.62972 5.83074 5.83480 2.39720 0.765000

10 1.35000E-02 5,12220 6.55959 6.45546 2.62740 0,783000

11 1.50000E-02 5.46344 7.28843 6.88552 2.73740 0.774000

12 1.75000E-02 6.18343 8,50317 7.79293 2,88040 0,792000

13 1.90000E-02 6.55270 9.23201 8.25832 3.01880 0.790000

14 2.10000E-02 7.12943 10.20380 8.98516 3.14580 0.796000

15 2,25000E-02 7.55849 10.9326 9.52590 3.28040 0.790000

16 2.40000E-02 7.86419 11.6615 9.91117 3.36100 0.784000

17 2.65000E-02 8,29927 12.8762 10.45950 3.44280 0.784000

18 2.95000E-02 8.86385 14.3339 11.1710

19 3,20000E-02 9.34422 15.5487 11.7764

20 3.45000E-02 9.80197 16.7634 12.3533

21 3.70000E-02 10.05469 17.9781 12.6718

22 4.20000E-02 10,48810 20.4076 13.1929

23 4.80000E-02 11.0913 23,3230 13.9782

24 5.25000E-02 11.3413 25.5095 14.2934

25 6.15000E-02 11.8263 29.8826 14.9046

26 7.10000E-02 12.1827 34.4986 15.3537

27 8.45000E-02 12.5085 41.0582 15.7643

28 0.105500 13.1554 51.2620 16.5796

29 0.121500 13.8889 59,0363 17.5041

30 0.132000 14.4606 64.1382 18.2245

31 0,141000 15.0647 68.5113 18.9859

32 0.148000 15.4355 71.9125 19.4532

33 0.157000 16.1963 76.2856 20.4121

34 0.162500 16,6437 78.9580 20.9760

35 0,168500 16.9362 81.8734 21.3446

36 0.178500 17.5329 86.7323 22.0966

37 0.186500 18.0484 90.6195 22.7463

38 0.194000 18.3509 94,2637 23.1275

39 0.206000

40 0.218500

41 0.242000

42 0.267000

43 0.317000

44 0.417000

45 0.617000

46 1.01700

47 1.51700

48 2.01700

49 2.51700

50 3.01700

51 3.51700

18.8175 100.0945 23.7156

19.0831 106.168 24.0503

19.5530 117.587 24.6425

19.7138 129.734 24.8452

19.8759 154_029 25.0494

19.9981 202.618 25.2009

20.0931 299.797 28.3231

20.1606 494,156 25.4083

20.2668 737.103 25.5421

20.3269 980.051 25.6178

20.4109 1223.00 25.7237

20.4949 1465.95 25.8296

20,5990 1708.89 25.9607

3.54820 0.796000

3.62860 0.791000

3.68580 0.807000

3.70120 0.803000

3.65840 0.800000

3.73320 0.826000

3.68500 0.796000

3.75540 0,814000

3.66660 0.813000

3.62720 0.829000

3.67000 0.808000

3.55980 0.808000

3.50080 0.800000

3.36120 0.775000

3.25940 0.783000

3,01540 0.739000

2.76720 0.731000

2.70900 0.688000

2.45960 0.666000

2.20580 0.610000

2.10200 0.574000

1.68680 0.525000

1.77700 0.485000

1.25740 0.421000

1.19960 0.358000

0.894600 0.295000

0.774200 0.180000

0.380800 5.50000E-02

1.012E-01 1.00000E-03

1.04800E-01 O.

0.108800 O.

9,72000E-02 O.

9.50000E-02 O.

1.01400E-01 O.
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Station = e5 z=-3.79 upuash

x = 0,361 vise " 1.63300E-05

c_ " 2.85000E-03 yeff= O.

d99.5 = 0.382819 dell = 8.90439E-02

del2 = 4.59719E-02 8 = 1.93692

Ue = 20.0269 Rex = 442726.

Red1 = 1092.02 Red2 = 563.794

coefl = 20.0269 coef2 = 0.170613

1+ = 25.0000

I = O. 51 = O.

• y U y+ u+ u' 8m

1 1.000008-03 0.311200 0.462961 0.411641 1.24540 0.500000

2 1.500008-03 0.327248 0.694427 0.432868 1.44420 0.517000

3 2.500008-03 0.671035 1.15738 0.887614 1.14450 0.579000

4 4.50000E-03 1.49985 2.08328 1.98393 1.42560 0.669000

5 6.50000E-03 2.23087 3.00918 2.95089 1.61620 0.697000

6 8.00000E-03 2.82118 3.70361 3.73173 1.88410 0.704000

7 9.50000E-03 3.29874 4.39803 4.36341 2.03580 0.714000

8 1.15000E-02 3.94297 5.32394 5.21558 2.30310 0.727000

9 1.200008-02 4.31616 5.55541 5.70921 2.32990 0.740000

10 1.SO000E-02 4.94164 6.94427 6.53656 2.53810 0.717000

11 1.70000E-02 5.25485 7.87017 6.95087 2.64960 0.743000

12 2.05000E-02 6.31164 9.49050 8.34875 2.94530 0.754000

13 2.200008-02 6.69250 10,18492 8.72025 3.02400 0.752000

14 2.500008-02 7.23044 11.5738 9.56409 3.24280 0.766000

15 2.700008-02 7.56147 12.4997 10.00196 3.30350 0.768000

16 3.000008-02 8.15799 13.8885 10.7910 3.32310 0.773000

17 3.250008-02 8.61884 15.0459 11.4006 3.40600 0.789000

18 3.500008-02 8.62685 16.2033 11.6757 3.42340 0.781000

19 4.00000E-02 9.46148 18.5180 12.5152 3.37800 0.798000

20 4.400008-02 9.90978 20.3698 13.1082 3.47710 0.778000

21 4.85000E-02 10.00403 22.4531 13.2329 3.44560 0.775000

22 5.750008-02 10.6684 26.6197 14.1117 3.43920 0.778000

23 6.40000E-02 11.0089 29.6289 14.5620 3.33890 0.798000

24 7.35000E-02 11.1942 34.0269 14.8072 3.34090 0.791000

25 9.250008-02 11.4783 42.8230 15.1830 3.30530 0.788000

26 0.127000 12.5897 58.7948 16.6530 3.46290 0.791000

27 0.142500 13.6236 65.9705 17.8883 3.35440 0.804000

28 0.150500 14.0923 69.6741 18.6406 3.28990 0.788000

29 0.157500 14.7178 72.9148 19.4681 3.23920 0.771000

30 0.163000 15.1832 75.4610 20.0837 3.08030 0.769000

31 0.168500 15.5796 78.0073 20.6080 2.94430 0.733000

32 0.175000 16.2900 81.0164 21.5476 2.79260 0.698000

33 0.179500 16.5543 83.0997 21.8972 2.71510 0.693000

34 0.188000 17.1917 87.0348 22.7404 2.49910 0.618000

35 0.194500 17.5921 90.0440 23.2700 2.32610 0.565000

36 0.202500 18.0605 93.7476 23,8895 2.16900 0.506000

37 0.211000 18.5678 97.6827 24.5607 1.83520 0.449000

38 0.219000 18.8642 101.3863 24.9527 1.71290 0.398000

39 0.232500 19.1937 107.636 25.3886 1.57760 0.373000

40 0.253000 19.5114 117.127 25.8088 1.35480 0.319000

41 0.285000 19.7923 131.941 26.1803 1.14350 0.282000

42 0.342000 19.9473 158,329 26.3854 0.917700 0.234000

43 0.456000 20.0724 211.106 26.5508 0.621400 0.156000

44 0.684000 20.1392 316.659 26.6392 0.354400 3,90000E-02

45 1.14000 20.2247 527.764 26.7523 9.690008-02 O.

46 1.64000 20.3048 759.240 26.8583 9.950008-02 O,

47 2.14000 20.3829 990.715 26.9615 9.870008-02 O.

48 2.64000 20.4829 1222.19 27.0939 9.51000E-02 O.

49 3.14000 20.5669 1453.67 27.2050 9.330008-02 O.

50 3.64000 20.8450 1685.14 27.3082 9.550008-02 O.
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K=0.75×10 "6 CASE DATA

Single Hot-Wire Profiles

Mean Temperature Prof'des

Cross-Wire Profiles

tag_

545

550

555

544



Station = 1 K=O.75x10-6

x = 10.6000 visc= 1.58364E-05

cf = 6.00000E-03 yeff= -1.50000E-03

d99.5 = 0.450052 dell = 6.90487E-02

del2 = 3.74294E-02 H = 1.84477

Ue = 8.19867 Rex = 54877.2

Red1 = 357.471 Red2 = 193.776

coefl = 8.19867 coef2 z 0.205407

A+ = 26.6600

K = 7.50000E-07 _1 = 4.70019E-06

• 7 U y+ u+

1 5.000E-04 1.0000E-10 0.141781 2.23E-10

2 1.500E-03 1.0000E-10 0,425342 2.23E-10

3 3.500E-03 1.0000E-10 0.992464 2.23E-10

4 7.500E-03 0.934184 2.12671 2.08031

5 1.150E-02 1.54519 3.26095 3.44094

6 1.550E-02 2.01675 4.39520 4.49105

7 1.950E-02 2.42502 5.52944 5.40022

8 2.400E-02 2.82290 6.80547 6.28625

9 2.850E-02 3.20288 8.08149 7.13242

10 3.300E-02 3.54114 9.35752 7.88567

11 3.850E-02 3.94570 10.9171 8.78658

12 4.400E-02 4.23498 12.4767 9.43077

13 5.150E-02 4.61984 14.6034 10.28780

14 5.950E-02 5.05583 16.8719 11.2587

15 6.700E-02 5.30234 18.9986 11.8076

16 7.900E-02 5.75524 22.4013 12.8162

17 9.000E-02 6.11540 25.5205 13.6182

18 1.025E-01 6.43570 29.0650 14.3315

19 0.118500 6,74798 33.6020 15.0269

20 0.139500 7.08828 39.5568 15.7847

21 0.165500 7.38508 46.9294 16.4456

22 0.201500 7.66426 57.1376 17.0674

23 0.256000 8.00720 72.5917 17.8310

24 0.322500 8.12583 91.4485 18.0952

25 0.455500 8.25543 129.162 18.3838

26 0.721500 8.31059 204.589 18.5066

27 1.22150 8.41443 346.370 18.7379

28 1.72150 8.53805 488.151 19.0132

29 2.22150 8.61535 629.931 19.1853

30 2.72150 8.67583 771.712 19.3200

31 3.22150 8.67810 913.492 19.3250

32 3.72150 8.75033 1055.27 19.4859

33 4.22150 8.75226 1197.05 19.4902

34 4.72150 8.79880 1338.83 19.5938

35 5.22150 8.80502 1480.61 19.6077

36 5.72150 8.82340 1622,40 19.6486

37 6.22150 8.82680 1764.18 19,6562

38 6.72150 8.83674 1905.96 19.6783

39 7.22150 8.83206 2047.74 19.6679

40 7.72150 8.80016 2189.52 19.5969

41 8.22150 8.80688 2331.30 19.6118

42 8.72150 8.78049 2473.08 19.5531

43 9.22150 8.71620 2614.86 19.4099

44 9.72150 8.59615 2756.64 19.1425

45 10.22150 8.31919 2898.42 18.52S8

U;

0.333676

0.402146

0.457270

0.600075

0.747644

0.855769

0.927103

1.05100

1.13061

1.16781

1.19059

1,22729

1.25238

1.27440

1.30844

1.27118

1.24807

1.24860

1,21699

1.13669

1.09800

1,00572

0.907701

0.833130

0,760209

0.753960

0.733108

0.733997

0.712864

0.704758

0.709979

0.687430

0.700499

0.696722

0.690835

0.687028

0.694461

0.712291

0.712192

0.727927

0.735858

0.756680

0.797959

0.826244

0.871601
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Station = 2 K=O.75xlO -6

x = 35.3000 vise = 1.58855E-05

cf = 6.40000E-03 yeff= -1.50000E-03

499.5 = 2.19560 dell = 0.137088

del2 = 1.02539E-01 H = 1.33694

Uw = 9.15425 Rex • 203421.

Redl = 789.991 Red2 = 590.893

coefl = 9.15425 coef2 = 6.27211E-02

A+ = 28.4400

K = 7.50000E-07 fl = O.

1 y U y+ u+ u _

1 5.000E-04 1,000E-10 0.162992 1.93E-10 0.323758

2 1.500E-03 1.000E-10 0.488977 1.93E-10 0.400811

3 3.500E-03 0.386586 1.14095 0.746532 0.467620

4 7.500E-03 1.29469 2.44488 2.50015 0.641532

5 1.050E-02 1.94517 3.42284 3.75630 0.775622

6 1.300E-02 2.34512 4.23780 4.52864 0,880485

7 1.600E-02 2.80547 5.21575 5.41761 0.967062

8 1.900E-02 3.15046 6,19370 6.08382 1.02574

9 2.300E-02 3.60658 7.49764 6.96462 1.12245

10 2.650E-02 3.97992 8.63859 7.68557 1.14118

11 3.050E-02 4.30110 9.94252 8.30581 1.18700

12 3.550E-02 4.70839 11.5724 9.09232 1.20244

13 4.050E-02 5.10828 13.2024 9.86454 1.22677

14 4.550E-02 5.34532 14.8323 10.32228 1.22531

15 5.450E-02 5.76799 17.7661 11.1385 1.22219

16 6.350E-02 6.11874 20.7000 11.8158 1.16929

17 7.450E-02 6.40555 24.2858 12.3697 1,16343

18 9.050E-02 6.73949 29.5016 13.0146 1.08600

19 0.111000 7.05069 36.1843 13.6155 1.03370

20 0.138500 7.29253 45.1488 14,0825 0.962046

21 0.187000 7.62432 60.9591 14.7232 0.883742

22 0.248000 7.88818 80.8441 15.2328 0.853249

23 0.342500 8.18463 111.650 15.8052 0.797101

24 0,473500 8.47097 154,354 16.3582 0.764258

25 0.659500 8.74683 214.987 16.8909 0.705848

26 0.935500 8.98586 304.958 17.3525 0,666744

27 1.40500 9.11476 458.008 17.6014 0.606066

28 1.90500 9.21348 621.000 17.7920 0.583156

29 2,40500 9.26976 783.992 17.9007 0.574931

30 2.90500 9.29047 946,985 17.9407 0.569935

31 3.40500 9.35583 1109.98 18.0669 0.569220

32 3.90500 9.39633 1272.97 18.1451 0.568276

33 4.40500 9.42481 1435.96 18.2001 0.572466

34 4.90500 9.45106 1598.95 18.2508 0.579937

35 5.40500 9.49370 1761.95 18.3332 0.562530

36 5.90500 9.50336 1924.94 18.3518 0.582687

37 6.40500 9.51536 2087.93 18.3750 0.583375

38 6.90500 9.50046 2250.92 18.3462 0.593084

39 7.40500 9.49603 2413.91 18.3377 0.603781

40 7.90500 9.43888 2576.91 18.2273 0,625714

41 8.40500 9.35486 2739.90 18.0651 0.650171

42 8.90500 9.16409 2902.89 17.6967 0.710525
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Station = 3 K=O.75xlO-6

z = 61.0000 visc= 1.59069E-05

cf = 6.00000E-03 yeff= -1.00000E-03

d99.5 = 2.76647 dell = 0.164510

del2 = 0.126062 H = 1.30500

Uw = 10.33877 Rex = 396471.

Red1 = 1069.24 Red2 = 819.341

coefl = 10.33877 coef2 = 6.65385E-02

A+ = 28.8300

K = 7.50000E-07 fl = -2.71815E-06

! y U y+ u+ u'

1 5.00000E-04 1.000E-10 0.177997 1.77E-10 0.315282

2 1.00000E-03 1.000E-10 0.355994 1.77E-10 0.350634

3 2.00000E-03 1.000E-10 0.711988 1.77E-10 0.420385

4 4.00000E-03 0.609668 1.42398 1.07662 0.511997

5 8.00000E-03 1.56270 2.84795 2.75960 0.707260

6 1.05000E-02 2.17934 3.73794 3.84853 0.856746

7 1.25000E-02 2.48999 4.44992 4.39712 0.912016

8 1.60000E-02 3.11850 5.69590 5.50701 1.06471

9 1.85000E-02 3.47034 6.58589 6.12833 1.12344

10 2.15000E-02 3.90735 7.65387 6.90007 1.20232

11 2.40000E-02 4.20513 8.54385 7.42592 1.24801

12 2.75000E-02 4.56286 9.78983 8.05763 1.29347

13 3.15000E-02 4.91327 11.2138 8.67643 1.31634

14 3.60000E-02 5.34486 12.8158 9.43859 1.33112

15 4.00000E-02 5.61879 14.2398 9.92232 1.35582

16 4.60000E-02 6.03277 16.3757 10.6534 1.33959

17 5.20000E-02 6.30632 18.5117 11.1364 1.32412

18 8.10000E-02 6.70715 21.7156 11.8443 1.28901

19 7.05000E-02 6.94504 25.0976 12.2644 1.25685

20 8.75000E-02 7.41698 31.1495 13.0978 1.20147

21 1.02500E-01 7.62840 36.4894 13.4711 1.15859

22 0.132500 7.97992 47.1692 14.0919 1.08136

23 0.188500 8.25563 59.9850 14.5788 1.00347

24 0.223500 8.58869 79.$646 15.1669 0.965780

25 0.291000 8.84071 103.5942 15.6120 0.902488

26 0.402000 9.20800 143.110 16.2570 0.858136

27 0.525500 9.48696 187.075 16.7532 0.796630

28 0.705500 9.76680 251.154 17.2474 0.722506

29 0.969000 9.99737 344.958 17.6545 0.648586

30 1,43800 10.24433 511.919 18.0906 0.566832

31 1,93800 10.35928 689.916 18.2936 0.522571

32 2.43800 10,44011 867.913 18.4364 0.511412

33 2,93800 10.48736 1045.91 18.,5198 0.488462

34 3.43800 10.55421 1223.91 18.8379 0.485430

35 3.93800 10.5868 1401.90 18.6953 0.483213

36 4.43800 10.6175 1579.90 18.7498 0.488120

37 4.93800 10.6878 1757.90 18.8384 0.483076

38 5.43800 10.7062 1935.90 18.9063 0.493184

39 5.93800 10.7048 2113.89 18.9038 0.498842

40 6.43800 10.6989 2291.89 18.8935 0.507863

41 6.93800 10.6797 2469.89 18.8594 0.521814

42 7,43800 10.5819 2647.88 18.6868 0.553747

43 7.93800 10.16523 2825.88 17.9510 0.637594

547



Station = 4 K=O.75xlO-6

• = 86.1000 visc= 1.59340E-05

cf = 5.80000E-03 yeff= -1.50000E-03

d99.5 = 2.33285 dell = 0.155562

del2 = 0,120064 B = 1.29565

Ug " 11.5859 Rex = 626047.

Red1 = 1131.11 Red2 = 873.007

coefl = 11.5859 coef2 = 5.89633E-02

A+ = 29.1600

K = 7.50000E-07 fl = -8.53632E-07

| y U y+ u+ u'

1 5.00000E-04 1.000E-10 0.195782 1.603E-10 0.383104

2 1.50000E-03 1.000E-10 0.587346 1.603E-10 0.467799

3 3.50000E-03 0.656311 1.37047 1.05192 0.582578

4 6.00000E-03 1.47298 2.34939 2.36085 0.730649

5 8.00000E-03 1.98842 3.13251 3.18698 0.840334

6 1.00000E-02 2.50912 3.91564 4.02154 0.938680

7 1.20000E-02 2.97646 4.69877 4.77059 1.04422

8 1.40000E-02 3.40267 5.48190 5.45370 1.14203

9 1.60000E-02 3.76117 6.26503 6.02829 1.20669

10 1.85000E-02 4.26974 7.24394 6.84341 1.31502

11 2.05000E-02 4.51348 8.02707 7.23407 1.29896

12 2.45000E-02 5.11488 9.59332 8.19799 1.41196

13 2.70000E-02 5.43788 10.57223 8,71568 1.47151

14 3.00000E-02 5.80958 11,7469 9.31143 1.45794

15 3.35000E-02 6.14821 13,1174 9.85418 1.46174

16 3.75000E-02 6.47617 14.6837 10.37982 1.44959

17 4.25000E-02 6.82656 16.6415 10.9414 1.46057

18 4.85000E-02 7.22087 18.9909 11.5734 1.42137

19 5.50000E-02 7.47422 21,5360 11.9795 1.41351

20 6.55000E-02 7.91395 25.6475 12.6843 1.35604

21 7.55000E-02 8.17000 29.5631 13.0946 1.31728

22 9.20000E-02 8.53463 36.0239 13.6791 1.24681

23 0,111000 8.84724 43,4636 14.1801 1.17070

24 0.136500 9.10080 53.4485 14.5865 1.12011

25 0,178500 9.41123 69.8942 15.0840 1.07348

26 0.234500 9,76871 91.8218 15.6570 0.999636

27 0.299000 10.04526 117.078 16.1003 0.968984

28 0.394000 10.34637 154.276 16.5829 0.912199

29 0.523000 10.6207 204.788 17.0226 0.861165

30 0.715000 10.9519 279.968 17.5534 0.765865

31 0.953000 11.2089 373.161 17.9653 0.682942

32 1.33200 11.3851 521.563 18.2477 0.617038

33 1.83200 11.5626 717.346 18.5322 0.526795

34 2.33200 11.6653 913.128 18.6969 0.475460

35 2.83200 11.7386 1108.91 18.8142 0.438717

36 3.33200 11.7806 1304.69 18.8816 0.430326

37 3.83200 11.6092 1500.47 18.9274 0.423129

38 4.33200 11.8299 1696.26 18.9607 0.422790

39 4.83200 11.8628 1892.04 19.0133 0.430791

40 5.33200 11.8920 2087.82 19.0602 0.430114

41 5.83200 11.8592 2283.60 19.0076 0.432425

42 6,33200 11.7865 2479.38 18.8910 0.463883

43 6.83200 11.5540 2675.17 18.5184 0.534938

44 7.33200 10.39761 2870.95 16.6650 0,783310
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Station = 5 K=O.75xlO-6

x = 110.800 visc = 1.59538E-05

cf = 5.60000E-03 yeff= -1.50000E-03

d99.5 = 2.53413 dell = 0.147548

del2 = 0.114316 H = 1.29071

Uw = 13.2966 Rex = 923454.

Red1 = 1229.73 Red2 = 952.755

coefl = 13.2966 coef2 = 3.89102E-02

A+ = 29.4400

K = 7.50000E-07 fl = -1.62836E-06

| y U y+ u+ u'

1 5.00000E-04 1.000E-10 0.220508 1.42E-10 0.417830

2 1.50000E-03 1.000E-10 0.661525 1.42E-10 0.522570

3 3.00000E-03 0.665717 1.32305 0.946175 0.608590

4 5.00000E-03 1.47546 2.20508 2.09705 0.770807

5 6.50000E-03 2.01761 2.86661 2.86761 0.868504

6 8.00000E-03 2.48061 3.52813 3.52566 0.991470

7 9.50000E-03 2.96425 4.18966 4,21305 1.05991

8 1.10000E-02 3.42337 4.85118 4.86559 1.15978

9 1.25000E-02 3.83777 5.51270 5.45458 1.24938

10 1.40000E-02 4.17041 6.17423 5.92735 1.31807

11 1.60000E-02 4.57607 7.05626 6.50391 1.34048

12 1.80000E-02 5.02235 7.93830 7.13820 1.43588

13 1.95000E-02 5.33291 8.59982 7.57959 1.46981

14 2.15000E-02 5.65620 9.48185 8.03908 1.53022

15 2.40000E-02 6.16363 10,5844 8.76029 1.57753

16 2.60000E-02 6.37335 11.4664 9.05837 1.57165

17 3.00000E-02 6.91818 13.2305 9.83272 1.59771

18 3.30000E-02 7.24496 14.5535 10.29717 1.59886

19 3,65000E-02 7.60981 16.0971 10.8157 1.60080

20 4.05000E-02 7.93267 17.8612 11.2746 1,58565

21 4.55000E-02 8.28249 20.0662 11.7718 1.57280

22 5.15000E-02 8.61140 22.7123 12.2393 1.54741

23 5.90000E-02 8.95629 26.0200 12.7295 1.51037

24 6.80000E-02 9.31260 29,9891 13.2359 1.44640

25 7.85000E-02 9.58204 34.6198 13.6188 1.38710

26 9.50000E-02 9.92965 41.8966 14.1129 1.32420

27 0.115000 10,22921 50.7169 14.5387 1.28545

28 0.143000 10.$6666 63.0653 15.0183 1.17425

29 0,177500 10.8799 78.2804 15.4634 1.16165

30 0.222000 11.2048 97.9056 15.9253 1.08063

31 0.278500 11.4963 122.823 16.3396 1.07086

32 0.357000 11.8439 157.443 16.8336 1.03088

33 0.448500 12.1232 197.796 17.2306 0.942710

34 0.583500 12.4439 257.333 17.6863 0.880809

35 0.755000 12.6609 332.967 17.9948 0.803105

36 1.07950 12.9718 476.077 18.4367 0.662076

37 1.50900 13.1313 665.494 18.6634 0.577729

38 2.00900 13.2651 886.002 18.8535 0,499257

39 2.50900 13.3247 1106.51 18.9382 0.454693

40 3.00900 13.4039 1327.02 19.0508 0.413059

41 3.50900 13.4275 1547.53 19.0844 0.396594

42 4.00900 13.4466 1768.03 19.1115 0.382213

43 4.50900 13.4669 1988.54 19.1403 0.380530

44 5.00900 13.4484 2209.05 19.1140 0.383946

45 5.50900 13.3878 2429,56 19.0279 0.421412

46 6.00900 12.9134 2650.07 18.3537 0.609558
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Station = 1 K=O.75Z10-6

patm = 754.000

• • 7.80000 visc = 1.60642E-05

cf = 6.00000E-03 yeff• 1.30000E-03

Tw = 29.7200 7inf= 28.0282

Tw measured = 29.96607w correct/on = -0.246000

q ealZ = 71.5000 Stanton |o. = 4.47379E-03

q W=LT1 measured (w/Tw measured) = 77.2100

q ,All measoJ_ed (w/Tg ¢o_ected) = 78.5292

delther = 0.279708 deleth = 2.37343E-02

delcon = 6.22140E-04 qadded = 3.69855

Ue = 8,11080 Rex = 39382.1

Reh = 119.920

coefl = 8.11080 cool2 = 0.205407

&+ = 26.6600 K = 7.50000E-07

fl = 4.75092E-06 f2 = -4.07539E-05

| y T Tnd y+ t+ Pr_

1 0.0043 29.598 0.072 1.19 0.89 -0.025

2 0.0053 29,571 0.088 1.47 1.08 -0.019

3 0.0063 29.541 0.106 1.74 1.29 0,028

4 0,0073 29.522 0.117 2.02 1.43 0.081

5 0.0083 29.496 0.132 2.30 1.62 0.386

6 0.0093 29.473 0,146 2.57 1.79 -0.107

7 0.0103 29.427 0,173 2.85 2.12 -0.413

8 0.0113 29.419 0.178 3.13 2.17 -0.935

9 0.0123 29.380 0.201 3.40 2.46 -1.073

10 0.0133 29.341 0.224 3.68 2,74 1.012

11 0.0153 29.304 0.246 4.23 3,01 0.381

12 0.0193 29.215 0.298 5.34 3.65 0.547

13 0.0243 29.099 0.367 6.73 4.49 0.751

14 0.0293 29.009 0.420 8.11 5.15 0.944

15 0.0358 28.876 0.499 9.91 6.10 1.198

16 0.0413 28.783 0.554 11.43 6.78 1.334

17 0.0483 28.700 0.603 13.37 7.38 1.422

18 0.0583 28.570 0,880 18.14 8.32 1.537

19 0.0673 28.476 0.735 18.63 9.00 1.533

20 0.0788 28.398 0.781 21.81 9.57 1.543

21 0,0968 28.283 0.849 26.79 10.40 1.459

22 0.1163 28.199 0.899 32.19 11.01 1.109

23 0.1448 28.125 0.943 40.08 11.55 0.744

24 0.1928 28.079 0.970 53,36 11.88 0.584

25 0.2888 28.049 0.988 79.93 12.09 0,902

26 0.4808 28.044 0.990 133.08 12.13 0.000

27 0.8648 28.034 0,997 239.36 12.20 0.000

28 1,3648 28.040 0.993 377.75 12.16 0.000

29 1.6148 28.050 0.987 446,94 12.09 0.000

30 1.7398 28.039 0.993 481,54 12.16 0.000

31 1.9898 28.036 0.995 550.73 12.19 0.000

32 2.4898 28.032 0.998 689.12 12.22 0.000

33 2.9898 28.036 0.996 827.51 12.19 0.000

34 3.4898 28.038 0.994 965.90 12.17 0.000

35 3.9898 28.044 0.991 1104.29 12.13 0.000

36 4.4898 28.044 0.991 1242.68 12.13 0.000

37 4.9898 28.035 0.996 1381.07 12.20 0.000

38 5.4898 28.034 0.996 1519.46 12.20 0.000

39 2.9898 28.042 0.992 827.51 12.15 0.000

40 6.4898 28.034 0.996 1796.24 12,20 0.000

41 6.9898 28.034 0.996 1934.63 12.20 0.000

42 7.4898 28.034 0.996 2073.02 12.20 0.000

43 7.9898 28.041 0.993 2211.41 12.15 0.000

44 8.4898 28.048 0.989 2349.79 12,10 0.000
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Station = 2 K=O.75x10-6

patm = 754.000

• = 32.8000 visc = 1.60877E-05

cf = 6.40000E-03 ysff = -8.70000E-03

7w = 30.2500 TixLf= 28.0310

Tw measured = 30.4570 T= correction = -0.207001

Q ea-ll = 75.1156 Staaton |o. = 3.21190E-03

q wall measured (u/Tw measured) = 74.0000

0 wall measured (u/Tu corrected) = 75.1156

delther = 1.52136 deleth = 0.111118

delcon = 7.77336E-04 qadded = 25.3998

Uw = 9.05658 Rex = 184647.

Reh = 625.917

coefl = 9.05658 coef2 = 6.27211E-02

A+ = 28,4400 K = 7.50000E-07

fl = O. f2 = -2.94249E-05

| y T Tnd y+ t+ Prt

1 0.0053 30.066 0.083 1.69 1.46 0.003

2 0.0093 30.009 0.109 2.96 1.91 0.086

3 0.0173 29.757 0.222 5,51 3.91 2.165

4 0.0208 29.665 0,263 6.63 4.64 2.047

5 0.0248 29.536 0.322 7.90 5,67 2.135

6 0.0283 29.443 0.364 9.02 6,40 2.444

7 0.0323 29.376 0.394 10.29 6.94 2.170

8 0.0393 29.243 0.454 12.52 7.99 1.880

9 0.0453 29.121 0.509 14.44 8.96 1.735

10 0.0508 29.077 0.529 16.19 9.31 1.702

11 0.0618 28.967 0.578 19.70 10.18 1.753

12 0.0738 28.841 0.635 23.52 11.19 1.703

13 0.0848 28.771 0.667 27.03 11.74 1.561

14 0.1038 28.687 0.704 33.08 12.41 1.617

IS 0.1313 28.597 0.745 41.84 13.12 1.627

16 0.1683 28.523 0.778 53.64 13.71 1.790

17 0.2298 28.426 0.822 73.24 14.48 2.576

18 0.3078 28.349 0.857 98.09 15.09 3.991

19 0.4328 28.257 0.898 137.93 15.82 eeeee,

20 0.6038 28.173 0.936 192.43 16.48 0.000

21 0.8568 28.150 0.947 273.05 16.67 0.000

22 1.3263 28.061 0.986 422.68 17.37 0.000

23 1.8263 28.048 0.993 582.03 17.48 0.000

24 2.3263 28.040 0.996 741.37 17.54 0.000

25 2.8263 28.040 0.996 900.72 17.54 0.000

26 3.3263 28.046 0.993 1060.06 17.49 0.000

27 3.8263 28.036 0.998 1219.41 17.57 0.000

28 4.3263 28.046 0.993 1378.76 17.50 0.000

29 4.8263 28.049 0.992 1538.10 17.47 0.000

30 5.3263 28.042 0.995 1697.45 17.52 0.000

31 5.8263 28.048 0.992 1856.79 17.48 0.000

32 6.3263 28.045 0.994 2016.14 17.50 0.000

33 6.8263 28.038 0.997 2175.48 17.56 0.000

34 7.3263 28.038 0.997 2334.83 17.56 0.000
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Station = 3 K=O.75xlO-6

patm = 754.000

• = 58.2000 visc= 1.60967E-05

cf = 6.00000E-03 yeff= -7.10000E-03

Tw = 30;4190 Tinf= 28.0097

Tw measured = 30.6560 T= correction = -0.237000

q sa/1 = 83.6000 Stamton Be. = 2.93123E-03

q gall meas_ed (w/Tw measured) = 72.1000

q s_11 meas_ed (g/Tg corrected) = 73.3796

delther = 2.37065 deleth = 0.153388

delcon = 7.56700E-04 qadded = 42.7011

U= = 10.19932 Rex = 368771.

Reh = 972.583

coefl = 10.19932 coef2 = 6.65385E-02

A+ = 28.8300 K = 7.50000E-07

fl = -2.75531E-06 f2 = -5.69263E-06

1 y T Tnd y+ t+ Prt

1 0.0039 30.163 0.106 1.35 1.99 0.001

2 0.0049 30.093 0.135 1.70 2.53 0.001

3 0.0064 30.077 0.142 2.22 2.65 0.003

4 0.0094 30.036 0.159 3.27 2.97 0.025

5 0.0154 29.939 0.199 5.35 3.72 0.235

6 0.0224 29.707 0.295 7.78 5.52 0.709

7 0.0259 29.611 0.335 9.00 6.27 0.974

8 0.0299 29.524 0.371 10.39 6.94 1.258

9 0.0349 29.431 0.410 12.12 7.66 1.515

10 0.0409 29.337 0.449 14.21 8.39 1.386

11 0.0484 29.220 0.498 16.81 9.30 1.400

12 0.0559 29.150 0.527 19.42 9.85 1.443

13 0.0684 29.017 0.582 23.76 10.88 1.511

14 0.0794 28.949 0.610 27.58 11.40 1.451

15 0.0989 28.829 0.660 34.35 12.33 1.463

16 0.1184 28.753 0.692 41.13 12.92 1.382

17 0.1489 28.682 0.721 51.72 13.47 1.337

18 0.2019 28.571 0.767 70.13 14.34 1.478

19 0.2604 28.500 0.797 90.45 14.88 1.552

20 0.3624 28.405 0.836 125.88 15.62 1.746

21 0.4964 28.308 0.876 172.43 16.38 2.075

22 0,6669 28.223 0.912 231.65 17.04 2.348

23 0.9189 28.166 0.935 319.19 17.48 2.923

24 1.4189 28.070 0.975 492.86 18.22 4.504

25 1.9189 28.063 0.978 666.54 18.27 6.198

26 2.4169 28.035 0.989 840.22 18,49 9.416

27 2.9189 28.022 0.995 1013.90 18.59 0.000

28 3.4189 28.034 0.990 1187.58 18.50 0.000

29 3.9189 28.021 0.995 1361,26 18.60 0.000

30 4.4189 28,015 0.998 1534.93 18.65 0.000

31 4,9189 28.024 0.994 1708.61 18.57 0.000

32 5.4189 28.027 0.993 1882.29 18.55 0.000

33 5.9189 28.020 0.996 2055.97 18.61 0.000
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Station = 4 K=0.75x10-6

patm = 754.000

x = 84.4000 visc = 1.60900E-05

cf = 5.80000E-03 yeff= -1.22000E-02

Tw = 30.3100 Tinf= 27.9789

Tg measured = 30.8280 T= correction = -0.218000

Q .all = 90.6000 Stanton !o. = 2.90956E-03

Quall measured (u/Tw measured) = 74.4900

Q .all measured (g/Tg corrected) = 75.6656

delther = 3.64302 deleth = 0.229823

delcon = 6.77065E-04 qadded = 69.0902

Uw = 11.4795 Rex = 602159.

Reh = 1639.31

coefl = 11.4795 coef2 = 5.89633E-02

A+ = 29.1600 K = 7.50000E-07

fl = -8.61542E-07 f2 = -5.58111E-06

! y T Tnd y+ t+ Prt

1 0.0058 30.115 0.084 2.23 1.55 -0.037

2 0.0138 29.845 0.199 5.31 3.69 1.361

3 0.0168 29.722 0.252 6.46 4.67 1.033

4 0.0193 29.658 0.280 7.42 5.18 1.049

5 0.0238 29.555 0.324 9.15 5.99 1.159

6 0.0288 29.451 0.368 11.07 6.82 1.182

7 0.0343 29.341 0.416 13.19 7.69 1.188

8 0.0398 29.251 0.454 15.30 8.41 1.234

9 0.0468 29.151 0.497 18.00 9.20 1.211

10 0.0548 29.093 0,522 21.07 9.67 1.165

11 0.0708 28.978 0.571 27.23 10.58 1.245

12 0.0878 28.888 0.610 33.76 11.29 1.283

13 0.1103 28.791 0.652 42.42 12.06 1.368

14 0.1383 28.706 0.688 53.18 12.74 1.328

15 0.1788 28.635 0.719 68.76 13.30 1.407

16 0.2493 28.527 0.765 95.87 14.16 1.551

17 0.3298 28.482 0.784 126.82 14.52 1.700

18 0.4908 28.347 0.842 188.73 15.59 2.243

19 0.6388 28.288 0.887 245.65 16.05 2.662

20 0.9348 28.198 0.907 359.47 16.79 4.131

21 1.3403 28.128 0.936 515.40 17.33 7.831

22 1.8403 28.077 0.958 707.67 17.73 27,314

23 2.3403 28.033 0.977 899.94 18.08 0.000

24 2,8403 28.030 0.978 1092.22 18.11 0.000

25 3.3403 28.013 0.985 1284.49 18.24 0.000

26 3.8403 28.006 0.988 1476.76 18.30 0.000

27 4.3403 28.003 0.990 1669.03 18.32 0.000

28 4.8403 27.995 0.993 1861.30 18.38 0.000

29 5.3403 27.998 0.992 2053.57 18.36 0.000
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Station = 5 X=O.75X10-6

patm - 754.000

x - 107.700 visc - 1.60822E-05

cf = 5.60000E-03 yeffs 1.60000E-03

Tg = 30.1000 T:i_t= 27.9445

Tg measured • 30.3760 Tw correction = -0.275999

Q uall = 86.7000 Stanton |o. • 2.64960E-03

q va].1 measured (u/Tu measured) = 75.0500

q wa3.1 measured (_/Tw corrected) = 76.5358

delther = 3.15322 deleth = 0.233577

delcon = 6.54030E-04 qadded = 72.9367

Ug • 13.0410 Rex = 873338.

Reh = 1895.60

coefl = 13.0410 coef2 = 3.89102E-02

I+ • 29.4400 K = 7.50000E-07

fl = -1.66028E-06 f2 • -1.00472E-05

I Y T Tnd y+ t+ Prt

1 0.0046 29.974 0.059 1.98 1.17 0.066

2 0.0056 29.937 0,075 2.41 1.51 -0,367

3 0.0066 29.898 0.094 2.84 1.87 -0.104

4 0.0076 29.877 0.103 3.26 2.06 -0.124

5 0.0086 29.825 0.128 3.69 2.55 -0.180

6 0.0096 29.785 0.146 4.12 2.92 -0.288

7 0.0106 29.754 0.160 4.55 3.20 -0.571

8 0.0116 29.705 0.183 4.98 3.66 -1.083

9 0.0126 29.678 0.196 5.41 3.91 3.316

10 0.0136 29.638 0.214 5.84 4.28 0.997

11 0.0156 29.604 0.230 6.70 4.60 0.824

12 0.0196 29.502 0.277 8.42 5.54 0.884

13 0.0241 29.394 0.328 10.35 6.55 1.066

14 0.0291 29.298 0.372 12.50 7.43 1.206

15 0,0351 29.212 0.412 15.08 8.23 1.348

16 0.0436 29.099 0.464 18.73 9.27 1.380

17 0,0526 29.014 0,504 22.59 10.07 1.351

18 0,0656 28.917 0,549 28.18 10.96 1.442

19 0.0821 28.845 0.582 35.27 11.63 1.587

20 0.1106 28.745 0.629 47.51 12.56 1.737

21 0.1461 28.633 0.680 62.76 13.59 1,892

22 0.1851 28.582 0.704 79.51 14.07 2.090

23 0.2046 28.563 0.713 87.89 14.24 2.017

24 0.2386 28,528 0.729 102.49 14.57 2.025

25 0.3066 28.463 0.760 131,70 15.17 2,312

26 0.4381 28.353 0.810 188.19 16.19 4.028

27 0.5891 28.257 0.855 253,05 17.07 8.637

28 0.7881 28.212 0.876 338.53 17.50 0.000

29 1.1861 28.106 0.925 509.50 18.47 0.000

30 1.6621 28.052 0.950 713.97 18.98 0.000

31 2.1621 28.005 0.972 928.75 19.42 0.000

32 2.6621 27.994 0,977 1143.53 19.52 0.000

33 3.1621 27.977 0.985 1358.30 19.67 0.000

34 3,6621 27.970 0.988 1573.08 19.74 0.000

35 4.1621 27,964 0.991 1787.86 19.80 0.000
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Station 1 _=0.75x10-6

y U V QJ v _ _v _

0.080 6.155 -0.629 1.070 0.759 -0.296

0.092 6.491 -0.665 1.088 0.723 -0.280

0.105 6.768 -0.712 1.065 0.724 -0.290

0.124 7.135 -0.774 1.040 0.660 -0.250

0.145 7.403 -0.805 1.015 0.620 -0.227

0.175 7,735 -0.818 0.975 0.541 -0.213

0.212 7.941 -0.842 0.917 0.464 -0.164

0.282 8.190 -0.855 0.835 0.408 -0.125

0.395 8.354 -0.867 0.762 0.389 -0.078

0.621 8.437 -0.882 0.749 0.442 -0.091

1.073 8.502 -0.899 0.741 0.519 -0.111

1.573 8.597 -0.928 0.722 0.565 -0.100

2.073 8.668 -0.957 0,702 0.601 -0.097

2.573 8.733 -0.964 0.693 0.633 -0.104

3.073 8.773 -0.960 0.704 0.642 -0.094

3.573 8.814 -0.973 0.676 0.641 -0.071

4.073 8.821 -0.964 0.686 0.638 -0.071

4.573 8.851 -0.986 0.684 0.644 -0.064

5.073 8.837 -0.969 0.683 0.649 -0.069

5.573 8.874 -0.979 0.681 0.636 -0.049

6.073 8,891 -1.006 0.688 0.627 -0.053

6.573 8.905 -1.004 0.686 0.624 -0,042

7.073 8.897 -0.979 0.687 0.617 -0.028

7.573 8.895 -0.990 0.713 0.587 -0.034

8.073 8.824 -0.943 0.733 0.570 -0.017

8.573 8,755 -0.889 0.748 0.538 -0.006

9.073 8.668 -0.832 0.770 0.508 0.027

9.573 8.449 -0.706 0.821 0.480 0,028

dU/dy e= 1

3127.3 0.947E-04 0.0002

2488.5 0.113E-03 0.0002

2125.4 0.136E-03 0.0003

1654.0 0.151E-03 0.0003

1291.5 0.176E-03 0.0004

882.1 0.241E-03 0.0005

576.3 0.285E-03 0.0007

286.6 0.436E-03 0.0012

124.3 0.627E-03 0.0022

40.7 0.224E-02 0.0074

19.1 0.582E-02 0.0175

15.5 0.645E-02 0.0204

13.6 0.715E-02 0.0230

10.8 0.965E-02 0.0299

7.7 0.121E-01 0.0396

5.7 0.125E-01 0.0469

3.3 0.215E-01 0.0807

2.7 0.235E-01 0.0930

3.3 0.212E-01 0.0806

3.2 0.151E-01 0.0683

3.0 0.176E-01 0.0762

1.0 0.437E-01 0.2131

-2,9 -0.972E-02 0.0581

-7.5 -0.456E-02 0.0247

-12.0 -0.142E-02 0.0109

-21.0 -0.286E-03 0.0037

-31.6 0.855E-03 0.0000

-51.1 0.548E-03 0.0000

Station 2 K=O.75xlO-6

y U V u' v' u'v _ dU/dy

0.101 6.305 -0.393 0.993 0.812 -0.264 3126.9

0.109 6.536 -0.438 0.998 0.773 -0.260 2528.1

0.122 6,817 -0.423 0.977 0.730 -0.230 2105.8

0.140 7.152 -0.475 0.938 0.660 -0.225 1565.9

0,162 7.413 -0.497 0.931 0.629 -0.229 1107.6

0.196 7.646 -0.518 0.874 0.581 -0.209

0.253 7.993 -0.558 0.829 0.523 -0.189

0.319 8.182 -0.585 0.819 0.504 -0.189

0.451 8.489 -0.634 0.765 0.475 -0.168

0.623 8.763 -0.669 0.726 0.476 -0.150

0.873 9.020 -0.719 0.661 0.470 -0.119

1,262 9.188 -0.754 0.626 0.491 -0.098

1.762 9.269 -0,798 0.587 0.526 -0.089

2.262 9.319 -0.852 0.571 0.553 -0.103

2.762 9,378 -0.901 0.567 0.564 -0.096

3.262 9.418 -0.925 0.564 0.576 -0.101

3.762 9,439 -0.962 0.554 0.590 -0.092

4,262 9,474 -0,998 0,563 0.587 -0,093

4.762 9.520 -1.035 0.553 0.580 -0.090

5.262 9.542 -1.070 0.565 0.582 -0.089

5.762 9,571 -1.109 0,566 0.559 -0.078

6.262 9.566 -1.122 0.564 0.561 -0.064

6.762 9.596 -1.124 0.591 0.526 -0.062

7.262 9.583 -1.142 0.583 0.507 -0.045

7.762 9.512 -1,117 0.605 0.466 -0.031

8.262 9.432 -1.078 0.624 0.431 -0.016

8.762 9.278 -1.022 0,689 0.399 0.006

9.262 8.586 -0.878 0.786 0.468 0.062

em i

0.844E-04 0.0002

0.103E-03 0.0002

0.109E-03 0.0002

0.144E-03 0.0003

0.207E-03 0.0004

733.0 0.285E-03 0.0006

478.5 0.395E-03 0.0009

332.3 0.569E-03 0.0013

204.6 0.821E-03 0.0020

145.1 0.103E-02 0,0027

85.7 0.139E-02 0.0040

41.1 0.238E-02 0.0076

18.4 0.483E-02 0.0162

11.4 0.905E-02 0.0282

8.8 0.109E-01 0.0353

7.4 0.136E-01 0.0428

6.8 0.135E-01 0.0446

6.6 0.141E-01 0.0464

6.6 0.136E-01 0.0452

4.7 0.189E-01 0.0635

3.5 0.222E-01 0.0794

2.1 0.299E-01 0.1182

-2.0 -0.307E-01 0.1232

-7,0 -0.639E-02 0.0301

-15.7 -0.197E-02 0.0112

-44.6 -0.359E-03 0.0028

-89.6 0.670E-04 0,0000

-151.6 0.409E-03 0.0000
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Station 3 1=0.75x10-6

Y

0.081

0.088

0.100

0.118

0.144

0.179

0.230

0.299

0.402

0.525

0.698

U V _P V _ U _v_

7.105 -0.496 1.062 0.905 -0.351

7.330 -0.518 1.054 0.855 -0.312

7.595 -0.532 1.030 0.802 -0.302

7.863 -0.572 1.006 0.747 -0.274

8.163 -0.593 0.984 0.700 -0.290

8.437 -0.613 0.957 0.643 -0.293

8.731 -0.663 0.918 0.601 -0.270

9.000 -0.680 0.868 0.558 -0.239

9.332 -0.738 0.826 0.535 -0.227

9.618 -0.770 0.780 0.602 -0.202

9.870 -0.806 0.700 0,489 -0.166

0.971 10.097 -0.841 0.639 0.479 -0.141

1.453 10.307 -0.882 0.550 0.497 -0.120

1.953 10.433 -0.936 0.519 0.506 -0.093

2.453 10.507 -0.970 0.506 0.543 -0.103

2.953 10.551 -1.012 0.481 0.562 -0.092

3.453 10.598 -1.039 0.471 0.557 -0.091

3.953 10.836 -1.050 0.474 0.563 -0.088

4.453 10.681 -1.100 0.471 0.549 -0.085

4.953 10.709 -1.133 0.471 0.528 -0.072

5.453 10.729 -1.139 0.481 0.513 -0.075

5.953 10.764 -1.163 0.476 0.481 -0.052

6.453 10.736 -1.136 0.488 0.444 -0.040

6.953 10.731 -1.117 0.511 0.409 -0.027

7.453 10.595 -1.066 0.554 0.366 -0.001

7.953 10.266 -0.980 0.655 0.366 0.032

dU/dy an 1

3606.8 0.973E-04 0.0002

2743.7 0.114E-03 0.0002

2041.0 0.148£-03 0.0003

1450.2 0.189E-03 0.0004

1037.3 0.280E-03 0.0005

752.7 0.389E-03 0.0007

528.5 0.511E-03 0.0010

391.1 0.611E-03 0.0013

285.0 0.797£-03 0.0017

208.4 0.969E-03 0.0022

132.9 0.125E-02 0.0031

76.3 0.185E-02 0.0049

39.7 0.303£-02 0.0087

22.5 0.414E-02 0.0136

14.0 0.736E-02 0.0229

9.9 0.926E-02 0.0305

8.7 0.105E-01 0.0348

8.0 0.110E-01 0.0372

6.7 0.127E-01 0.0435

6.1 0.118E-01 0.0441

3.3 0.227E-01 0.0830

1.0 0.510E-01 0.2234

-6.0 -0.664E-02 0.0332

-22.7 -0,119E-02 0.0072

-47.3 -0.212E-04 0.0007

-78.9 0.406E-03 0.0000

Station 4 K=O.75x10-6

Y

0.092

0.099

0.113

0.130

0.151

0.185

0.232

U V u _ v _ uJv ' dU/dy

8.112 -0.505 1.151 0.976 -0.414 2866.5

8.302 -0.505 1.143 0,963 -0.396 2516.5

8.620 -0.508 1.116 0.898 -0.392 2119.3

8.948 -0.524 1.074 0.808 -0.357 1636.6

9.199 -0.567 1.081 0.753 -0.352 1184.3

9.484 -0.599 1.027 0.695 -0.311 807.9

9.788 -0.630 1.005 0.646 -0.311 606.8

0.293 10.109 -0.690 0.960 0.610 -0.292

0.370 10.342 -0.706 0.935 0.596 -0.295

0.501 10.706 -0.766 0.851 0.542 -0.232

0.645 10.961 -0.809 0.786 0.530 -0.224

0.871 11.192 -0.852 0.715 0.543 -0.210

1.261 11.423 -0.903 0.621 0.537 -0.173

1.761 11.614 -0.982 0.531 0.530 -0.132

2.261 11.712 -1.024 0.470 0.556 -0.112

2.761 11.783 -1.076 0.442 0.541 -0.094

3.261 11.830 -1.144 0.424 0.538 -0.090

3.761 11.843 -1.169 0.420 0.536 -0.074

4.261 11.896 -1.213 0.418 0.504 -0.062

4.761 11,899 -1.211 0.416 0.498 -0.062

5.261 11.908 -1.223 0.420 0.458 -0.042

5.761 11.899 -1.204 0.416 0.423 -0.037

6.261 11.855 -1.161 0.448 0.379 -0.021

6,761 11.665 -1.100 0.507 0.340 0,008

em 1

0,144E-03 0.0002

0.157E-03 0.0003

0.185E-03 0.0003

0.218E-03 0.0004

0.297E-03 0.0005

0.385E-03 0.0007

0.513E-03 0.0009

451.7 0.646E-03 0.0012

334.4 0.882E-03 0.0016

228.7 O.lO1E-02 0.0021

164.8 0.136E-02 0.0029

95.6 0.220E-02 0.0048

55.2 0.313E-02 0.0075

32.1 0.412E-02 0.0113

19.7 0.570E-02 0.0170

11.5 0.816E-02 0.0266

8.6 0.105E-01 0.0350

6.0 0.124E-01 0.0456

4.2 0.146E-01 0.0587

2.5 0.250E-01 0.1004

-1.6 -0.256E-01 0.1249

-10.4 -0.355E-02 0.0165

-24.5 -0.855E-03 0.0059

-54.8 0.146E-03 0.0000
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Station 5 KzO.75x10-6

y U V u p v _ u_v _

0.099 9.546 -0.790 1.254 1.056 -0.534

0.106 9.734 -0.786 1.213 1.007 -0.477

0.120 10.069 -0.796 1.208 0.962 -0.504

0.137 10.343 -0.848 1.187 0.897 -0.483

0.161 10.689 -0.902 1.111 0.814 -0.425

0.188 10.901 -0.916 1.107 0.774 -0.421 917.5

0.239 11.288 -0.979 1.078 0.698 -0.387 657.2

0.292 11.572 -1.031 1.049 0.667 -0.364 543.1

0.367 11.932 -1.081 0.986 0.651 -0.353 406.5

0.450 12.193 -1.113 0.934 0.609 -0.316 309.4

0.576 12.491 -1.182 0.880 0.588 -0.290 203.5

0.746 12.720 -1.227 0,765 0.579 -0.248 135.3

1.041 12.998 -1.296 0.678 0.550 -0.205 77.4

1.465 13.185 -1.367 0.578 0.566 -0.170 42.3

1.965 13.287 -1.445 0.496 0.563 -0.129 22.1

2.465 13.382 -1.518 0.435 0.547 -0.099 13.6

2.965 13.421 -1.567 0.408 0.536 -0.077 9.5

3.465 13.457 -1.628 0.393 0.512 -0.064 6.1

3.965 13.486 -1.673 0.376 0.482 -0.052 4.1

4.465 13.502 -1.674 0.372 0.446 -0.043

4.965 13.501 -1.677 0.381 0.398 -0.025

5.465 13.444 -1.673 0.416 0.344 -0.011

5.965 13.159 -1.606 0.547 0.360 0.028

6.465 11.694 -1.367 0.819 0.640 0.094

dU/dy em i

2742.9 0.195E-03 0.0003

2646.6 0.180E-03 0.0003

2079.9 0.242E-03 0.0003

1636.4 0.295E-03 0.0004

1189.7 0.357E-03 0.0005

0.459E-03 0.0007

0.589E-03 0.0009

0.670E-03 0.0011

0.868E-03 0.0015

0.102E-02 0.0018

0.143E-02 0.0026

0.183E-02 0.0037

0.265E-02 0.0059

0.402E-02 0.0097

0.584E-02 0.0162

0.730E-02 0.0232

0.814E-02 0.0293

0.105E-01 0.0415

0.127E-01 0.0556

-0.2 -0.196 0.9445

-14.2 -0.176E-02 0.0111

-79.2 -0.139E-03 0.0013

-185.0 0.151E-03 0.0000

-332.7 0.283E-03 0.0000
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dUcw/dx=29s "1 CASE DATA

Single Hot-Wire Prof'fles

Mean Temperature Profiles

Cross-Wire Profiles

Triple-Wire Profiles

gag_

559

570

581

586

558



Station = 1 dU/dx=29s-1

patm = 758.190 temp = 29.1709

• = 10.03000 vise = 1.59897E-05

cf = 5.70000E-03 yeff= O.

d99.5 = 1.00640 dell : 7.83838E-02

del2 = 5.39428E-02 B _ 1.45309

Uw " 13.1298 Rex • 82360.4

Red1 = 643.642 Red2 = 442.946

coefl = 13.1298 coef2 = 0.111764

A+ = 42.7187

X = 2.73137E-06 fl = 3.95556E-06

• y U y+ u+ u' g-,-.,a

1 5.00000E-04 1.000E-10 0.219185 1.427E-10 0.591343 0.358154

2 1.00000E-03 1.000E-10 0.438369 1.427E-10 0.568327 0.352539

3 1.50000E-03 1.000E-10 0.657554 1.427E-10 0.616551 0.385254

4 2.00000E-03 1.000E-10 0.876739 1.427E-10 0.641375 0.408691

5 2.50000E-03 0.240500 1.09592 0.343112 0.683385 0.400391

6 3.50000E-03 0.925241 1.53429 1.32000 0.760433 0.402588

7 4.50000E-03 1.36093 1.97266 1.94158 0.834950 0.451172

8 5.50000E-03 1.74119 2.41103 2.48409 0.904885 0.445312

9 7.00000E-03 2.20064 3.06859 3.13957 0.960161 0.470947

10 8.50000E-03 2.64154 3.72614 3.76857 1.07122 0.484619

11 9.50000E-03 3.02162 4.16451 4.31083 1,14630 0.514893

12 1.05000E-02 3.27171 4,60288 4.66761 1.20623 0.538574

13 1.25000E-02 3.71362 5.47962 5.29807 1.26816 0.560303

14 1.40000E-02 4.09662 6.13717 5.84448 1.37911 0.573975

15 1.55000E-02 4.40006 6.79472 6.27739 1.39535 0.587158

16 1.70000E-02 4.78806 7.45228 6.83093 1.46164 0.612305

17 1.80000E-02 5.02052 7.89065 7.16258 1.53677 0.605469

18 1.95000E-02 5.32838 8.54820 7.60179 1.53460 0.635742

19 2.05000E-02 5.48733 8.98657 7.82855 1.58941 0.625488

20 2.30000E-02 5.87781 10.08249 8.38563 1.59764 0.644531

21 2.45000E-02 6.08892 10.7400 8.68681 1.61927 0.660645

22 2.70000E-02 6.45217 11.8360 9.20506 1.62153 0.670898

23 2.90000E-02 6.72416 12.7127 9.59309 1.64519 0.679688

24 3.10000E-02 6.98451 13.5894 9.96452 1.66970 0.690430

25 3.30000E-02 7.22141 14.4662 10.30249 1.67862 0.685303

26 3.55000E-02 7.56915 15.5621 10.7986 1.66488 0.676758

27 3.75000E-02 7.78770 16.4388 11.1104 1.68045 0.703613

28 4.00000E-02 7.96896 17.5348 11.3690 1.66828 0.699951

29 4.35000E-02 8.28351 19.0691 11.8177 1.64501 0.712158

30 4.65000E-02 8.60753 20.3842 12.2800 1.64204 0.710693

31 4.90000E-02 8.74444 21.4801 12.4753 1.59733 0.707764

32 5.45000E-02 9.08052 23.8911 12.9548 1.56155 0.723877

33 5.90000E-02 9.36227 25.8638 13.3568 1.56681 0.712646

34 6.30000E-02 9.55703 27.6173 13.6346 1.48741 0.719727

35 6.90000E-02 9.79136 30.2475 13.9689 1.46103 0.721191

36 7.60000E-02 10.11908 33.3161 14.4365 1.41597 0.705566

37 8.15000E-02 10.30290 35.7271 14.6987 1.37484 0.711914

38 9.00000E-02 10.56960 39.4532 15.0792 1.32679 0.698975

39 9.85000E-02 10.7418 43.1794 15.3248 1.24186 0.693115

40 0.111500 10.9442 48.8782 15.6137 1.23869 0.689941

41 0.129000 11.2002 56.5496 15.9789 1.17439 0.659912

42 0.147500 11.3916 64.6595 16.2520 1.15474 0.638916

43 0.173000 11.6351 75.8379 16.5994 1.09291 0.624023

44 0.201000 11.8618 88.1122 16.9227 1.04578 0.596924

45 0.234000 12.0435 102.5784 17.1820 1.03791 0.570312

46 0.281500 12.2410 123.401 17.4638 1.03930 0.535156

47 0.345500 12.4734 151.457 17.7953 0,985209 0,467773

48 0.418000 12.6837 183.238 18.0953 0.971778 0.425049

49 0.507500 12.8164 222.472 18.2847 0.938155 0.371094

559



50 0.683000

51 0.941000

52 1.36600

53 1.86600

54 2.36600

55 2.86600

56 3.36600

57 3.86600

$8 4.36600

12.9957

13.1577

13.2803

13.3464

13.3884

13.4476

13.4787

13.5140

13.4865

299.406

412.505

598.812

817.997

1037.18

1256.37

1475.55

1694.74

1913.92

18.5404

18.7716

18.9464

19.0408

19.1007

19.1851

19.2295

19.2799

19.2407

0.876510 0.306641

0.813383 0.249023

0.779513 0.227051

0.762157 0.235596

0.762120 0.226807

0.748881 0.234619

0.753781 0.239990

0.745619 0.242676

0.744068 0.235840
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Station = 2 dU/dx=29s-1

patm = 757.682 te=p = 29.2224

• = 18.8500 visc = 1.60052E-05

cf = 5.90000E-03 yeff= 1.00000E-03

d99.5 = 0.783126 dell = 5.95217E-02

del2 = 4.08396E-02 H = 1.45745

Uw = 15.5873 Rex = 183578.

Red1 : 579.675 Ked2 : 397.732

coefl = 15.5873 coef2 = 0.211542

A+ = 42.5532

K = 1.93988E-06 fl = 1.01811E-06

• y U y+ u+ u' g='ma

1 1.00000E-03 1.00E-10 0.528957 1.18E-10 0.768148 0.464355

2 1.50000E-03 1.00E-10 0.793435 1.18E-10 0.781058 0.459473

3 2.00000E-03 0.310442 1.05791 0.366690 0.813298 0.484375

4 2.50000E-03 0.844132 1.32239 0.997076 0.813472 0.479980

5 3.00000E-03 1.21279 1.58687 1.43253 0.835957 0.482910

6 3.50000E-03 1.55337 1,85135 1.83482 0.887803 0.493896

7 4.50000E-03 2.18450 2.38031 2.58030 0.999049 0.514648

8 5.50000E-03 2.70088 2.90926 3.19025 1.07684 0.523926

9 7.50000E-03 3.34651 3.96718 3.95285 1.21219 0.560791

10 1.00000E-02 4.44861 5.28957 5.25464 1.36847 0.592041

11 1.15000E-02 4.99859 6.08300 5.90427 1.47748 0.624023

12 1.35000E-02 5.56878 7,14092 6.57540 1.57639 0.634033

13 1.60000E-02 6.44640 8.46331 7.61440 1.69329 0.662598

14 1.75000E-02 6.87107 9.25675 8.11601 1.72655 0,683105

15 1.95000E-02 7.34761 10.31466 8.67890 1.74457 0.694336

16 2.20000E-02 7.97356 11.6371 9.41826 1.81759 0.695801

17 2.40000E-02 8.45696 12.6950 9.98924 1.83089 0.699707

18 2.85000E-02 8.94847 14.0174 10.56980 1.81775 0.725586

19 2.95000E-02 9.44687 15.6042 11.1585 1.82129 0.732910

20 3.25000E-02 9.87874 17.1911 11.6686

21 3.65000E-02 10.30656 19.3069 12.1740

22 4.15000E-02 10.8566 21.9517 12.8236

23 4.65000E-02 11.3654 24.5965 13.4246

24 5.15000E-02 11.6322 27.2413 13.7398

25 6.20000E-02 12.2675 32.7953 14.4902

26 7.05000E-02 12.6017 37.2915 14.8849

27 8,40000E-02 13.0190 44.4324 15.3778

28 1.01500E-01 13.4118 53.6891 15.8418

29 0.124500 13.7891 65.8551 16.2875

30 0,156500 14.1090 82,7818 16,6653

31 0.208000 14.5009 110.023

32 0.276000 14.8954 145.992

33 0.364500 15.1805 192.805

34 0.524000 15.4846 277.173

35 0,791000 15.6808 418.405

36 1.29100 15.8760 682.883 18.7528

37 1.79100 15.9660 947.362 18.8588

38 2.29100 16,0755 1211.84 18.9881

39 2.79100 16.1962 1476.32 19.1307

40 3.29100 16.2500 1740.80 19.1942

41 3.79100 16.3779 2005.28 19.3454

42 4.29100 16.4598 2269.75 19.4420

1.82293 0.726807

1.82887 0.745850

1.78172 0.744629

1.72058 0.749023

1.69228 0.742920

1.57767 0.731445

1.51612 0.739258

1.40263 0.728516

1.28757 0.703857

1.20500 0.680908

1,11678 0.652344

1.01633 0.59668017.1282

17.5943 0.943081 0.521240

17.9310 0.881737 0.432861

18.2902 0.817747 0.318115

18.5220 0.743114 0.264404

0.697142 0.224854

0.673947 0.222656

0.666742 0.219727

0.656130 0.233154

0.653261 0.209961

0.643231 0.220215

0.669780 0.232422
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Station = 3 dU/dxf29s-I

patm = 757.428 cemp = 29.2131

x = 25.9700 visc= 1.60097E-05

cf = 5.80000E-03 yeff= 5.00000E-04

d99.5 = 0.793014 dell = 5.85270E-02

del2 = 4.08564E-02 E • 1.43250

Uw = 17.8056 Rex = 288832.

Redl = 650.924 Red2 = 454.396

coefl = 17.8056 coef2 = 0.244158

A+ = 37.6603

K = 1.43655E-06 ft = O.

| y U 7+ u+ u' g=,-,,a

1 5.00000E-04 1.000E-10 0.299463 1.04E-lO 0.840161 0.621828

2 1.00000E-03 1.000E-10 0.598926 1.04E-10 0.851044 0.616943

3 1.50000E-03 1.000E-10 0.898389 1.04E-10 0.903488 0.624512

4 2.00000E-03 0.684517 1.19785 0.713885 0.933485 0.633789

5 2.50000E-03 1.28220 1.49731 1.33721 0.979398 0.636230

6 3.00000E-03 1.75397 1.79678 1.82922 1.05627 0.675049

7 4.00000E-03 2.56705 2.39570 2.67719 1.15504 0.664795

8 5.00000E-03 3.21606 2.99463 3.35404 1.24391 0.691406

9 7.00000E-03 4.02436 4.19248 4.19702 1.35038 0.709473

10 9.50000E-03 5.34641 5.68979 5.57578 1.56082 0.728271

11 1.10000E-02 6.01803 6.58818 6.27622 1.68306 0.736328

12 1.25000E-02 6.63279 7.48657 6.91735 1.77051 0.762695

13 1.45000E-02 7.25516 8.68442 7.56642 1.86246 0,767822

14 1.70000E-02 8.17776 10.18174 8.52861 1.94841 0.784424

15 1.85000E-02 8.70019 11.0801 9.07345 1.98158 0.805420

16 2.05000E-02 9.21520 12.2780 9.61056 1.99133 0.812744

17 2.30000E-02 9.83563 13.7753 10.25761 2,03826 0.809814

18 2.55000E-02 10.46603 15.2726 10.9151 2.03126 0.822510

19 2.80000E-02 10.8712 16.7699 11.3376 2,03771 0.827881

20 3.20000E-02 11,4780 19.1656 11.9704 1.96343 0.825439

21 3.60000E-02 12.0216 21.5613 12.5374 1,96669 0.826416

22 4.05000E-02 12.5200 24.2565 13.0572 1.90506 0.827881

23 4.65000E-02 13.0821 27.8500 13.6434 1.83895 0,835449

24 5.30000E-02 13,5250 31.7431 14.1052 1.76516 0.841309

25 6.20000E-02 14.0448 37.1334 14.6473 1.70466 0.824951

26 7.20000E-02 14.4406 43.1227 15.0602 1.62506 0.813965

27 8.75000E-02 14.9802 52.4060 15.6229 1.49281 0.797119

28 0.105000 15.3475 62.8872 16.0060 1.40092 0.777588

29 0.133000 15.8124 79.6571 16.4908 1.28791 0.750244

30 0.168500 16.2283 100.9190 16.9245 1.16926 0.703369

31 0.219000 16.6403 131.165 17.3542 1.07267 0.641357

32 0.291000 17.0742 174.287 17.8068 0.957764 0.561035

33 0.388500 17.4185 232.683 18.1658 0.843623 0.435547

34 0.555500 17.7538 332.703 18.5155 0.736575 0.334473

35 0.847000 17.9458 507.290 18.7157 0.679301 0.249756

36 1.34700 18.1613 806.753 18.9405 0.632044 0.228027

37 1.84700 18.2657 1106.22 19.0494 0.616059 0.225342

38 2.34700 18.3810 1405,68 19.1696 0.593329 0.218750

39 2.84700 18.4956 1705.14 19.2891 0.599684 0.212402

40 3.34700 18.6159 2004.60 19.4146 0.604576 0.230957

41 3.84700 18,7107 2304.07 19.5135 0.588649 0.216797
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Station = 4 dU/dz=29s-1

palm --

X s

Cf s

d99.5 =

de12 =

Uw B

Red1 =

coefl =

A+ =

K=

757.428 Semp = 29.2219

35.1900 visc• 1.60105E-05

5.90000E-03 yoff = 1.00000E-03

0.720051 dell = 5.40352E-02

3.84883E-02 H = 1.40394

21.0063 Rex = 461705.

708.961 Red2 = 504.980

21.0063 coef2 = 0.248853

32.9352

1.06846E-06 fl = -1.83956E-06

]1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

3O

31

32

33

34

35

36

37

38

y U y+ u+ u _

1.00000E-03 1.000E-10 0.712617 8.76E-11 1.23032

1.50000E-03 0.440333 1.06893 0.385940 1.23770

2.00000E-03 1.51362 1.42523 1.32664 1.26994

2.50000E-03 2.18644 1.78154 1.91636 1.33322

3.00000E-03 2.78809 2.13785 2.44369 1.32896

3.50000E-03 3.29099 2.49416 2.88446 1.39218

4.50000E-03 4.21114 3.20678 3.69095 1.52368

5.50000E-03 4.92693 3.91939 4.31832 1.63928

7.00000E-03 5.78182 4.98832 5.06761 1.73495

9.00000E-03 6.89288 6.41355 6,04143 1,86845

1.10000E-02 7.95848 7.83878 6.97539 1.96687

1.25000E-02 8.84146 8.90771 7.74930 2.07507

1.40000E-02 9.62121 9.97663 8.43273 2.14474

1.55000E-02 10.27454 11.0456 9.00536 2.14661

1.70000E-02 10.7508 12.1145 9.42280 2.18475

2.00000E-02 11.8446 14.2523 10.38149 2.20539

2.20000E-02 12.2380 15.6776 10.7263 2.19590

2.60000E-02 13.2807 18.5280 11,6402 2.19085

2.85000E-02 13.7141 20.3096 12.0201 2.15108

3.35000E-02 14.5556 23.8727 12.7576 2.08710

3.75000E-02 14.9888 26.7231 13.1373 2.06311

4.45000E-02 15.7314 31.7114 13.7881 1.97800

5.10000E-02 16.2228 36.3435 14.2189 1.85410

6.05000E-02 16.8382 43.1133 14.7583 1.74650

7.15000E-02 17.2436 50.9521 15.1135 1.66308

9.05000E-02 17.8174 64.4918 15.6164 1.56877

0.113000 18.3679 80.5257 16.0990 1.44331

0.141000 18.8324 100.4790 16.5061 1.35321

0.182000 19.3501 129.696 16.9598 1.23730

0.236500 19.8927 168,534 17.4354 1.08196

0.304500 20.2934 216.992 17.7866 0,976614

0.420500 20.6933 299.655 18,1371 0.823413

0.619500 21,0231 441.466 18.4261 0.684503

1.01800 21.2507 725.444 18.6257 0.591159

1.51800 21.3742 1081.75 18.7339 0.549242

2.01800 21.5155 1438.06 18.8578 0.538655

2.51800 21.6052 1794.37 18.9364 0,546491

3.01800 21.7591 2150.68 19.0712 0.549956

g_m, ma

0.815674

O. 807861

O. 819336

0.811523

0.818115

0.825195

0.850098

O. 841309

O. 855469

O. 880615

O. 881348

O. 890625

0.899414

O. 899170

O. 895020

0.906250

O. 909668

0.907959

O. 910889

O, 900146

0.895508

O. 898438

0.890381

O. 883301

0.871582

0.864990

O. 832031

O. 807617

0.747314

O. 665283

0.561523

0.425293

O. 285400

O. 223389

0.210693

O. 208252

O. 208740

O. 199707
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Station = 5 dU/dx=29s-1

patm = 757.428 temp = 29.2312

x = 42.3100 visc= 1.60114E-05

cf = 5.65000E-03 yeff= -5.00000E-04

d99.5 = 0.662155 dell = 5.43106E-02

del2 = 3.86159E-02 H = 1.40643

Uw = 23.5767 Rex = 623013.

Red1 = 799.722 Ked2 = 568.618

coefl = 23.5767 coef2 = 0.227748

1+ = 31.2097

X = 8.48239E-07 fl = -4.47137E-06

| • U y+ u+ u' ga=ma

1 S.O0000E-04 1.000E-10 0.391321 7.98E-11 1.25511 0.892334

2 1.00000E-03 1.000E-10 0,782642 7.98E-11 1.25984 0.896729

3 1.50000E-03 0.688348 1.17396 0.549307 1.24571 0.892578

4 2.00000E-03 1.70416 1.56528 1.35994 1.29830 0.902588

5 3.00000E-03 3.25815 2.34793 2.60003 1.47609 0.907715

6 4.00000E-03 4.36569 3.13057 3.48386 1.56148 0.913330

7 5.00000E-03 5.34219 3.91321 4.26311 1.69389 0.923096

8 6.50000E-03 6.29459 5.08718 5.02313 1.83427 0.910400

9 8.50000E-03 7.64502 6.65246 6.10079 2.01062 0.929932

10 1.00000E-02 8.78976 7.82642 7.01430 2.12488 0.939941

11 1.10000E-02 9,55136 8.60907 7.62206 2.14212 0.937744

12 1.25000E-02 10.24490 9.78303 8.17552 2.22153 0.939697

13 1.45000E-02 11.2537 11.3483 8.98051 2.28528 0.939697

14 1.60000E-02 11.9913 12.5223 9.56913 2.34228 0.946289

15 1.80000E-02 12.6577 14.0876 10.10095 2.33810 0.944336

16 2.05000E-02 13.5955 16.0442 10.8493 2.33387 0.944580

17 2.25000E-02 14.0981 17.6095 11.2504 2.32179 0.944580

18 2.60000E-02 14.9876 20.3487 11.9602 2.28218 0.944092

19 2.95000E-02 15.6118 23.0879 12.4584 2.23686 0.948242

20 3.40000E-02 16.3107 26.6098 13.0161 2.16053 0.941406

21 3.90000E-02 16.9419 30.5231 13.5197 2.05990 0.938965

22 4.55000E-02 17.5802 35.6102 14.0292 2.00505 0.936035

23 5.30000E-02 18.1653 41.4800 14.4961 1.91268 0.925049

24 6.35000E-02 18.7158 49.6978 14.9353 1.80599 0.924805

25 7.80000E-02 19.4041 61.0461 15.4846 1.73560 0.910889

26 9.40000E-02 19.8778 73.5684 15.8626 1.64577 0.892090

27 0.120000 20.5209 93.9171 16.3758 1.54114 0.873291

28 0.151000 21.1573 118.179 16.8837 1.45433 0.840088

29 0.187500 21.6896 146.745 17.3085 1.34202 0.795654

30 0.239000 22.2526 187.052 17.7578 1.21914 0.714111

31 0.308000 22.7421 241.054 18.1484 1.09313 0.620850

32 0.413500 23.2205 323.623 18.5302 0.874850 0.464600

33 0.580000 23.5570 453.933 18.7987 0.695785 0.332031

34 0.913000 23.7702 714.552 18.9689 0.591308 0.244141

35 1.41300 23.9137 1105.87 19.0833 0.526057 0.214355

36 1.91300 23.9928 1497.19 19.1465 0.518944 0.195312

37 2.41300 24.1245 1888.52 19.2515 0.506005 0.196289

38 2.91300 24.2186 2279.84 19.3267 0.515805 0.208984

39 3.41300 24.3605 2671.16 19.4399 0.526500 0.211426
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Station = 6 dU/dx=29s-1

patm =

X =

cf =

d99.5 =

del2 =

Uw =

Red1 =

coefl =

A+ =

1_=

757.682 temp = 29.2072

50.4300 visc = 1.60038E-05

5.30000E-03 yeff = 1.50000E-03

0.742298 dell = 6.42254E-02

4.64525E-02 H = 1.38260

25.4109 Rex = 800730.

1019.77 Red2 = 737.575

25.4109 coef2 = 0.308559

30.2311

7.29858E-07 fl = -3.94516E-06

| y U y+ u+ u' Ka_a

1 1.50000E-03 1.55682 1.22606 1.19013 1.56301 0.938721

2 2.00000E-03 2.60616 1.63475 1.99231 1.55319 0.948975

3 2.50000E-03 3.26498 2.04343 2.49596 1.55001 0.949707

4 3.00000E-03 3.79919 2.45212 2.90434 1.59540 0.949219

5 3.50000E-03 4.18768 2.86081 3.20133 1.53211 0.943604

6 4.00000E-03 4.66216 3.26949 3.56406 1.58280 0.950684

7 5.00000E-03 5.79284 4.08686 4.42842 1.71957 0.952393

8 6.00000E-03 6.70030 4.90424 5.12214 1.88492 0.951904

9 7.00000E-03 7.39398 5.72161 5.65243 1.94634 0.951416

10 9.00000E-03 8,70731 7.35636 6.65643 2.02292 0.957764

11 1.10000E-02 10.00257 8.99110 7.64661 2.17270 0.952148

12 1.25000E-02 10,9809 10.21716 8.39450 2.23978 0.959961

13 1.40000E-02 11.8678 11.4432 9.07254 2.30722 0.983379

14 1.55000E-02 12.6374 12,6693 9.66085 2.30820 0.965576

15 1.75000E-02 13.3428 14.3040 10.20008 2.26976 0.962158

16 2.05000E-02 14.4182 16.7561 11.0222 2.33238 0.960938

17 2.30000E-02 15.0016 18.7996 11.4682 2.35812 0.967529

18 2.70000E°02 15.8354 22.0691 12.1056 2.28007 0,960449

19 3.10000E-02 16.5157 25.3386 12.6256 2.21790 0.961182

20 3.65000E-02 17.3448 29.8341 13.2595 2.16780 0.953857

21 4,25000E-02 17,8433 34.7383 13.6406 2.05847 0.952881

22 5.35000E-02 18.7215 43,7295 14.3119 1.99846 0.947998

23 6.40000E-02 19.3417 52.3119 14.7860 1.92238 0.937012

24 7.85000E-02 20.0040 64.1638 15.2924 1.83692 0.936279

25 9.70000E-02 20.6084 79.2852 15.7544 1.79121 0.923828

26 0.123000 21.3574 100.5369 16.3270 1.72163 0.902344

27 0.152000 22.0489 124.241 16.8556 1.67457 0.895996

28 0.187000 22.7817 152.849 17.4158 1.64954 0.859131

29 0.227000 23.3815 185.544 17.8744 1.52519 0.799316

30 0.282500 24.0388 230.908 18.3768 1.36257 0.730469

31 0.352500 24.5736 288.124 18.7857 1.15454 0.618652

32 0.462000 25.0659 377.626 19.1620 0.931444 0.467773

33 0.645000 25.4358 527.206 19.4447 0.726067 0.331299

34 0.895000 25.6339 731.549 19.5962 0.593283 0.258545

35 1.14500 25.7721 935.892 19.7018 0.524859 0.216553

36 1.39500 25.8338 1140.24 19.7490 0.505214 0.219727

37 1.64500 25.9163 1344.58 19.8120 0.492344 0.201660

38 1.89500 25.9836 1548.92 19.8635 0.494809 0.198975

39 2.14500 26.0508 1753.26 19.9149 0.492629 0,199951

40 2.39500 26.1355 1957.61 19.9796 0.479454 0.205566

41 2,64500 26,2151 2161,95 20,0405 0.475450 0.185791

42 2.89500 26,3237 2366.29 20.1235 0.492095 0.197754
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Station = 7 dU/dx=29s-1

pata = 757.555 temp = 29.2482

x = 58.2500 vise = 1,60103E-05

cf z 5.10000E-03 yeff= 2.50000E-03

d99.5 = 0.769978 dell = 7.02820E-02

de12 = 5.19049E-02 H = 1.35405

Ue = 27.1914 Rex = 989298.

Red1 = 1193.65 Red2 = 881.536

coefl = 27.1914 coef2 = 0.345907

A+ = 29.5304

= 6.37667E-07 fl = O.

| y U y+ u+ u' ga=ma

1 2.50000E-03 3.95653 2.14408 2.88146 1.72174 0.958008

2 3.00000E-03 4.61431 2.57290 3.36052 1.75083 0.955811

3 3.50000E-03 5.20425 3.00171 3.79016 1.75332 0.954346

4 4.00000E-03 5.76936 3.43053 4.20172 1.82001 0.963867

5 4.50000E-03 6.22237 3.85935 4.53163 1.87172 0.954834

6 5.00000E-03 6.64860 4.28816 4,84205 1.88967 0.960938

7 6.00000E-03 7.65286 5.14580 5.57343 2.01577 0.964355

8 7.00000E-03 8.44301 6.00343 6.14688 2.10944 0,964111

9 8.50000E-03 9.51742 7.28988 6.93136 2.21236 0.969727

10 1.05000E-02 10.7478 9.00514 7,82744 2.30975 0.962891

11 1.30000E-02 12.4089 11.1492 9.03716 2.37876 0.968018

12 1.45000E-02 13.2270 12.4357 9.63294 2.43924 0.966797

13 1.65000E-02 14.0094 14.1509 10.20280 2,47839 0.970703

14 1.95000E-02 15.2382 16.7238 11.0977 2.44652 0.960449

IS 2.15000E-02 15.7031 18.4391 11.4363 2.46420 0.963379

16 2.60000E-02 16.7968 22.2984 12.2328 2.36142 0.960938

17 3.00000E-02 17.4518 25.7290 12.7098 2.34908 0.962646

18 3.65000E-02 18.3230 31.3036 13.3443 2.29088 0.956055

19 4.40000E-02 19.1813 37.7358 13.9694 2.21453 0.952881

20 5.20000E-02 19.7581 44,5969 14,3895 2.12143 0.946289

21 6.55000E-02 20.5292 56,1749 14,9510 1.98541 0.950439

22 8.20000E-02 21,2983 70.3259 15.5112 1.92140 0.936523

23 1.02000E-01 22.0157 87.4785 16.0337 1.86984 0.927246

24 0.127500 22.6952 109.349 16.5285 1.87550 0.922607

25 0.161500 23.4387 138.508 17.0700 1.80622 0.895996

26 0.203500 24.2184 174.528 17.6378 1.73271 0.882324

27 0.252000 24.8922 216.123 18.1285 1.68311 0.815186

28 0.317500 25.6322 272.298 18.6674 1.51598 0,750732

29 0.398000 26.2915 341,338 19,1476 1.27254 0.632324

30 0.509500 26.7975 436.964 19.5161 1.04648 0.488281

31 0.710500 27.2675 609.348 19.8584 0.736733 0.337158

32 0.960500 27.4954 823.756 20.0244 0.587315 0.265625

33 1,21050 27.6175 1038.16 20.1133 0.522231 0.228027

34 1.46050 27.6970 1252.57 20.1712 0.489158 0.209961

35 1.71050 27.7896 1466.98 20.2387 0.490363 0.201172

36 1.96050 27.8430 1681.39 20.2775 0.458551 0.200195

37 2.21050 27.9697 1895.80 20.3698 0.465335 0.191895

38 2,46050 28.0350 2110.21 20.4173 0.468631 0.192383

39 2.71050 28.1348 2324.61 20.4901 0.486379 0.202881

40 2.96050 28.1940 2539.02 20.5331 0.501194 0.203125
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Station = 8 dU/dx=29s-1

patm = 757.428 temp = 29.3226

x = 66.1100 visc = 1.60200E-05

cf = 5.30000E-03 yeff• 1.00000E-03

d99.5 = 0.656221 dell = 6.25045E-02

de12 = 4.60231E-02 H = 1.35811

Uw = 29.1726 Rex = 1.20388E+06

Red1 - 1138.22 Red2 = 838.089

coe_l = 29.1726 coef2 = 0.524010

A+ = 28.5844

K = 5.54327E-07 fl = -8.58900E-07

• y U y+ u+

1 1.00000E-03 1.00E-10 0.937427 6.66E-11

2 1.50000E-03 2.11089 1,40614 1.40562

3 2.00000E-03 3.34968 1.87485 2.23051

4 2.50000E-03 4.29595 2.34357 2.86062

5 3.00000E-03 5.09571 2.81228 3.39318

6 3.50000E-03 5.82402 3.28099 3.87814

7 4.50000E-03 7.26749 4.21842 4.83934

8 5.50000E-03 8.41446 5.15585 5.60309

9 6.50000E-03 9.42000 6.09327 6.27267

10 8.00000E-03 10,6755 7.49941 7.10867

11 9.50000E-03 11.9190 8.90556 7.93673

12 1.15000E-02 13.2236 10.7804 8.80542

13 1.35000E-02 14.3706 12.6553 9.56921

14 1.55000E-02 15.4764 14.5301 10.30554

15 1.75000E-02 18.5403 16.4050 11.0140

16 1.95000E-02 16.9482 18.2798 11.2856

17 2.40000E-02 18.2868 22.4982 12.1769

18 2.75000E-02 19.0310 25.7792 12.6725

19 3.30000E-02 19.9056 30.9351 13.2549

20 3.95000E-02 20.6771 37.0284 13.7686

21 4.85000E-02 21.5770 45.4652 14.3679

22 5.90000E-02 22.2257 55.3082 14.7998

23 7.60000E-02 23.0721 71.2444 15.3635

24 9.65000E-02 23.7979 90.4617 15.8467

25 0,124500 24.6231 116.710 16.3963

26 0.158500 25.4774 148.582 16.9651

27 0.197500 26.1980 185.142 17.4449

28 0.251000 27.0143 235.294 17.9885

29 0.316000 27.7913 296.227 18.5059

30 0.399000 28.5093 374.033 18.9840

31 0.513500 29.0723 481.369 19.3589

32 0.716500 29.4966 671.666 19.8415

33 0.966500 29.6531 906.023 19.7456

34 1.21650 29.8621 1140.38 19.8848

35 1.46680 29.9778 1374.74 19.9618

36 1.71650 30.0579 1609.09 20.0152

37 1.96650 30.1619 1843.45 20.0844

N _

1.61198

1.64377

1.67341

1.79981

1.77880

1.87804

1.97082

2.11513

2.27615

2.34991

2.45426

2.50289

2.56608

2.58301

2.62447

2.58289

2.53716

2.52214

2.43168

2.33995

2.24051

2.15225

2.02693

2.02023

1.94940

1.92999

1.88497

1,79101

1.59721

1.42387

1.18805

0,876570

0.738414

0.565542

0.495881

0.472234

0.449261

gma
O. 960205

0.962158

O. 958008

O. 956299

0.958252

O. 962891

O. 969238

0.964111

O. 968262

O. 971191

O. 968018

O. 969971

O. 972656

O. 961426

0.968018

O. 966309

O. 965088

0.963867

O. 958496

O. 949951

0.951416

O. 944580

O. 938721

0.935791

O. 919678

O. 908691

0.879150

0.841064

O. 770752

0.659668

O. 524658

O. 371826

0.320801

O. 235107

0.201416

O. 193359

O. 187988
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Station = 9 dU/dx=29s-I

pata = 757,428 tessp = 29.3097

x = 73.9300 visc= 1.60187E-05

¢f = 5.00000E-03 yeff= 2.50000E-03

d99.5 = 0.865280 dell = 7.27015E-02

de12 = 5.48091E-02 E = 1.32645

Us = 31.8585 Rex = 1.47034E+06

Red1 = 1445.90 Red2 = 1090.06

coefl = 31.8585 coef2 = 0.571484

A+ = 28.1911

K = 4.64766E-07 fl = -1.26105E-06

| y U y+ u+ u_ gaema

1 2.50000E-03 4.86859 2.48603 3.05639 1.83636 0.967773

2 3.00000E-03 5.42795 2.98324 3.40754 1.83377 0.968750

3 3.50000E-03 6.05318 3.48044 3.80004 1.87547 0.964844

4 4.00000E-03 6.70033 3.97765 4.20631 1.87947 0.963867

5 4.50000E-03 7.31701 4.47485 4.59345 2.00468 0.964844

6 5.00000E-03 7.97917 4.97206 5.00914 2.06051 0.967285

7 6.00000E-03 9.24151 5.96647 5.80161 2.14565 0.973389

8 7.00000E-03 10,37798 6.96088 6.51505 2.31209 0.969971

9 8.00000E-03 11.3734 7.95529 7.13996 2.38829 0.970215

10 9.50000E-03 12.7461 9.44691 8.00167 2.51859 0.970215

11 1.10000E-02 13.9307 10.9385 8.74536 2.57518 0.966553

12 1.30000E-02 15.1916 12.9274 9.53694 2.66197 0.968994

13 1.50000E-02 16.2467 14.9162 10.19930 2.66501 0.975098

14 1.75000E-02 17.5099 17.4022 10.9923 2,64514 0.967285

15 2.00000E-02 18.5746 19.8882 11.6607 2.69050 0.967285

16 2.25000E-02 19.2911 22.3743 12.1105 2.63023 0.966797

17 2.70000E-02 20.3145 26.8491 12,7529 2.55273 0.966750

18 3.20000E-02 21.1554 31.8212 13.2809 2.51634 0.961914

19 3.90000E-02 22.0858 38,7821 13.8650 2.45429 0.955322

20 4.75000E-02 22.9480 47.2346 14.4062 2.30946 0.955078

21 5,90000E-02 23.7698 58.6703 14.9222 2.29801 0.948486

22 7.45000E-02 24.6706 74.0837 15.4877 2.20773 0.941650

23 9.35000E-02 25.3840 92.9775 15.9355 2.19159 0.934570

24 0.122000 26,4179 121.318 16.5846 2.14634 0.927002

25 0.152000 27.3100 151.151 17.1446 2.11777 0.914551

26 0.187500 27.9652 186.452 17.5559 2.08241 0.896484

27 0.245000 29.0476 243.631 18.2354 1.91886 0.866455

28 0,301500 29.7661 299.815 18.6865 1.77194 0.804199

29 0,385000 30.5691 382.849 19.1905 1.56835 0.709473

30 0.496000 31.2676 493.228 19.6291 1.32867 0.582275

31 0.665500 31.8396 661.781 19.9881 1.01117 0.441406

32 0.915500 32.2827 910.384 20,2663 0.715206 0.273193

33 1.16550 32.5188 1158.99 20.4145 0.555922 0.227783

34 1.41550 32.6687 1407.59 20.5086 0.481188 0.200684

35 1.66550 32.7900 1656.19 20.5848 0.455087 0.187744

36 1.91550 32.9567 1904.80 20.6895 0.442233 0.171631
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Station = 10 dU/dx=29s-1

pat= = 757.174 temlD = 29.4028

• = 81.7500 visc = 1.60328E-05

cf = 5.10000E-03 yef_ = 2.00000E-03

d99.5 = 0.846639 dell = 6.75840E-02

de12 = 5.16733E-02 H = 1.30791

Ue = 34.7172 Rex = 1.77020E+06

Red1 = 1463.45 Red2 = 1118.92

coefl = 34.7172 coef2 = 0.736084

A+ = 27,7005

K = 3.91721E-07 fl = 1.15218E-06

| y U y+ u+ u _ gzu_a

1 2.00000E-03 5.13445 2.18693 2.92873 2.05655 0.973145

2 2.50000E-03 6.20263 2.73366 3.53803 2.04328 0.972168

3 3.00000E-03 7.14868 3.28039 4.07766 2.07986 0.970703

4 3.50000E-03 7.89578 3.82712 4.50381 2.14176 0.976562

5 4.00000E-03 8.71919 4.37385 4.97349 2.20902 0.971436

6 4.50000E-03 9.34166 4.92058 5.32856 2.24366 0.974365

7 5.50000E-03 10.9234 8.01405 6.23082 2.43044 0.974121

8 6.00000E-03 11.5029 6.56078 6.56135 2.45181 0.974365

9 7.50000E-03 12.8385 8.20097 7.32317 2.49763 0.976562

10 9.S0000E-03 14.6640 10.38790 8.36444 2.62949 0,976807

11 1.15000E-02 16.2821 12,5748 9.28743 2.76411 0,973145

12 1.30000E-02 17.4485 14.2150 9.95275 2.83734 0.966797

13 1.50000E-02 18.5912 16.4019 10.6046 2.81885 0.971924

14 1.75000E-02 19.8777 19.1356 11.3384 2.77904 0.970459

15 2.00000E-02 20.9941 21.8693 11.9752 2.79787 0.969238

16 2,30000E-02 21.9815 25.1497 12.5384 2.75295 0.961914

17 2.65000E-02 22.7256 28,9768 12.9629 2,67202 0,963379

18 3.30000E-02 23.8718 36.0843 13.6167 2.58917 0.961670

19 4.00000E-02 24.7784 43.7385 14.1338 2.50211 0.959717

20 4.95000E-02 25.8026 54.1264 14.7180 2.43098 0.954346

21 6.05000E-02 26.6172 66.1545 15.1827 2,34238 0.953613

22 7.70000E-02 27.5059 84.1967 15.6896 2.33848 0.942383

23 9.85000E-02 28.4784 107.706 16.2443 2.32866 0.936279

24 0.124500 29.3499 136.136 16.7414 2.28735 0.926025

25 0.159000 30.3632 173.861 17.3194 2,20352 0.908203

26 0.198000 31.2101 216.506 17.8025 2.11823 0.887939

27 0.251000 32.0726 274.459 18.2945 1.99925 0.850830

28 0.321500 32.8962 351.548 18.7642 1.88688 0.780273

29 0.419000 33.6978 458.161 19.2215 1.63295 0.685791

30 0.558000 34.4445 610.152 19.6474 1.31574 0.539307

31 0.772000 35.0494 844.154 19.9925 0.961279 0.371826

32 1.02200 35.4426 1117.52 20.2167 0.670030 0.239258

33 1.27200 35.6633 1390.89 20.3426 0.546019 0.211670

34 1.$2200 35.8569 1664.25 20.4530 0.458934 0.180908

35 1.77200 35.9960 1937.62 20.5324 0.428582 0.164551

569



........
,

............
o

............
o

6
6
6
6
6
6
6
6
6
6
6
6
o
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

00
t_

O
_

0
_P

._
=;_

_
?

_10
_

II

•
1:

,
_-Iz_

M

_"
•

"_
d_

_;

,,
,.

_,
l|"

.

_._
II

II
II

_I
ii

u
II

_
|i

11
el

_0000000000000000000000000

÷
.........................

÷
.........................

l.,_O
000000000000000000000000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

5
7
0



n,oN0el

0

_,_

_._

_
_

°'
,,

,
.
_

,,_
II

'.
•

_
_

.,:_
_

_,
_,

_-
0_,

•
I_i

"
n

Ii
It

_

_
r4

r4
r._

_
_

_
,,

,,
:'_'_'_

_,,
"

_,,
,,

0
0
0
_
0
_
0
_
_
_

+
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

+
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

_0000000000000000000000000

0
0

0
0

0
0000000

0000

571



00000
00000
00000

00000

_0_

00000

572



66666666_6666o66o66666666_66_66_68_£_d_d_

0_o

0
O

_
t_3

_D
_1

_

u'_
0

n
¢eJ

0
_D

_4
_

o
o

o
__

_
I,(

_
•

1.4
•

l|
03

_..
I.__

o
o

_
8

,,
(,,

_
,,

|
=

"
,,

,:;
I,.i

U

_O
0_O

000000000O
O

O
O

O
O

O
O

O
_

I

÷
..........................

÷
..........................

_o66_66_6666666666666666666

_0o00o000000000000000000000

573



__._o_
_oo_o_o_

.........
_.

,_.
.

.
,_.

_
m

sO
_

h..
I,.,-

co
_

00000000000000
cO

_
......................

0000000000000000000000000000000000000

00000000000000000000000000000__

k4
.......................

_0000000000000000000000000

574



000000000000000000000000000000__

0_.-
n

•
r,_

o
o

O
,I

n
n

_,.
_

e0

_._
I|

_
N

|1

,,
:_:_o

_
,,._,,,,

.e4

+
.........................

+
.........................

_0000000000000000000000000

575



l',,,,,llG
,,+

-iO
l_i'q

i
_

l,,-0001
4_I'_,,-'qPPii_II_

00000000000000000000000000000

cOO
_

0_D
0

g,.',_
_0

.0
•

_®
_._

•
_,,,_

II

"
"

l.il".
o

li
I,_

II

it,
II

all
II

_
U

n
iii

÷
.........................

÷
.........................

=
+

+
+

I_0000000000000000000000000

576



_
_

_
_

_
_

_m
m

m
_

_
_

_
0000

o
0

00o
o

_,'.,

_,
_-_

,,._
,,

_,.'.

"¢_
;

_
8

"
"

=

'_
_

..|_
=o

"
,,

" ÷
.........................

÷
.........................

_0000000000000000000000000

O
000000000000000000000000

0000000000000000000000000

577



0o
0000000000000000000000

..........
_._._.

._._o
._

•
._

._.

000000000000000000000_

THIIo

oh-
0

_4

";_
©

o
t_

0
0

_
_D

¢_1
h

-
•

0
•

?

•
-

,_
_,,,.,_

_
®

_
";,

o
o

•
C

O
0

h
-

•
II

U
II

cO

_'_i.
'_

_
o col

U

.,..
o

,-
..-,

_
o

u
_

t_
H

_
t_

II
14

II
N

.
|__

m
_1

n
II

÷
.........................

÷
.........................

578



O
000000000O

O
0oooo0000o

gC
O

t_0
_0

I

•
r-..

0
C

O
'_

_
'_,_

0
•

0

_
.

o

I
1,4

|l

÷
.........................

÷
.........................

_0000000000000000000000000

_0000000000000000000000000

579



6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

6
6
6
6
6
6
6
6
6
6
6
W
W
6
6
6
6
6
1

kr3
0

U

U

n¢_

0
II

00

•
00_°_.

0
_

0

_.||",,

@
_

_
_

_
0

II

$4
.........................

÷
.........................

÷
.........................

e_
.........................

1"10000000000000000000000000

0
0

0000
00000

0
00000

_0000000000000000000000000

5
8
0



Station 1 dU/dx=29s-1

x = 10.03000 cm, Patm = 742.315,,-- Hg, T = 29.5304 deg C

Y

0.060

0.063 9.475 -0.716 1.140 1.023 -0.343 -0.550 3156.3

0.069 9.806 -0.767 1.152 0.981 -0.376 -0.507 2473.3

0,075 9.840 -0.578 1.131 0.910 -0.303 -0.445 2579.4

0.081 9.994 -0,527 1.129 0.917 -0.331 -0.495 2038.7

0,090 10.208 -0.540 1.106 0,835 -0.269 -0.372 2489.9

0.098 10.409 -0.540 1.082 0,769 -0.264 -0,329 2246.0

U V u _ v_ u'v' u_v_2 dU/dy sm 1 gamma

9.531 -0.354 1,149 1,027 -0.269 -0.527 -5287.7 -0.508E-04 0.00010 0.379

1788.3

1332.8

980.7

773.2

589.5

483.5

379.5

264.0

183.9

127.4

76,6

42.7

19.3

8.6

5.3

0.111 10,707 -0,578 1.045 0,703 -0.230 -0.243

0.128 10.898 -0.549 1.028 0,641 -0.222 -0,166

0.147 11.134 -0.573 0.998 0,595 -0.208 -0.133

0.172 11.338 -0.597 0.982 0,548 -0.197 -0.100

0.200 11.487 -0.598 0.976 0,526 -0.190 -0.089

0,234 11.676 -0.623 0.964 0,513 -0.179 -0.089

0.281 11.886 -0.654 0.925 0,487 -0,161 -0.071

0.345 12.042 -0.664 0.930 0,483 -0.151 -0,069

0.417 12.218 -0.710 0.891 0,482 -0.137 -0.068

0.507 12.320 -0.740 0.865 0,499 -0.112 -0.069

0.683 12.471 -0,776 0,810 0.531 -0,080 -0,040

0.941 12,624 -0,843 0,745 0,564 -0.050 -0.029

1.365 12.668 -0.939 0.747 0,637 -0.033 -0.030

1.865 12.737 -1.063 0,704 0,666 -0.018 -0.011

2.365 12.771 -1.187 0.703 0,710 -0.026 -0.026

2.866 12.776 -1.300 0.699 0,730 0.004 0.000

3.366 12.781 -1,422 0.693 0,739 0.007 -0.019

3,866 12.811 -1.562 0.691 0,742 0.022 -0.017

4.366 12.765 -1.680 0.687 0,709 0,007 -0.024

0.109E-03 0.00019 0.388

0.152E-03 0.00025 0.389

0,117E-03 0.00021 0.397

0.162E-03 0.00028 0.410

0.108E-03 0.00021 0,421

0.117E-03 0.00023 0.418

0.128E-03 0.00027 0.429

0,167E-03 0.00035 0.432

0.212E-03 0.00047 0.420

0.255E-03 0.00057 0.449

0.323E-03 0.00074 0.433

0.371E-03 0.00088 0.411

0.424E-03 0.00106 0.400

0,572£-03 0.00147 0.381

0.744E-03 0.00201 0,346

0.882E-03 0.00263 0.334

0.105E-02 0.00370 0,288

0,118E-02 0.00525 0.259

0.171E-02 0.00941 0.253

0.204E-02 0.01539 0,258

0.532E-02 0.03177 0.268

3.1 -0,132E-02 0.00000 0.274

0.4 -0.153E-01 0.00000 0.280

-2.6 0.842E-02 0.00000 0.283

-48.2 0.136E-03 0.00000 0.295

Station 2 dU/dxffi29s-1

x = 18.7500 cm, Patm ffi 741.680"-" Hg, T = 29.2576 deg C

U Y U ) V _ _V j U_V_2

0.060 11.458 1.458 1.158 1,089 0.028 -0.589

0,061 11.484 1.425 1,138 1,068 0.029 -0.576

0,069 11,622 0,410 1.150 1.069 -0.121 -0.648

0.083 12,471 -0.397 1,198 1.018 -0.298 -0.634

0.101 12.791 -0.180 1.149 0.884 -0.240 -0.529

0.123 13.165 -0.142 1.070 0.757 -0.248 -0.349

0.155 13.567 -0.154 0.996 0.653 -0.214 -0.232

0.206 13.937 -0.193 0.957 0.566 -0.187 -0.139

0.275 14.305 -0.232 0.889 0.520 -0.173 -0.108

0.363 14.585 -0.281 0.835 0.476 -0.125 -0.070

0.523 14.872 -0.334 0.770 0.492 -0.086 -0.048

0.790 15.053 -0.429 0.699 0.552 -0.051 -0.028

1.290 15.179 -0.601 0.664 0.629 -0.043 -0.031

1.790 15.282 -0.775 0.638 0.678 -0.022 -0.029

2.290 15.324 -0.905 0.644 0.723 -0.005 -0.031

2.790 15.375 -1.086 0.621 0.718 -0.010 -0.012

3.290 15.457 -1.213 0.630 0.725 -0.001 -0.021

3.790 15.497 -1.385 0.625 0.727 0.017 -0.027

4,290 15.552 -1,513 0.628 0.718 0.028 -0.015

dU/dy em 1 gai=a

2451.7 -0.115E-04 0.00000 0.491

-1.4 0,206E-01 0.00000 0.466

4217.9 0.288E-04 0.00008 0,463

3514.1 0.847E-04 0.00016 0,458

2626.8 0,912E-04 0.00019 0.479

1456.7 0.170E-03 0.00034 0.458

1082.2 0,198E-03 0.00043 0.482

716.6 0,261E-03 0.00060 0.438

467.1 0,371E-03 0.00089 0.389

297.1 0.421E-03 0.00119 0.346

148.0 0.583E-03 0.00199 0.283

67.2 0.755E-03 0.00335 0.245

27.4 0.156E-02 0.00753 0.226

15.8 0.141E-02 0.00944 0.224

13.0 0.406E-03 0.00560 0.228

11.2 0.866E-03 0.00878 0.237

11.6 0.106E-03 0.00303 0.233

10.1 -0.170E-02 0.00000 0,247

-35.3 0.799E-03 0.00000 0.250
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Station 3 dU/dx=298-1

x = 26.1700 c_,, Patm = 741.680 -m Hg, T = 29.1269 de K C

y U V U _ V J _JVJ UPV_2

0.060 12.140 2.127 1.201 1.192 0.036 -0.665

0.062 12.129 2.089 1.182 1.220 0.098 -0.679

0.071 12.712 1.573 1.218 1.187 0.009 -0.733

0.087 14.096 0.257 1.295 1.237 -0.272 -1.004

0.105 14.391 -0.631 1.270 1.085 -0.392 -0.913

0.132 15.035 -0.603 1.169 0.897 -0.371 -0.553

0.168 15.549 -0.597 1.094 0.754 -0,348 -0.352

0.218 16.029 -0.650 0.991 0.643 -0.274 -0,224

0.290 16.486 -0.704 0.895 0.555 -0.229 -0.136

0.387 16.817 -0.757 0.791 0.512 -0.171 -0.102

0.554 17.124 -0.835 0,702 0.600 -0.101 -0.057

0.846 17.329 -0.958 0.637 0.557 -0.061 -0.041

1.346 17.459 -1.163 0.596 0.646 -0.039 -0.034

1.846 17.534 -1.351 0.575 0.680 -0.033 -0.025

2.346 17.592 -1.523 0,577 0.708 -0.012 -0.028

2.846 17.694 -1.690 0.569 0,733 -0.001 -0.015

3,346 17.729 -1.854 0.572 0.716 0.004 -0.020

3.846 17.814 -1.941 0.577 0.688 0,020 -0.006

dU/dy em 1 8azma

-962.2 0.376E-04 0.00000 0.633

4456.9 -0.221E-04 0.00000 0.640

7474.2 -0.121E-05 0.00000 0.613

5262.6 0.516E-04 0.00010 0.565

3540.4 0.111E-03 0.00018 0.592

1768.9 0.210E-03 0.00034 0.577

1385.0 0.252E-03 0.00043 0.556

889.8 0.308E-03 0.00059 0.499

556.4 0.411E-03 0.00086 0.439

323.8 0.530E-03 0.00128 0.360

155.4 0.647E-03 0.00204 0.276

68.9 0.880E-03 0.00357 0.219

27.2 0.145E-02 0.00729 0.230

17.3 0.191E-02 0.01051 0.222

14.0 0.850E-03 0.00778 0.232

13.9 0.615E-04 0.00210 0.243

13.2 -0.320E-03 0.00000 0.250

-49.8 0.396E-03 0.00000 0.241

Station 4 dU/dx =29s-I

x = 34.7900 ca, Patm = 742.442 m= Hg, T = 29.1076 deg C

y U V u; v ; =;v _ uPv;2

0.060 13.989 3.009 1.270 1.279 0,156 -0.698

0.070 14,458 2.617 1.276 1.292 0.080 -0.780

0.090 15.993 1.277 1.346 1,277 -0.224 -1.048

0.112 16.883 -0.369 1.341 1.138 -0.487 -0.895

0.140 17.577 -0.389 1.285 0.958 -0.436 -0.648

0.181 18.209 -0.387 1.163 0.796 -0.368 -0.442

0.235 18.772 -0.433 1.046 0.674 -0.319 -0.265

0.303 19.204 -0.474 0.954 0.594 -0.255 -0.188

0.419 19.607 -0.547 0.792 0.536 -0.189 -0.116

0.618 19.967 -0.645 0.647 0.523 -0.095 -0.053

1,016 20.160 -0.842 0.577 0.603 -0.051 -0.051

1.516 20.258 -1.023 0.535 0.686 -0.022 -0.042

2.016 20.331 -1.199 0.523 0.709 -0.028 -0.028

2.516 20.425 -1.356 0.528 0.719 -0.012 -0.021

3.016 20.533 -1.485 0.535 0.702 0.010 -0.029

dU/dy em 1 gamma

3621.7 -0.430E-04 0.00000 0.773

7122.2 -0.113E-04 0.00000 0.757

5510.0 0.407E-04 0.00009 0.733

4057.4 0.120E-03 0.00017 0.695

2339.1 0.186E-03 0.00028 0.671

1458.7 0.253E-03 0.00042 0.607

936.2 0.341E-03 0.00060 0.538

583.8 0.436E-03 0.00086 0.461

314.7 0.601E-03 0.00138 0.349

144.9 0.657E-03 0.00213 0.243

54.6 0.932E-03 0.00413 0.216

23.2 0.931E-03 0.00633 0.217

18.2 0.153E-02 0.00917 0,208

20.1 0.605E-03 0.00548 0.201

-109.3 0.889E-04 0.00000 0.227
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Station 5 dU/dx=29s-1

x = 42.5100 ca=, Patm = 742.569 m= Hg, T = 29.0877 deg C

y U V _ v _ u_v _ _v_2

0.060 14.669 3.558 1.280 1.244 0.442 -0.563

0.064 14.828 3,554 1.290 1,263 0.419 -0,634

0.078 15.421 3,326 1.342 1.340 0.157 -0.657

0,094 16,394 2,498 1,379 1.350 -0,124 -0.820

0,120 17.981 -0,466 1,475 1,377 -0.660 -1.364

0.152 19._T9 -0.589 1.391 1.140 -0.582 -0.874

0.188 20,140 -0.616 1.297 0.952 -0.478 -0.587

0.239 20.949 -0.653 1.187 0.773 -0.396 -0,382

0.308 21.560 -0,671 1.059 0.671 -0.329 -0.321

0.414 22.119 -0.697 0.903 0.565 -0,238 -0.184

0.581 22,519 -0,764 0,715 0.545 -0.147 -0.113

0,913 22.737 -0,893 0.574 0.587 -0,059 -0.049

1.413 22.826 -1,039 0.529 0.660 -0.043 -0,045

1,913 22,891 -1.171 0.503 0.701 -0.032 -0,036

2,413 22,964 -1.235 0,498 0.708 -0.011 -0,020

2.913 23.076 -1.311 0.507 0.676 -0.009 -0,020

3.413 23.192 -1.396 0.518 0.599 0.008 -0.010

dU/dy em 1 gaema

3935.6 -0.112E-03 0.00000 0.859

3660.0 -0.115E-03 0.00000 0.853

4957.3 -0.317E-04 0.00000 0,840

5519.8 0.224E-04 0.00006 0,811

5101.9 0.129E-03 0.00016 0.786

3688.8 0,158E-03 0.00021 0.746

2322.3 0,206E-03 0.00030 0,697

1344.3 0.295E-03 0.00047 0.622

850.4 0.387E-03 0.00067 0.528

457.4 0,519E-03 0.00107 0.405

205.1 0.719E-03 0.00187 0.305

69.9 0,848E-03 0.00348 0.215

23.8 0,179E-02 0.00868 0.193

16.3 0.198E-02 0.01101 0.196

18.3 0,595E-03 0.00570 0.196

22.4 0.421E-03 0.00433 0.199

-89.4 0.847E-04 0.00000 0,201

Station 6 dU/dx=29s-1

x = 50.6300 cm, Patm = 742.950mm Hg, T = 29.0097 de S C

y U V U _ v _ _Jv ; _v_2

0.060 14.897 3.370 1.262 1,186 0.390 -0.382

0.062 14.907 3.396 1.281 1,218 0.448 -0.456

0.076 15.342 3.668 1.295 1.314 0.292 -0.309

0.095 16.327 3.133 1.401 1.414 -0.065 -0.500

0.121 18.437 1.385 1.494 1.471 -0.512 -0.893

0.150 19.737 -0.640 1.534 1.340 -0.830 -0.772

0.185 20.789 -0.687 1.496 1.159 -0.772 -0.724

0.226 21.679 -0.781 1.440 0.996 -0.643 -0.587

0.281 22.597 -0.802 1.324 0.845 -0.481 -0.471

0.350 23,305 -0.792 1.237 0.722 -0.431 -0.373

0.460 23.950 -0.854 1.013 0.606 -0.297 -0.280

0.643 24.429 -0.903 0.743 0.553 -0.173 -0.136

0.893 24.678 -0.957 0.580 0.596 -0.092 -0.100

1.143 24.772 -1.022 0.519 0.614 -0.059 -0.052

1.393 24.822 -1.086 0.501 0.669 -0.055 -0.051

1.643 24.875 -1.132 0,487 0.674 -0,039 -0.039

1,893 24,932 -1.151 0.479 0.684 -0,020 -0.025

2.143 24.994 -1,189 0.477 0.695 -0.019 -0,031

2.394 25,049 -1,192 0.469 0,690 -0.006 -0.021

2.644 25.133 -1.224 0.475 0.666 -0.007 -0.020

2.894 25.221 -1.217 0.486 0.625 0.000 -0.023

dU/dy em 1 gA=ma

-18.8 0.207E-01 0.00000 0,892

1959.5 -0.228E-03 0.00000 0.903

3900.7 -0.748E-04 0.00000 0.893

5744.4 0.112E-04 0.00004 0,872

5719.9 0,895E-04 0.00013 0.840

4505,6 0.184E-03 0.00020 0.827

2862.9 0,270E-03 0.00031 0.780

2065.3 0,311E-03 0.00039 0.742

1443.0 0.333E-03 0.00048 0,668

945,1 0,456E-03 0,00069 0.571

513.3 0.579E-03 0.00106 0.445

240.8 0.720E-03 0.00173 0.301

95.4 0.968E-03 0.00318 0.208

41.4 0.142E-02 0.00586 0.200

24.4 0.225E-02 0.00961 0.186

22.1 0.177E-02 0.00894 0.190

22.9 0.857E-03 0.00612 0.185

25.3 0.741E-03 0.00541 0.185

28.7 0.200E-03 0.00264 0.187

34.2 0.217E-03 0.00252 0.188

-43.6 0.307E-05 0.00000 0.178
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Station 7 dU/dxz29s-1

• m 58.2500 cm, Patm _ 742.950 xm Hg, T = 29.0021 detK C

y U

0.060 16.012

0.063 16.089

0.079 17.020

0.100 18.907

0.124 20.461 -0.863 1.676 1.449 -1.010 -0.947

0.159 21.543 -0.916 1.628 1.267 -0.888 -0.750

0.201 22.595 -1.021 1.618 1.118 -0.839 -0.599

0.249 23.437 -1.046 1.584 1.013 -0.765 -0.612

0.315 24.416 -1.139 1.429 0.884 -0.648 -0.624

0.396 25.128 -1.180 1.305 0.762 -0.515 -0.547

0.507 25.761 -1.199 1.059 0.648 -0.364 -0.362

0.707 26.266 -1.266 0.767 0.600 -0.212 -0.198

0.957 26.508 -1.336 0.593 0.607 -0.108 -0.097

1.207 26.596 -1.392 0.513 0.650 -0.072 -0.074

1.457 26.680 -1.447 0.472 0.665 -0.054 -0.045

1.707 26.745 -1.495 0.472 0.663 -0.043 -0.036

1.957 26.810 -1.512 0.460 0.664 -0.018 -0.031

2.208 26.887 -1.534 0.459 0.671 -0.018 -0.015

2.458 26.985 -1.556 0.464 0.632 -0.011 -0.015

2.708 27.080 -1.555 0,454 0.599 -0.006 -0.017

2.958 27.153 -1.594 0.484 0.537 -0.008 -0.017

V up v _ u_v ' n'v'2 dU/d7 en 1 gu_a

3.836 1.364 1.365 0.270 -0.440 1339.9 -0.201E-03 0,00000 0.888

3.797 1.416 1.360 0.269 -0.314 3781.3 -0.712E-04 0.00000 0.895

3.219 1.468 1.459 -0.014 -0.541 7064.1 0.191E-05 0.00002 0.886

1.677 1.579 1.519 -0.587 -1.008 8789.3 0.864E-04 0.00011 0.862

5468.6 0,185E-03 0.00018 0.840

3356.1 0.265E-03 0.00028 0.812

2259.2 0.371E-03 0.00041 0.792

1732.2 0.442E-03 0.00051 0.740

1233.1 0.526E-03 0.00065 0.671

850.2 0.605E-03 0.00084 0.574

484.8 0.751E-03 0.00124 0.440

226.9 0.933g-03 0.00203 0.291

95.1 0.114E-02 0.00345 0.224

45.2 0.159E-02 0.00593 0.205

30.1 0.180E-02 0.00773 0.183

28.5 0.149E-02 0.00725 0.189

30.0 0.610E-03 0.00451 0.188

33.8 0.523E-03 0.00394 0.178

35.1 0.322E-03 0.00303 0.172

33.1 0.182E-03 0.00234 0.174

-53.3 -0.154E-03 0.00170 0.182

Station 8 dU/dxs29s -1

• B 66.3100 cm, PaCm i 743.712 m Hg, T m 28.9904 deg C

y U V up v J u_v _ u_v_2 dU/dy em 1 g_a

0.060 17.276 4.224 1.390 1.268 0.575 -0.490 624.3 -0.921E-03 0.00000 0.899

0.075 17.691 4.292 1.443 1.378 0.275 -0.359 5400.4 -0.509E-04 0.00000 0.894

0.095 19.446 3.023 1.541 1.484 -0.258 -0.692 7876.5 0.327E-04 0.00006 0.873

0.123 22.672 -1.197 1.786 1.545 -1.190 -1.265 6965.0 0.171E-03 0.00016 0.849

0.157 23.629 -0.963 1.749 1.299 -1.053 -0.761

0.197 24.601 -1.041 1.714 1.192 -0.984 -0.668

0.250 25.548 -1.130 1.681 1.073 -0.896 -0.758

0.315 26.438 -1.213 1.602 0.960 -0.779 -0.722

0.398 27.156 -1.242 1.475 0.840 -0.670 -0.807

0.512 27.930 -1.345 1.197 0.697 -0.452 -0.457

0.715 28.527 -1.411 0.842 0.626 -0.261 -0.271

0.965 28.803 -1.508 0.622 0.617 -0.138 -0.153

1.215 28.924 -1.576 0.529 0.648 -0.082 -0.097

1.465 29.026 -1.584 0.483 0.670 -0.065 -0.072

1.715 29.070 -1.653 0.444 0.664 -0.036 -0.043

1.965 29.145 -1.639 0.438 0.646 -0.022 -0.023

4408.8 0.239E-03 0.00023 0.819

2188.2 0.450E-03 0.00045 0.785

1675.5 0.535E-03 0.00056 0.752

1208.3 0.645E-03 0.00073 0.686

854.6 0.784E-03 0.00096 0.604

537.6 0.841E-03 0.00125 0.482

266.8 0.980E-03 0.00192 0.329

112.9 0.122E-02 0.00329 0.226

52.3 0.156E-02 0.00546 0.189

33.2 0.196E-02 0.00768 0.183

25.7 0.142E-02 0.00743 0.174

-181.4 -0.122E-03 0.00082 0.173
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Station 9 dU/dx=29s-I

x = 74.0300 cm, Pata = 743.712 --. Bg, T = 29.0326 deg C

y U

0.060 18.769

0.072 19.530

0.091 21.924 1.881 1.784 1.654 -0.755 -1.188

0.119 24.145 -1.250 1.885 1.574 -1.302 -1.160

0.149 25.202 -1.281 1.886 1.420 -1.274 -1.079

0.185 26,293 -1.398 1.856 1.273 -1.174 -0.885

0.242 27.418 -1.519 1.852 1.157 -1.122 -0.972

0.299 28.276 -1.588 1.736 1.037 -0.963 -0.875

0.382 29.132 -1.673 1.551 0.912 -0.797 -0.851

0.493 29.903 -1.770 1.340 0.783 -0.604 -0.637

0.663 30.548 -1.817 1.013 0.697 -0,401 -0.450

0.913 30.977 -1.891 0.733 0.664 -0.242 -0.278

1.163 31.211 -1.950 0.569 0,654 -0.142 -0.159

1.413 31,530 -2.022 0.493 0.649 -0.079 -0.094

1.663 31,652 -2.060 0.443 0.639 -0.042 -0.052

1.913 31,768 -2.089 0.432 0.623 -0.027 -0.029

V u _ v_ u_v ' u'v_2 dU/dy em 1 gamna

4.287 1.547 1.491 0.140 -0.382 4535.6 -0.309E-04 0.00000 0.908

3.702 1.619 1.589 -0.110 -0.633 10241.3 0.107E-04 0.00003 0.899

9107.4 0.829E-04 0.00010 0.873

6844.3 0.196E-03 0.00017 0.844

4190.4 0.304E-03 0.00027 0.837

2631.0 0.446E-03 0.00041 0.798

1875.3 0.598E-03 0.00056 0.761

1373.5 0.701E-03 0.00071 0.719

944.0 0.844E-03 0.00095 0.639

609.7 0.990E-03 0.00127 0.522

340.0 0.118E-02 0.00186 0.378

175.5 0.138E-02 0.00281 0.255

110.6 0.129E-02 0.00341 0.203

80.9 0.971E-03 0.00346 0.177

51.5 0.825E-03 0.00400 0.160

-196.4 -0.135E-03 0.00083 0.156

Station 10 dU/dx=29s-1

x _ 82.0500 cm, PaCm = 744.728,-_ Hg, T = 28.9933 deg C

y U V u' v _ u'v' u3v_2 dU/dy em 1 g_--.a

0.060 20,746 4.570 1.656 1.542 0.227 -0.412 5139,7 -0.442E-04 0.00000 0.906

0.075 21,883 3.914 1.742 1.648 -0.149 -0.656 11932.1 0.125E-04 0.00003 0.894

0.097 25.111 1.353 1.927 1.743 -0.866 -1.544 9679.3 0.895E-04 0.00010 0.870

0.122 26.933 -1.538 2.020 1.636 -1.438 -1.328 7261.4 0.198E-03 0.00017 0.851

0.157 28.331 -1.603 1.986 1.429 -1.295 -1.255 3967.5 0.326E-03 0.00029 0.819

0.196 29.415 -1.697 2.000 1.303 -1.295 -1.099

0.249 30.523 -1.765 1.940 1.167 -1.174 -0.989

0.319 31.495 -1.892 1.762 1.034 -0.986 -0.915

0.417 32.415 -2.011 1.601 0.912 -0.880 -0.845

0.556 33.281 -2.143 1.288 0.793 -0.616 -0.710

0.770 33.909 -2.271 0.960 0.716 -0.411 -0.512

1.020 34.299 -2.357 0.675 0,669 -0.209 -0.272

1.270 34.514 -2.422 0.517 0.660 -0.117 -0.168

1.520 34,675 -2.478 0.453 0.654 -0.076 -0.094

1.770 34.822 -2.531 0.423 0.613 -0.041 -0.070

2671.7 0.485E-03 0.00043 0.788

1878.3 0.625E-03 0.00058 0.752

1304.2 0.756E-03 0.00076 0.704

864.2 0.102E-02 0.00109 0.604

530.8 0.116E-02 0.00148 0.476

279.9 0.147E-02 0.00229 0.323

144.0 0.145E-02 0.00318 0.229

88.1 0.133E-02 0.00389 0.185

62.4 0.122E-02 0.00443 0.160

-255.5 -0.160E-03 0.00079 0.140
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dUcw/dx=14s "1 CASE DATA

Single Hot-Wire Profiles

Mean Temperature Profiles

Cross-Wire Profiles

Triple-Wire Profiles

e.ee 
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Station = 1 dU/dx=14s-1

patm = 754.380 temp ffi 27.2056

x = 9.93000 visc ffi 1.58857E-05

cf = 7.20000E-03 yeff ffi l.O0000E-03

d99.5 = 1.60950 dell = 1.00301E-01

del2 = 6.64509E-02 H = 1.50940

U= = 6.56151 Rex = 41015.3

Red1 = 414.288 Red2 = 274.472

coefl = 6.56151 coef2 = 4.82823E-02

A+ = 52.8360

K = 5.29482E-06 fl = -2.55824E-05

|

1

2

3

4

5

6 3.50000E-03 0.185117

7 4.50000E-03 0.384755

8 6,50000E-03 0.623719

9 1.05000E-02 1.09450

10 1.35000E-02 1.41078

11 1.60000E-02 1.61433

12 1.95000E-02 1.90996

13 2.25000E-02 2.08689

14 2.65000E-02 2.32947

15 3.05000E-02 2.59583

16 3.35000E-02 2.81527

17 3.65000E-02 2.98133

18 4.05000E-02 3.17324

19 4.50000E-02 3.41164

20 4.90000E-02 3.59322

21 5.35000E-02 3.78804

22 5.85000E-02 4.01654

23 6.30000E-02 4.14269

y U y+ u+ u' gamma

1.00000E-03 1.0000E-10 0.247827 2.54E-10 0.236234 2.66110E-02

1.50000E-03 1.0000E-10 0.371740 2.54E-10 0.250820 2.61230E-02

2.00000E-03 1.0000E-10 0.495653 2.54E-10 0.252425 3.07620E-02

2.50000E-03 1.0000E-10 0.619566 2.54E-10 0.252690 3.02730E-02

3.00000E-03 2.5233E-02 0.743480 6.41E-02 0.259447 2.73440E-02

0.867393 0.470210 0.275501 3.34470E-02

1.11522 0.977301 0.297015 3.97950E-02

1.61087 1.58429 0.319088 3.66210E-02

2.60218 2.78009 0.401138 4.56540E-02

3.34566 3.58348 0.479886 4.88280E-02

3.96523 4.10050 0.502847 5.68850E-02

4.83262 4.85143 0.583162 6.86040E-02

5.57610 5.30083 0.612155 7.03120E-02

6.56740 5.91701 0.659797 9.27730E-02

7.55871 6,59358 0.699414 1.01074E-01

8.30219 7.15098 0.727426 0.109619

9.04567 7.57276 0.758423 0.130615

10.03698 8.06023 0.772245 0.131836

11.1522 8.66579 0.796774 0.150879

12.1435 9.12701 0.811078 0.164062

13.2587 9.62186 0.805834 0.177490

14.4979 10.20226 0.809811 0.201172

15.6131 10.52271 0.823214 0.203613

24 7.10000E-02 4.40004 17.5957 11.1764

25 7.75000E-02 4.56141 19.2066 11.5863

26 8.60000E-02 4.80704 21.3131 12.2102

27 9.30000E-02 4.90361 23.0479 12.4555

28 0.107500 5.12721 26.6414 13.0234

29 0.121000 5.31888 29.9870 13.5103

30 0.136000 5.46497 33.7044 13.8814

31 0.157500 5.65053

32 0.182000 5.75784

33 0.230000 5.95904 57.0001 15.1364

34 0.279000 6.09443 69.1436 15.4803

35 0.355000 6.21128 87.9784 15.7771

36 0.489500 6.35609 121.311 16.1449

37 0.682500 6.43924 169.142 16.3561

38 1.06900 6.54893 264.927 16.6347

39 1.56900 6.60186 388.840 16.7692

40 2.06900 6.65807 512.753 16.9119

41 2.56900 6.70004 636.867 17.0185

42 3.06900 6.71015 760.580 17.0442

43 3.56900 6.72694 884.493 17.0869

44 4.06900 6.72881 1008,41 17.0916

0.798991 0.226807

0.809597 0.224609

0.774132 0.262695

0.770001 0.272461

0.738491 0.290527

0.691511 0.309082

0.674703 0.315918

39.0327 14.3527 0.639281 0.335449

45.1044 14.6253 0.592588 0.348633

0.560828 0.330566

0.525844 0.332031

0.494234 0.299072

0.453713 0.237793

0.425112 0.190186

0.397521 0.128418

0.375901 0.129150

0.364204 0.118408

0.361092 0.131104

0.359795 0.120850

0.357934 0.131104

0.362790 0.129150
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Station I= 2 dU/dx='14s-1

patm = 754.634 temp = 27.1873

x = 18.9500 visc = 1.58787E-05

cf = 6.40000E-03 yeff= 3.00000E-03

d99.5 = 0.808502 dell = 7.22274E-02

del2 = 4.28881E-02 H = 1,69198

Uu = 7.70834 Rex = 91993.2

_edl = 350.630 Red2 = 207.230

coe_l = 7.70834 coef2 = 0.110832

£+ = 63.6017

K = 3.83482E-06 fl = -1.90351E-05

! y U y+ u+ u' gaE_a

1 3.00000E-03 0.188008 0.823840 0.431162 0.186917 1.78220E-02

2 3.50000E-03 0,271067 0.961146 0,621844 0.193916 1.95310E-02

3 4,00000E-03 0.348674 1.09845 0.799620 0.199343 2.17290E-02

4 4.50000E-03 0.424386 1.23576 0.973252 0.212489 2.05080E-02

5 5.00000E-03 0.491694 1.37307 1.12761 0.239094 2.46580E-02

6 5.50000E-03 0.563267 1.51037 1.29175 0.250025 2.51460E-02

7 6.50000E-03 0.705121 1.78499 1.61707 0.274644 2.88090E-02

8 8.50000E-03 0.945709 2.33421 2.16881 0.316925 2.80760E-02

9 1.20000E-02 1.44250 3.29536 3.30810 0.420134 3.46680E-02

10 1.45000E-02 1.72444 3.98189 3.95469 0.473719 4.24800E-02

11 1.75000E-02 2.04202 4.80573 4.68300 0.550233 4.63870E-02

12 2.00000E-02 2.26117 5,49226 5.18559 0.608287 5.90820E-02

13 2.35000E-02 2.61529 6.45341 5.99770 0.669881 6.15230E-02

14 2.60000E-02 2.82458 7.13994 6.47766 0.724715 7.08010E-02

15 2.95000E-02 3,16498 8.10109 7.25830 0.763446 7.66600E-02

16 3.20000E-02 3.34849 8.78762 7.67915 0.802954 9.20410E-02

17 3.60000E-02 3.67165 9.88608 8.42027 0.836151 1.00342E-01

18 3.90000E-02 3.94012 10.7099 9.03595 0.888218 0.110840

19 4,20000E-02 4.14096 11.5338 9.49654 0.884294 0,114258

20 4.55000E-02 4.34323 12.4949 9.96040 0.913231 0.122559

21 5.05000E-02 4.63408 13.8880 10.6274 0.923656 0.146240

22 5.45000E-02 4.83125 14.9664 11.0796 0,944216 0.145996

23 6.00000E-02 5.09874 16.4768 11.6930 0.936126 0.161865

24 6.50000E-02 5.30450 17.8499 12.1649 0,947325 0.178223

25 7.15000E-02 5.54408 19.6348 12.7143 0.935560 0.186768

26 7.85000E-02 5.77944 21.5571 13.2541 0.891418 0.213379

27 8.60000E-02 5.99580 23.6167 13.7503 0.898894 0,231934

28 9.50000E-02 6.18877 26.0883 14.1928 0.855767 0,240234

29 0.107000 6.43858 29.3836 14.7657 0.812593 0.249756

30 0.119000 6.57128 32.6790 15.0700 0.792480 0.272949

31 0.142500 6.82750 39.1324 15.6576 0.717533 0.290527

32 0.165500 6.97104 45.4485 15.9868 0.661497 0.310303

33 0.206500 7.19484 56.7076 16.5001 0.574449 0.306152

34 0.253000 7.33089 69.4771 16.8121 0.522118 0.300781

35 0.339500 7.48893 93.2312 17.1745 0.459718 0.291016

36 0.478000 7.61513 131.265 17.4639 0.409049 0,251709

37 0.754000 7.74713 207.058 17.7666 0.356755 0.189209

38 1.25400 7.85971 344.365 18.0248 0.333179 0.155273

39 1.75400 7.90379 481.672 18.1259 0.317799 0.141846

40 2.25400 7.96322 618.978 18,2622 0.317670 0.138916

41 2.75400 8.02032 756.285 18.3931 0.313171 0.133301

42 3.25400 8.06899 893.591 18.5048 0.308899 0.152832

43 3.75400 8.11064 1030.90 18.6003 0.312914 0.142334

44 4.25400 8.15784 1168.20 18.7085 0.306270 0.154297
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Station = 3 dU/dxz14s-t

patm = 754.888 temp = 27.1590

x = 26.0700 visc = 1.58707E-05

cf = 6.10000E-03 yeff= 1.00000E-03

d99.5 = 0.902575 dell = 7.02895E-02

de12 = 4.33282E-02 H = 1.62226

Uw = 8.73825 Kex = 143539.

Red1 = 387.008 Red2 = 238.561

coeft = 8.73825 coef2 = 0.125624

A+ = 60.0372

K = 2.98263E-06 fl = -3.41213E-06

1.00000E-03 1.000E-10 0.304074 2.072E-10 0.219575 4.22360E-02

1.50000E-03 1,000E-10 0.456111 2.072E-10 0.210693 3.51560E-02

2.00000E-03 1.000E-10 0.608147 2.072E-10 0.219253 4.51660E-02

2.50000E-03 9.906E-02 0.760184 0.205263 0.228440 4.24800E-02

3.00000E-03 0.236996 0.912221 0.491097 0.237691 4.68750E-02

3.50000E-03 0.344450 1.06426 0.713760 0.255161 4.78520E-02

4.50000E-03 0.549137 1.36833 1.13791 0.316811 4.90720E-02

6.50000E-03 0.867413 1.97648 1.79743 0.363082 5.41990E-02

1.00000E-02 1.48829 3.04074 3.08399 0.474776 6.98240E-02

10 1.25000E-02 1.87272 3.80092 3.88059 0.553327 7.10450E-02

11 1.50000E-02 2.22367 4.56111 4.60783 0.623548 8.56930E-02

12 1.75000E-02 2.56018 5.32129 5.30513 0.710031 9.69240E-02

13 1.95000E-02 2.80826 5.92944 5.81919 0.749898 9.64360E-02

14 2.25000E-02 3.19808 6.84166 6.62697 0.832245 0.107422

15 2,45000E-02 3.39878 7.44980 7.04286

16 2.80000E-02 3,76925 8.51406 7.81053

17 3.10000E-02 4.10295 9.42628 8.50201

18 3.35000E-02 4.32939 10.18647 8.97124

19 3.70000E-02 4.61701 11.2507 9.56723

20 4.05000E-02 4.88021 12.3150 10,11263

21 4.45000E-02 5.16398 13.5313 10.7007

22 4.85000E-02 5.42421 14.7476 11.2399

23 5.30000E-02 5.67236 16.1159 11.7541

24 5.85000E-02 5.97635 17.7883 12.3840

25 6.35000E-02 6.20606 19.3087 12.8600

26 7.00000E-02 6.41344 21.2852 13.2897

27 7.95000E-02 6.77638 24.1739 14.0418

28 8.70000E-02 6.98088 26.4544 14.4656

29 9.75000E-02 7.23760 29.6472 14.9976

30 0.109500

31 0,130000

32 0.149500

33 0.183000

34 0.239500

35 0.325500

36 0.440500

37 0.650000

38 1.06900

39 1.56900

40 2.06900

41 2.56900

42 3.06900

43 3.56900

7.41130 33.2961 15.3575

7.71750 39.5296 15.9920

7.88459 45.4590 16.3382

8.05685 55.6455 16.6952

8.24730 72.8256 17.0898

8.46364 98.9760 17.5381

8.62020 133.944 17.8625

8.72836 197.648 18.0867

8.86038 325.055 18.3602

8.92873 477.092 18.5019

9.00335 629.128 18.6565

9.05822 781.165 18.7702

9.12363 933.202 18.9057

9.17354 1085.24 19.0091

0.876996 0.117188

0.941504 0.134766

0.977672 0.149170

1.01965 0.147705

1.05982 0.165771

1.07122 0.177490

1.08110 0.181885

1.08538 0.199951

1.10314 0,212646

1.09118 0.219238

1.07401 0.229492

1.07224 0.241943

1.04506 0.278564

1.02225 0.287842

0.967444 0.288818

0.916158 0.319580

0.856507 0.324463

0.779596 0.344238

0.702985 0.362793

0.578748 0.346680

0.466230 0.326660

0.404545 0.280273

0.347394 0.225342

0.311863 0.181641

0.291439 0.164551

0.289596 0.159180

0.283472 0.164551

0.280972 0.165527

0.291831 0.172607
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Station = 4 dU/dxz14s -1

patm = 752.983 temp = 28.1081

x " 34.4900 visc = 1.60002E-05

cf = 6.20000E-03 yeff = -1.50000E-03

d99.5 = 0.627761 deit = 5.72847E-02

del2 = 3.43923E-02 H = 1.66563

Uw = 10.25741 Rex = 221109.

Redl = 367.242 Red2 = 220.483

coefl = 10.25741 coef2 = 0.112224

1+ = 50.0395

K = 2.18223E-06 fl = -8.63461E-06

y U y+ u+ u' sa_a

5.00000E-04 1.O00E-IO 0.178470 1.751E-10 0.295802 0.168213

1.O0000E-03 1.000E-10 0.356939 1.751E-10 0.315930 0.180176

2.00000E-03 1.O00E-IO 0.713878 1.751E-10 0.375619 0.210449

|

1

2

3

4 4.00000E-03 0.750386

5 7.00000E-03 1.52943

6 9.00000E-03 1.93382

7 1.20000E-02 2.59101

8 1.40000E-02 2.91077

9 1.65000E-02 3.38107

10 1.85000E-02 3.64335

11 2.20000E-02 4.19219

12 2.40000E-02 4.44946

13 2.70000E-02 4.86265

14 2.95000E-02 5.16180

15 3,25000E-02 5.52498

16 3.55000E-02 5.87164

17 3.80000E-02 6,05952

18 4.30000E-02 6.48349

19 4.70000E-02 6.73247

20 5.30000E-02 7.16380

21 5.75000E-02 7.37189

22 6,50000E-02 7.78055

23 7.10000E-02 8.04438

24 7.90000E-02 8.30049

25 8.95000E-02 8.56955

26 1.02500E-01 8,86188

27 0.117500 9.06282

28 0.143000 9.38756

29 0.169500 9.56861

30 0.218500 9.78072

31 0.297000 9.95370

32 0.449000

33 0.688500

34 1,16800

35 1.66800

36 2.16800

37 2.66800

38 3.16800

1.42776 1.31391

2.49857 2.67801

3.21245 3.38608

4.28327 4.53681

4.99715 5.09670

5.88949 5.92020

6.60337 6.37943

7.85266 7.34045

8.56654 7.79091

9.63735 8.51440

10.52970 9.03821

11.6005 9.67413

12.6713 10.28112

13.5637 10.6101

15.3484 11.3525

16.7761 11.7884

18.9178 12.5437

20.5240 12.9080

23.2010 13.6236

25.3427 14.0856

28.1982 14.5340

31.9460 15.0051

36.5862 15.5170

41.9403 15.8688

51.0423 16.4374

60.5012 16.7545

77.9912 17.1259

106.011 17.4287

10.16566 160.266 17.7999

10.31427 245.752 18.0601

10.40685 416.905 18.2222

10.43962 595.374 18.2796

10.49112 773.844 18.3697

10.55716 952.313 18.4854

10.6074 1130.78 18,5733

0.439589 0.237549

0.580989 0.265625

0.634183 0.292236

0.770654 0,311035

0.845669 0.328125

0.938526 0.367920

0.974486 0.357422

1.08080 0,398438

1.11407 0.411377

1.18599 0.422363

1.20211 0.445312

1.24425 0.458008

1.23961 0.459229

1.28122 0.460449

1.28102 0.457764

1.27518 0.480469

1.28008 0.495605

1.28166 0.494141

1.25205 0.502930

1.23315 0.517334

1,18610 0.520508

1,14246 0.533691

1.05475 0.540771

1.00238 0.525146

0.882537 0.536133

0.812790 0.520996

0.679093 0.496094

0.547665 0.452881

0.411854 0.372314

0.323805 0.260498

0.277208 0.182373

0.270328 0.170654

0.261050 0.170410

0.258419 0.167969

0.259530 0.177979
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Station = 5 dU/dx=14s-1

patm = 752.983 te_p = 28.0128

x = 42.3100 visc= 1.59912E-05

cf : 5.50000E-03 yef_ : -1.25000E-03

d99.5 = 0.653143 dell = 5.94947E-02

de12 = 3.57768E-02 H = 1.66294

U= = 11.5785 Rex = 306346.

Red1 = 430.772 Red2 = 259.043

coefl = 11.5785 coef2 = 0.139585

A+ = 43.9040

K = 1.71171E-06 fl = -1.33140E-05

! y U y+ a+ u' g_a

1 2.50000E-04 1.000E-10 9.492E-02 1.647E-10 0.335371 0.273926

2 7.50000E-04 1.000E-10 0,284772 1.647E-10 0.358443 0.297852

3 1.25000E-03 1.000E-10 0.474620 1.647E-10 0.373330 0.287354

4 2.25000E-03 1.000E-10 0.854316 1.647E-10 0.444673 0.322266

5 4.25000E-03 0.808755 1.61371 1.33199 0.509391 0.344727

6 8.25000E-03 1.85234 3.13249 3.05073 0.702171 0.402344

7 1.02500E-02 2.32856 3.89188 3.83504 0.810810 0.417725

8 1.27500E-02 2.85787 4.84112 4.70679 0.920747 0.433105

9 1.47500E-02 3.23292 5.60052 5.32449 1.01260 0.449219

10 1.72500E-02 3.78634 6.54975 6.23595 1.11130 0.488037

11 1.92500E-02 4.04557 7.30915 6,66288 1.18975 0.498047

12 2.22500E-02 4.67295 8.44823 7.69615 1.26562 0.511230

13 2.42500E-02 4.87813 9.20763 8.03407 1.28319 0.518555

14 2.82500E-02 5.42545 10.7264 8.93549 1.36135 0.544922

15 3.07500E-02 5.84546 11.6757 9.62723 1.40629 0.563965

16 3.32500E-02 6.16526 12.6249 10.15393 1.41621 0.561768

17 3.62500E-02 6.54190 13.7640 10.7742 1.42330 0,573975

18 3.92500E-02 6.89038 14.9031 11.3482 1.45135 0.581543

19 4.27500E-02 7.25080 16.2320 11.9418 1.46237 0,604736

20 4.62500E-02 7.51999 17.5609 12.3851 1.47189 0.599854

21 5.12500E-02 7.93598 19.4594 13.0702 1.45195 0.622314

22 5.57500E-02 8.26877 21.1680 13.6183 1,44436 0.621582

23 6.07500E-02 8.56625 23.0665 14.1083 1.41052 0.621094

24 6.72500E-02 8.93287 25,5346 14.7121 1.36822 0.641113

25 7.42500E-02 9.15018 28.1924 15.0700 1.36429 0.636719

26 8.82500E-02 9.60794 32.7488 15.8239 1.27960 0.659668

27 9.62500E-02 9.90570 36.5457 16.3143 1.19790 0.643555

28 0.108750 10.08637 41.2919 16.6118 1.13498 0.654053

29 0.134250 10.42580 50.9742 17.1709 1.02279 0.644531

30 0.162250 10.6908 61.6057 17.6073 0.902766 0.631592

31 0.202250 10.9268 76.7935 17.9960 0.757287 0.617676

32 0.265750 11.1228 100.9042 18.3188 0.638094 0.580322

33 0.386750 11.4002 146.847 18.7757 0.492942 0.482910

34 0,548750 11.5694 208.358 19.0543 0.368549 0.382812

35 0.872750 11.7008 331.380 19.2707 0.290979 0.250977

36 1.37275 11.7712 521.228 19.3866 0,248731 0.198486

37 1.87275 11.8352 711.075 19.4922 0.250835 0.200684

38 2.37275 11.8912 900.924 19.5843 0.244276 0.206787

39 2.87275 11.9790 1090.77 19.7288 0.248489 0.200439

40 3.37275 12.0548 1280.62 19,8538 0.255050 0.219238
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Station " 6 dU/dx-14s-1

patm = 752.856 teIp = 27.8316
x = 50.3300 visc = 1.59768E-05

cf = 5.30000E-03 yeff" -1.75000E-03

d99.5 = 0.629282 dell = 6.55674E-02

del2 = 4.09510E-02 H • 1.60112

Uv • 12.5293 Rex = 394696.

Redl = 514.190 Red2 = 321.145

coefl = 12.5293 coef2 = 0.203367

1+ = 40.1746

K = 1.46046E-06 fl = 5.02364E-06

| 7 U 7+ u+ u' Emma

1 2.50000E-04 1.000E-10 1.01E-01 1.55E-10 0.471187 0.559814

2 7.50000E-04 1.000E-10 0.302775 1.55E-10 0.514292 0.577637

3 1.75000E-03 1.000E-10 0.706475 1.55E-10 0.579371 0.586426

4 3.75000E-03 0.725983 1.51388 1.12558 0.666879 0.615967

5 7,25000E-03 1.87176 2.92683 2.90201 0.931694 0.657715

6 8.75000E-03 2.27514 3.53238 3.52743 1.02361 0.661377

7 1.17500E-02 3.08989 4.74348 4.79063 1.17694 0.688477

8 1.37500E-02 3.42969 5.55088 5.31747 1.24164 0.689941

9 1.72500E-02 4.23326 6.96383 6.56334 1.42995 0.715088

10 1.92500E-02 4.57152 7.77123 7.08779 1.44677 0.732178

11 2.22500E-02 5.13875 8.98233 7.96723 1.56280 0.730469

12 2.42500E-02 5.45451 9.78973 8.45679 1.56913 0.746582

13 2.72500E-02 5.93960 11.0008 9.20889 1.62483 0.753174

14 2.97500E-02 6.31140 12.0101 9.78533 1.62942 0.758301

15 3.27500E-02 6.70549 13.2212 10.39634 1,67747 0.771973

16 3.62500E-02 7.08773 14.6341 10.9890 1.67415 0.779297

17 4.02500E-02 7.48129 16.2489 11.5992 1.65671 0.781494

18 4.42500E-02 7.86480 17.8637 12.1938 1.63306 0.785156

19 4.87500E-02 8.18110 19.6804 12.6842 1.59035 0.788330

20 5.47500E-02 8.58669 22.1026 13.3130 1.59751 0.796143

21 6.12500E-02 9.00027 24.7266 13.9542 1.56927 0.795898

22 6.77500E-02 9.31941 27.3507 14.4490 1.55274 0.806396

23 7.62500E-02 9.65932 30.7821 14.9760 1.50251 0.800781

24 8.67500E-02 9.99628 35.0210 15.4984 1.41831 0.811768

25 9.97500E-02 10.39200 40.2691 16.1120 1.36052 0.799316

26 0.113250 10.6449 45.7191 16.5040 1.30972 0.806396

27 0.135750 10.9868 54.8023 17.0342 1.19973 0.802002

28 0.162750 11.2898 65.7022 17.5040 1.07932 0.790283

29 0.199250 11.5572 80.4373 17.9185 0.972469 0.762695

30 0.256250 11.8912 103.4482 18.4364 0.806924 0.710938

31 0.326250 12.1105 131.707 18.7763 0.685603 0.682617

32 0.457250 12.4317 184.592 19.2743 0.482556 0.546143

33 0.624750 12.5924 252.212 19.5235 0.368416 0.416992

34 0.874750 12.7176 353.137 19.7176 0.297511 0.316162

35 1.12475 12.7848 454.062 19.8219 0.261173 0.247559

36 1.37475 12.8342 554.987 19.8984 0.249844 0.224609

37 1.62475 12.8704 655.912 19.9546 0.240873 0.217529

38 1.87475 12.9091 756.837 20.0146 0.234912 0.213867

39 2.12475 12.9596 857.762 20.0928 0.236598 0.206543

40 2.37475 13.0033 958.687 20.1606 0.238380 0.218262

41 2.62475 13.0527 1059.61 20.2372 0.237177 0.214644

42 2.87475 13.1019 1160.54 20.3135 0.241095 0.220215
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Station = 7 dU/dxz14s-1

patm = 752.856 ¢earp= 27.7081

• = 58.0500 visc = 1.59852E-05

c_ = 5.85000E-03 yeff= -1.O0000E-03

d99.5 = 0.752726 dell = 7.11703E-02

del2 = 4.80800E-02 B = 1.48025

Uw I 13.6027 Rex = 494598.

Eedl = 606.385 Eed2 = 409.651

coefl = 13.6027 coef2 = 0.212817

A+ = 35.4088

K = 1.23816E-06 fl = 8.50668E-06

1

1

2

3 1.50000E-03

4 2.50000E-03

5 4.00000E-03 1.31470

6 6.50000E-03 2.28741

7 8.50000E-03 2.85651

8 1.15000E-02 3.92627

9 1.30000E-02 4.26293

10 1.60000E-02 5.06228

11 1.75000E-02 5.34072

12 2.10000E-02 6.11465

13 2.30000E-02 6.40240

14 2,70000E-02 7.01843

15 3.00000E-02 7.50316

16 3.25000E-02 7.84724

17 3.65000E-02 8.23040

18 4.15000E-02 8.67015

19 4.65000E-02 9.14269

20 5.15000E-02 9.43401

21 5.95000E-02 9.89118

22 6.75000E-02 10.27106

y U y+ u+ u' galma

5.00000E-04 1.000E-10 0.230400 1.36E-10 0.650892 0.813965

1.00000E-03 1.O00E-IO 0.460800 1.36E-10 0.667700 0.802734

23 7.70000E-02 10.53471

24 9.35000E-02 10.9857

25 0,110500 11.2723

26 0.137000 11.6862

27 0.166000 12.0025

28 0.207500 12.3327

29 0.264500 12.6793

30 0.337500 13.0226

31 0,432500 13.2996

32 0.585500 13.5617

33 0.835500 13.7608

34 1.08550 13.8423

35 1,33550 13.8870

36 1.58550 13.9432

37 1.83550 13.9934

38 2.08550 14.0451

39 2.33550 14.1009

40 2.58550 14.1395

41 2.83550 14.2068

1.000E-10 0.691201

0.411279 1.15200

1.84320

2.99520

3.91680

5.29921

5.99041

7.37281

8.06401

9.67681

10.5984

12.4416

13.8240

14.9760 10.6667

16.8192 11.1875

19.1232 11.7853

21.4272 12.4276

23.7312 12,8238

27.4176 13,4450

31.1040 13.9614

35.4816 14.3197

43.0848 14.9328

50.9185 15.3223

63.1297 15.8849

76.4929 16.3148

95.6161 16.7637

121.882 17.2348

155.520 17.7014

199.296 18.0781

269.799 18.4343

384.999 18.7049

500.199 18.8157

615.399 18.8764

730.599 18.9529

845.799 19.0212

960.999 19.0913

1076.20 19.1672

1191.40 19.2197

1306.60 19.3112

1.36E-10 0.694491 0.797852

0.560047 0.765315 0.818115

1.78706 0.865427 0.821045

3.10926 1.03396 0.834473

3.88282 1.14671 0.845703

S.33695 1.33929 0.874512

5.79456 1.39736 0.863525

6.88112 1.51475 0.877930

7.25960 1.56972 0.878418

8.31159 1.66400 0.889404

8,70273 1.67839 0,886475

9.54010 1.69849 0,897217

10.19898 1.73216 0.898438

1.72565 0.911377

1.69495 0.907471

1.67472 0.911377

1.65370 0.918945

1.64232 0.908691

1.56225 0.913574

1.49343 0.913330

1.44698 0.915771

1.35553 0.909912

1.32066 0.906738

1.23184 0.900635

1.13030 0.889893

1.03781 0.876221

0.918084 0.839355

0.780698 0.786621

0.640219 0,695801

0.473619 0.546875

0,330465 0.363037

0.280562 0.295898

0.255780 0.269043

0.240648 0.240723

0.237267 0.232422

0.233443 0.244141

0.236462 0.229736

0.237623 0.237549

0.244219 0.240234
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Station = 8 dU/dx=14s-1

patm = 752.983 temp = 27.6568
• = 65.8700 visc - 1.59577E-05

cf " 6.00000E-03 yeff" -4.00000E-03

d99.5 = 0.741104 dell = 6.98292E-02

del2 = 4.84165E-02 H = 1.44226

Uu = 14.5629 Rex = 601127.

Red1 = 637.259 Red2 = 441.847

coe_l = 14.5629 coef2 = 0.283715

1+ = 32.4248

K = 1.07975E-06 fl = 5.44235E-07

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

28

27

28

29

30

31

32

33

34

y U y+ u+

1.50000E-03 1.000E-10 0.749774 1.25E-10

5.00000E-03 2.12896 2.49925 2.66906

6.50000E-03 2.74585 3.24902 3.44245

8.00000E-03 3.32362 3.99879 4.16679

I.O0000E-02 4.02230 4.99849 5.04272

1,20000E-02 4.72423 5.99819 5.92273

1.40000E-02 5.27337 6.99789 6.61118

1.60000E-02 5.80326 7.99759 7.27550

1.85000E-02 6.48915 9.24721 8.13540

2.00000E-02 6.80835 9.99699 8.53557

2.30000E-02 7.41781 11.4965 9.29965

2.55000E-02 7.86395 12.7462 9.85897

2.85000E-02 8,30378 14.2457 10.41038

3.20000E-02 8.72625 15.9952 10.9400

3.65000E-02 9.21342 18.2445 11.5508

4.10000E-02 9.62910 20,4938 12.0719

4.70000E-02 10.06987 23.4929 12.6245

5.35000E-02 10.55569 26.7419 13.2336

6.05000E-02 10.8452 30.2409 13.5966

7.25000E-02 11.3395 36.2391 14.2163

8.45000E-02 11.6694 42.2373 14.6299

1.03000E-01 12.0505 51.4845 15.1076

0.126500 12.4224 63.2309 15.5739

0.158000 12.7842 78.9762 16.0274

0,200500 13.1664 100.2198 16.5066

0.254500 13.5117 127.212 16.9395

0.331000 13.8540 165.450 17.3686

0.439500 14.2384 219.684 17.8506

0.576000 14.5277 287.913 18.2133

0.804000 14.7661 401.879 18.5122

1.05400 14.8795 526.841 18.6543

1.30400 14.9428 651.804 18.7336

1.55400 15.0057 776.766 18.8125

1.80400 15.0616 901.728 18.8826

U _

0,659731

0.968442

1.10070

1.20508

1.31308

1.44184

1.54546

1.60942

1.68226

1.70815

1.71086

1.75949

1.74481

1.75117

1.70769

1.71100

1.65633

1.57272

1.54518

1.43839

1.40195

1.29983

1.25712

1.15365

1.06218

0.981744

0.864863

0.704741

0.570499

0.372477

0.288489

0.254076

0.237156

0.227904

gull,

O. 895020

O. 919922

O. 924072

0.922607

O, 924805

0.935547

0.937012

0.940186

0.947266

0.953857

O. 952881

O. 953125

O. 957031

0.958252

O. 963379

O. 962646

0.958740

O. 960449

O. 960693

0.959961

O. 957764

0.959229

O. 950684

O. 943604

O. 934814

0.912842

O. 871338

O. 775391

O. 644043

O. 451904

O. 328369

O. 286133

O. 254395

0.256592
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Station = 9 dU/dx=14s-1

patm = 753.364 temp = 27.5726

x = 73.5300 visc= 1.59417E-05

cf = 5.90000E-03 7ef_ = -6.00000E-03

d99.5 = 0.763479 dell = 7.65738E-02

del2 = 5.39834E-02 B = 1.41847

Uw = 15.4032 Rex = 710463.

Redl = 739.873 Red2 = 521.599

coefl = 15.4032 coef2 = 0.400854

i+ = 30.9576

K = 9.64193E-07 fl = -2.04676E-06

• y U y+ u+ u' ga,m=a

1 3.50000E-03 1.47342 1.83677 1.76118 0.905077 0.956787

2 6.00000E-03 2.76265 3.14876 3.30219 1.10765 0.959473

3 7.50000E-03 3.38065 3.93595 4.04090 1.25927 0.964844

4 9.00000E-03 4.10204 4.72313 4.90317 1.37182 0.969727

5 1.05000E-02 4.63907 5.51032 5.54508 1.46792 0.968262

6 1.30000E-02 5.43920 6.82230 6.50148 1.57741 0.966797

7 1.50000E-02 5.96444 7.87189 7.12931 1.64400 0.977295

8 1.75000E-02 6.75061 9.18387 8.06902 1.73733 0.974365

9 1.95000E-02 7.12189 10.23346 8.51281 1.73641 0.977539

10 2.25000E-02 7.84458 11.8078 9.37664 1.75963 0.981689

11 2.50000E-02 8.24200 13.1198 9.85168 1.80022 0.977783

12 2.85000E-02 8.75797 14.9566 10.46842 1.81082 0.983398

13 3.20000E-02 9.24825 16.7934 11.0545 1.77224 0.979004

14 3.60000E-02 9.64494 18.8925 11.5266 1,71572 0.984131

15 4.20000E-02 10.13734 22.0413 12.1172 1.72054 0.976807

16 4.85000E-02 10.6323 25.4524 12.7088 1.66077 0.978027

17 5.55000E-02 10.9905 29.1260 13.1370 1.58277 0.982666

18 6.65000E-02 11.4732 34.8987 13.7139 1.52384 0.975342

19 7.90000E-02 11.8763 41.4586 14.1958 1,43589 0.974365

20 9.55000E-02 12.2387 50.1177 14.6290 1.36771 0.976318

21 0.120000 12.6657 62.9751 15.1393 1.30517 0.970703

22 0.150000 13.0990 78.7189 15.6573 1.23306 0.971191

23 0.186500 13.5125 97.8738 16.1515 1.15978 0.966309

24 0.233000 13.9310 122.277 16.6S18 1.09967 0.955078

25 0.290500 14.3302 152.452 17.1289 1.01682 0,929199

26 0.366000 14.7407 192.074 17.6195 0.892137 0.887939

27 0.462000 15.0711 242.454 18.0146 0.766540 0.819336

28 0.613500 15.4459 321.960 18.4625 0.569050 0.655029

29 0.825500 15.7093 433.216 18.7773 0.416330 0.475342

30 1.07550 15.8468 564.415 18.9418 0.319178 0.380859

31 1.32550 15.9559 695.613 19.0722 0.265006 0.312012

32 1.57550 16.0364 826.811 19.1684 0.242021 0.287598

33 1.82550 16.1206 958.009 19.2690 0.228434 0.265869

6O5



Station = 10 dU/dx=14s-1

patm = 753.491 tmp = 27.6168

• = 81.6500 vise = 1.59432E-05

cf = 5.80000E-03 yeff= -4.00000E-03

d99.5 = 0°866667 dell = 7.71431E-02

de12 = 5.54618E-02 E = 1.39092

Uw = 16.9264 Rex = 866855.

Red1 = 819.006 Red2 • 588.822

coe_l = 16.9264 ¢oef2 = 0.409863

A+ l 30.0108

X = 7.98540E-07 fl = -1.84809E-06

! y U y+ u+ _ g_a

1 1.50000E-03 1.00E-10 0.857592 1.10E-10 0.810392 0.965332

2 5.50000E-03 2.96591 3.14450 3.25382 1.21855 0.969971

3 7.00000E-03 3.78321 4.00210 4.15046 1.32662 0.977539

4 8.50000E-03 4.49799 4.85969 4.93463 1.47248 0.976074

5 1.00000E-02 5.20426 5.71728 5.70946 1,56883 0.977295

6 1.15000E-02 5.81866 6.57487 6.38350 1.64157 0.979736

7 1.35000E-02 6.41095 7.71833 7.03329 1.71154 0.983398

8 1.60000E-02 7.32667 9.14764 8.03790 1.83018 0.985352

9 1.75000E-02 7.72991 10.00524 8.48028 1.87147 0.986084

10 2.00000E-02 8.39284 11.4346 9.20757 1.92283 0.987305

11 2.25000E-02 8.90734 12.8639 9.77201 1.91722 0.987061

12 2.55000E-02 9.51843 14.5791 10.44243 1.93194 0.986816

13 2.85000E-02 10.08976 16.2942 11,0692 1.87229 0.987793

14 3.15000E~02 10.40679 18.0094 11.4170 1.90743 0.987549

15 3.75000E-02 11.0420 21.4398 12.1139 1.81545 0.983887

16 4.35000E-02 11.5767 24.8702 12.7005 1.76659 0.987061

17 5.00000E~02 11.9605 28.5864 13.1216 1.73235 0.985107

18 6.00000E-02 12.5165 34.3037 13.7315 1.65464 0.984863

19 7.05000E-02 12.8525 40.3068 14.1002 1.53260 0.984131

20 8.85000E-02 13.3892 50.5979 14.6889 1.45810 0.981689

21 0.108000

22 0.133500

23 0.171500

24 0.216000

25 0.276500

26 0.340500

27 0.432000

28 0.564000

29 0.755500

30 1.00550

31 1.25550

32 1.50550

33 1.75550

13.8255 61.7466 15.1676 1.34915 0.981934

14.2091 76.3257 15.5885 1.28229 0.976562

14.6953 98.0513 16.1218 1.21417 0.973389

15.1064 123.493 16.5728 1.15503 0.962891

15.6410 158.083 17.1593 1.04312 0.947021

16.0315 194.673 17.5877 0.968032 0.920166

16.4212 246.986 18.0153 0.876379 0.866455

16.8080 322.455 18.4396 0.684039 0.732178

17.0941 431.940 18.7535 0.515130 0.572266

17.3255 574.872 19.0073 0,356380 0.413086

17.4515 717.804 19.1456 0.301402 0.346191

17.5516 860.736 19.2555 0.247329 0.300049

17.6364 1003.668 19.3484 0.228190 0.268555
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Station 1 dU/dx=14$-I

x = 10.53000 cm, Patm = 755.142muHg, T = 26.8510 deg C

7

0.060

0.062

0.068

0.074

0.081

0.090

0.101

0.116

0.132

0.149

0.179

0.221

0.268

0.347

0.491

0.702

1.125

1.625

2.124

2.624

3.124

3.624

4.124

U V u_ v _ u_v _ u_v'2 dU/dy e= 1 ga_a

3.337 1,283 0.634 0.632 -0.081 0.240 ******* 0.731E-06 0.00000 0.313

5.115 -0.500 1.002 1.014 -0.679 0.805 19480,6 0.348E-04 0.00004 0.306

4.565 0.100 0.703 0.417 -0.030 -0.043 3680.1 0.815E-05 0.00005 0.277

4.399 -0.271 0.686 0.436 -0.076 -0.043 -2082.5 -0.367E-04 0.00013 0.280

4.442 -0.126 0.685 0.428 -0.067 -0.042 912.0

4.717 -0.151 0.691 0.422 -0.072 -0.054 2233.2

4.996 -0.171 0.679 0.407 -0.071 -0.056 2295.2

5.284 -0.216 0.655 0.381 -0.071 -0,056 1728.6

5.487 -0.229 0.639 0.362 -0.069 -0.050 1314.6

5.706 -0.252 0.621 0.324 -0.067 -0.042

5.912 -0.266 0.581 0.289 -0.059 -0.030

6.091 -0.288 0.553 0.252 -0.052 -0.019

6.243 -0.302 0.516 0.240 -0.047 -0.017

6.372 -0.314 0.485 0.229 -0.039 -0.009

6.513 -0.342 0.452 0.243 -0.032 -0.007

6.621 -0.382 0.406 0.254 -0.026 -0.004

6.697 -0.433 0.377 0.288 -0.022 -0.003

6.734 -0.504 0.375 0.317 -0.020 -0.003

6.769 -0.565 0.371 0.337 -0.018 -0,004

6.805 -0.625 0.357 0.336 -0.014 -0.004

6.812 -0.690 0.353 0.352 -0.011 -0.004

6.806 -0.743 0.350 0.345 -0,008 -0.001

6.816 -0.805 0.353 0.345 -0.002 -0.003

0.738E-04 0.00028 0.312

0.323E-04 0.00012 0.319

0.311E-04 0.00012 0.352

0.413E-04 0.00015 0.373

0.522E-04 0.00020 0.410

988.0 0.682E-04 0.00026 0.415

662.4 0.884E-04 0.00037 0.454

416.2 0.125E-03 0.00055 0.471

273.7 0.170E-03 0.00079 0.488

158.3 0.245E-03 0.00124 0,482

85.9 0.377E-03 0.00210 0.469

44.5 0.574E-03 0.00359 0.407

18.0 0.123E-02 0.00824 0.389

9.2 0.221E-02 0.01546 0.370

6.0 0.304E-02 0.02247 0.385

3.8 0.383E-02 0.03197 0.377

1.9 0.573E-02 0.05514 0.374

0.7 0.122E-01 0,13644 0.400

-20,6 -0.881E-04 0.00207 0.390

Station 2 dU/dx=14s-1

x = 19.0500 cm, Pat= = 755.142 m Hg, T = 26.8103 deg C

Y
0.060

0.062

0.069

0.078

0.087

0.101

0.116

0.135

0.166

0.202

0.262

0.352

0.506

0,813

1.314

1.814

2.314

2.814

3.314

3.814

4.314

U V u; v; uJv ; _;vJ2

4.977 0.837 0.768 0.405 0.098 -0.038

5.019 0.831 0.779 0.409 0.106 -0.044

5.192 0.745 0.790 0.410 0.083 -0.045

5.475 0.571 0.808 0.434 0.056 -0.065

5.787 0.380 0.836 0.448 0.002 -0.077

5.622 0.020 0.794 0.483 -0.060 -0.086

dU/d 7 em 1 gamaa

2701.2 -0.362E-04 0.00000 0.313

2096.1 -0.507E-04 0.00000 0.302

2708.9 -0.306E-04 0,00000 0.312

2240.3 -0.250E-04 0,00000 0.279

1749.0 -0.135E-05 0.00000 0.270

1554.8 0.388E-04 0.00016 0.268

6.098 -0.016 0.792 0.469 -0.065 -0.099 1705.7

6.584 -0.037 0.754 0.439 -0.063 -0.101 2157.6

7.019 -0.073 0.682 0.371 -0.056 -0.069 1309.3

7,325 -0.092 0.606 0.316 -0.055 -0.050

7.572 -0.100 0.532 0.273 -0.053 -0.032

7.771 -0.125 0,455 0.237 -0.039 -0.014

7.914 -0.153 0.412 0.243 -0.031 -0.008

8.027 -0.202 0.361 0.272 -0.022 -0.005

8.111 -0.285 0.336 0.308 -0.019 -0.003

8.167 -0.367 0.320 0.325 -0.014 -0.004

8,218 -0.453 0.314 0.344 -0.010 -0.005

8.244 -0.510 0.317 0.345 -0.010 -0.005

8.293 -0.603 0.309 0.349 -0.004 -0.002

8.313 -0.675 0.302 0.344 0.002 -0.003

8,344 -0.732 0.311 0.334 0.002 -0.003

770.3

396. S

194.5

85.3

36.0

17.2

10.8

8.8

7.3

6.4

0.382E-04 0.00015 0.299

0.291E-04 0.00012 0.354

0.425E-04 0.00018 0.379

0.718E-04 0.00031 0.415

0.133E-03 0.00058 0.439

0.202E-03 0.00102 0.441

0.387E-03 0°00207 0.442

0.619E-03 0.00415 0.394

0.113E-02 0.00812 0.382

0.129E-02 0,01090 0.366

0.119E-02 0.01163 0.381

0.134E-02 0.01351 0.376

0.674E-03 0.01025 0.393

5.5 -0.306E-03 0,00000 0.386

-18.4 0.122E-03 0.00000 0.395
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Sta¢ion 3 dU/dx=14s-1

x = 26.4700 cm, Patm = 755.396 Im Hg, _ = 26.7601 deg C

y U V u _ v; u;v; uJvJ2

0.060 6.287 0.667 0.941 0.498 0.079 -0.109

0.061 6.284 0.664 0.940 0.499 0.067 -0.106

0.067 6.430 0.544 0.935 0.521 0.034 -0.121

0.075 6.727 0.320 0.956 0.531 -0.003 -0.140

0.083 6.660 -0.209 0.941 0.572 -0.090 -0.152

0.095 6.844 -0.131 0.931 0.571 -0.098 -0.173

0.108 7.295 -0.168 0.884 0.557 -0.093 -0.185

0.125 7.703 -0.223 0.853 0.506 -0.087 -0.177

0.151 8.056 -0.244 0.779 0,445 -0.095 -0.131

0.183 8.328 -0.265 0.891 0.387 -0.085 -0.098

0.225 8.559 -0.287 0.613 0,333 -0.068 -0.064

0.301 8.809 -0.302 0.500 0.292 -0.059 -0.037

0.413 8.989 -0.326 0.422 0.262 -0.046 -0.018

0.629 9.127 -0.380 0.352 0.265 -0.031 -0.009

1.046 9.252 -0.485 0.314 0.298 -0.019 -0.005

1.546 9.321 -0.574 0.299 0.331 -0.017 -0.005

2.046 9.357 -0.670 0.285 0.331 -0.011 -0.004

2.546 9.394 -0.745 0.286 0.347 -0.009 -0.003

3.046 9.431 -0.819 0.286 0.337 -0.005 -0.003

3.546 9.479 -0.871 0.289 0,336 -0.002 -0.002

dU/dy em 1 s_a

1469.3 -0.535E-04 0.00000 0.360

1516.4 -0.439E-04 0.00000 0.359

2839.4 -0,121E-04 0.00000 0.368

1882.3 0,160E-05 0.00003 0.338

1557.8 0.578E-04 0.00019 0.333

1804.5 0.545E-04 0.00017 0.359

2369.5 0.394E-04 0.00013 0.387

2093.4 0.415E-04 0.00014 0.421

1285.7 0.741E-04 0.00024 0.431

814.5 0.104E-03 0.00036 0.457

507.3 0.134E-03 0.00051 0.479

283.8 0.208E-03 0.00088 0.510

143.7 0.322E-03 0.00150 0.488

62.3 0,490E-03 0.00280 0.443

27.2 0.885E-03 0.00502 0.395

13.6 0.122E-02 0.00947 0.413

8.6 0.125E-02 0.01203 0.394

7.8 0.119E-02 0.01234 0.398

8.6 0.634E-03 0.00856 0.405

-32.7 -0.467E-04 0.00120 0.412

SCa¢ion 4 dU/dx=14s-1

x = 34.8900 cm, Patm = 755.650_m Hg, T = 26.7141 deg C

y U V B ) v _ U)v _ _)V)2

0.060 7.092 1.147 1.046 0.612 0.180 -0.169

0.067 7.319 1.080 1.039 0.605 0.135 -0.185

0.072 7.459 0.954 1.069 0.615 0.117 -0.213

0.080 7.751 0.742 1.087 0.637 0.073 -0.246

0.090 8.189 0.458 1.081 0.666 -0.029 -0.273

0.104 8.209 -0.252 1.071 0.715 -0.162 -0.319

0.119 8.637 -0.126 1.018 0.659 -0.136 -0.331

0.144 9.266 -0.188 0.941 0.597 -0.141 -0.295

0.170 9.646 -0.229 0.842 0.515 -0.119 -0.216

0.220 10.018 -0.256 0.725 0.412 -0.098 -0.117

0.298 10.290 -0.267 0.588 0.337 -0.089 -0.061

0.450 10.585 -0.324 0.428 0.285 -0,052 -0.026

0.689 10.751 -0.382 0.328 0.278 -0.033 -0.011

1.169 10.871 -0.492 0.285 0.309 -0.019 -0.005

1.669 10.922 -0.588 0.273 0.339 -0.014 -0.004

2.170 10.969 -0.674 0.261 0.344 -0.009 -0.005

2.670 11.009 -0.749 0.262 0.338 -0.004 -0.004

3.170 11.057 -0.807 0.267 0.329 0.000 -0.003

dU/dy em 1 gala

3962.7 -0.453E-04 0.00000 0.517

3164.6 -0,425E-04 0.00000 0.498

3377.4 -0.348E-04 0.00000 0.499

3261.8 -0.224E-04 0.00000 0.498

2605.0 0,112E-04 0.00007 0.479

2155.4 0.752E-04 0.00019 0.491

1995.7 0.680E-04 0.00018 0.509

1997.8 0.705E-04 0.00019 0.545

1362.1 0.877E-04 0.00025 0.568

667.7 0.147E-03 0.00047 0.563

343.9 0.260E-03 0.00087 0.587

157.7 0.332E-03 0.00145 0.551

70.9 0.459E-03 0.00255 0.476

24.4 0,794E-03 0.00571 0.423

12.5 0.111E-02 0.00943 0.411

9.2 0.969E-03 0.01028 0.424

8.9 0.426E-03 0.00691 0.430

-53.9 0.676E-05 0.00000 0.444

619



Station 5 dU/dx=14s-1

x = 42.5100 cm. Patm = 755.904 -! fig, T = 26.6810 deg C

Y

0.060

0.062

0.068

0.075

O. 087

O. 097

O. 109

U V _ v _ u_v _ _v32

7.474 1,346 1.130 0.698 0.232 -0.239

7.551 1.336 1.148 0.690 0.249 -0.223

7.734 1,246 1.146 0.708 0.211 -0.239

8.003 1,120 1.131 0.706 0,180 -0.274

8,513 0,814 1.178 0.754 0,109 -0.362

8.956 0,477 1.196 0.776 -0.004 -0.388

9.090 -0.388 1.168 0.815 -0.176 -0.431

0.135 10.040 -0.273 1.120 0,760 -0.205 -0.509

0.163 10.714 -0.330 0.999 0.627 -0,187 -0.368

0.203 11.184 -0,368 0.837 0.510 -0.125 -0.208

0.267 11.522 -0,372 0.705 0.402 -0.111 -0.111

0.387 11.857 -0.396 0.519 0.319 -0.076 -0.045

0.550 12,064 -0,450 0.384 0.282 -0.043 -0.019

0,873 12.207 -0,504 0,299 0,303 -0,025 -0.010

1,374 12.273 -0.588 0.267 0.332 -0.017 -0.007

1.874 12.323 -0,636 0.248 0.343 -0.012 -0.004

2.374 12.370 -0.685 0.247 0.346 -0.009 -0.003

2.874 12.420 -0.703 0.254 0.324 -0.003 -0.002

3.374 12,506 -0,739 0.263 0.292 -0.001 -0.002

dU/dy em I ga_aa

4156.8 -0,559E-04 0.00000 0.630

2711.6 -0.918E-04 0.00000 0.646

3485.9 -0.607£-04 0.00000 0.628

3866.1 -0.465E-04 0.00000 0.634

3675.1 -0,296E-04 0.00000 0.635

3363.6 0.110E-05 0.00002 0.625

2972.2 0.593E-04 0.00014 0.603

2608.8 0.785E-04 0.00017 0.650

2116.8 0.885E-04 0.00020 0.672

1112.3 0.113E-03 0.00032 0.707

522.1 0.212E-03 0.00064 0.690

245.7 0.311E-03 0.00113 0.664

117.1 0.371E-03 0.00178 0.586

42.7 0.595E-03 0.00374 0.488

16.7 0.103E-02 0.00786 0.447

10.4 0.113E-02 0.01040 0.427

11.2 0.779E-03 0.00832 0.453

14.0 0.190E-03 0.00369 0.460

-44.3 -0.251E-04 0,00075 0,484

Station 6 dU/dx=14s-1

x = 50.3300 cm, Patm = 756.158mmHg, T = 26.6096 deg C

Y

0.060

0.063

0.069

0.078

0.088

0.101

U V u J v _ _v _ _Jv_2

8.506 1,344 1,266 0.873 0.213 -0.440

8.521 1.268 1.254 0.873 0.216 -0.413

8.820 1.127 1.270 0.883 0.165 -0.478

9.211 0.864 1.289 0.901 0.067 -0.515

9.686 0.501 1.302 0.956 -0.034 -0.615

9.699 -0.193 1,283 1.001 -0.302 -0.651

0.115 10.176 -0.136 1.243 0.914 -0.280 -0.635

0.138 10,871 -0.226 1.211 0.820 -0.277 -0,580

0.164 11.391 -0.255 1.099 0.711 -0.240 -0.454

0.201 11.806 -0.281 0.988 0.586 -0.186 -0.275

0.257 12.182 -0.291 0.856 0.485 -0.142 -0.158

0.328 12.$25 -0.315 0.698 0.401 -0.120 -0.105

0.459 12.805 -0.335 0.513 0.321 -0.074 -0.039

0.626 12.987 -0.359 0.393 0.295 -0.050 -0.022

0.876 13.122 -0.409 0.302 0.300 -0.028 -0.013

1.127 13.181 -0.415 0.270 0.319 -0.023 -0.010

1.377 13.214 -0.448 0.250 0.329 -0.017 -0.007

1.627 13.242 -0.463 0.250 0.332 -0.012 -0.005

1.877 13.286 -0.479 0.248 0.332 -0.012 -0.004

2.126 13.320 -0.485 0.238 0.337 -0.010 -0.004

2.376 13.351 -0.493 0.242 0.335 -0.007 -0.005

2.626 13.394 -0.495 0.242 0.318 -0.003 -0.003

2.876 13.451 -0.508 0.246 0.298 -0.004 -0.002

dU/dy en 1 g_m,a

-311.6 0.685E-03 0.00000 0.805

2919.6 -0.741E-04 0.00000 0.798

4132.7 -0.398E-04 0.00000 0.797

4124.1 -0.164E-04 0.00000 0.800

3029.5 0,114E-04 0.00006 0.784

2481.6 0.122E-03 0.00022 0.798

2381.3 0.118E-03 0.00022 0.800

2543.5 0.109E-03 0.00021 0.808

1787.8 0.134E-03 0.00027 0.810

1074.9 0.173E-03 0.00040 0.812

647.7 0,219E-03 0.00058 0.808

398.6 0.301E-03 0.00087 0.782

206,6 0.358E-03 0.00132 0.712

104.0 0.484E-03 0.00216 0.620

47.1 0.588E-03 0.00353 0.531

24.0 0.942E-03 0.00627 0.482

15.5 0.108E-02 0.00834 0.488

14.0 0.876E-03 0.00790 0.453

14.1 0.866E-03 0.00784 0.463

14.8 0.680E-03 0.00678 0.479

16.1 0.457E-03 0.00532 0.478

20.1 0.131E-03 0.00255 0.470

-19.4 -0.180E-03 0.00305 0.468
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Station 7 dU/clx=14s-1

x = 58.3500 cN, Pain = 756.412 == gg, T = 26.5150 de 8 C

y U

0.060 9.347

0.060 9.315

0.068 9.672 1.105 1.238 0.969 -0.013 -0.552 4271.0

0.078 10.084 0.750 1.293 1.004 -0.100 -0.620 3462.7

V u p v _ u_v _ u_v_2 dU/dy em 1 gamma

1.347 1.242 0.958 0.057 -0.509 7983.8 -0.711E-05 0.00000 0.921

1.304 1.244 0.943 0.110 -0.449 3859.2 -0.285E-04 0.00000 0.928

2735.9

2370.7

2035.0

1494.4

965.4

672.1

467.7

310.3

172.6

75.5

34.3

17.9

14.7

16.8

18.6

19.6

18.8

0.094 10.439 -0.457 1.279 1.061 -0.401 -0.708

0.112 10.914 -0.309 1.218 0.963 -0.404 -0.600

0.138 11.571 -0.403 1.180 0.825 -0.349 -0.495

0.167 11.996 -0.448 1.096 0.728 -0.308 -0.337

0.208 12.429 -0.485 1.018 0.625 -0.256 -0.241

0.265 12.835 -0.531 0.918 0.541 -0.228 -0.180

0.338 13.211 -0.561 0.793 0.467 -0.176 -0.130

0.433 13.547 -0.596 0.654 0.398 -0.129 -0.078

0.586 13.841 -0.631 0.484 0.328 -0.079 -0.043

0.836 14.061 -0.687 0.335 0.304 -0.039 -0.015

1.086 14.138 -0.709 0.276 0.320 -0.025 -0.011

1.336 14.181 -0.737 0.257 0.333 -0.018 -0.009

1.586 14.210 -0.748 0.243 0.324 -0.014 -0.005

1.836 14.249 -0.765 0.243 0.330 -0.011 -0.005

2.086 14.288 -0.765 0.239 0.328 -0.010 -0.004

2.336 14.352 -0.760 0.231 0.316 -0.005 -0.003

2.586 14.392 -0.788 0.239 0.309 -0.004 -0.003

2.836 14.442 -0.808 0.241 0.278 0.000 -0.001

0.310E-05 0.00003 0.919

0.288E-04 0.00009 0.912

0.147E-03 0.00023 0.914

0.170E-03 0.00027 0.914

0.172E-03 0.00029 0.918

0.206E-03 0.00037 0.928

0.265E-03 0.00052 0.914

0.339E-03 0.00071 0.906

0.377E-03 0.00090 0.867

0.417E-03 0.00116 0.835

0.456E-03 0.00163 0.729

0.510E-03 0.00260 0.598

0.725E-03 0.00460 0.550

0.102E-02 0.00755 0.500

0.947E-03 0.00802 0.504

0.653E-03 0.00624 0.503

0.560E-03 0.00549 0.492

0.277E-03 0.00376 0.495

0.190E-03 0.00318 0.494

-26.9 -0.112E-05 0.00020 0.477

Stat£on 8 dU/dx=14s-1

x = 66.1700 cm, Patm = 756.666 m Bg, T = 26.4477 deg C

y U V _ v _ _v _ _vP2

0.060 10.126 1.604 1.226 1.025 0.048 -0.520

0.064 10.359 1.471 1.266 1.002 0.029 -0.571

0.076 10.909 1.089 1.269 1.051 -0.109 -0.565

0.088 11.578 0.592 1.315 1.073 -0.227 -0.734

0.107 11.688 -0.221 1.237 1.059 -0.464 -0.641

0.131 12.343 -0.288 1.183 0.902 -0.379 -0.503

0.162 12.886 -0.359 1.135 0.768 -0.361 -0.359

0.204 13.340 -0.408 1.058 0.667 -0.308 -0.219

0.258 13.762 -0.451 0.981 0.597 -0.272 -0.173

0.335 14.257 -0.507 0.871 0.513 -0.213 -0.135

0.443 14.688 -0.550 0.717 0.436 -0.155 -0.098

0.580 15.009 -0.565 0.568 0.367 -0.103 -0.059

0.808 15.267 -0.628 0.386 0.315 -0.056 -0.029

1.058 15.369 -0.659 0.306 0.323 -0.039 -0.022

1.308 15.420 -0.685 0.259 0.322 -0.023 -0.010

1.558 15.456 -0.704 0.245 0.332 -0.020 -0.008

1.808 15.513 -0.718 0.235 0.331 -0.013 -0.006

dU/dy em l gamma

5298.1 -0.901E-05 0.00000 0.967

4746.8 -0.602E-05 0.00000 0.962

4650.7 0.234E-04 0.00007 0.964

3362.2 0.676E-04 0.00014 0.957

2335.7 0.199E-03 0.00029 0.959

1764.9 0.215E-03 0.00035 0.959

1624.3 0.222E-03 0.00037 0.961

1065.2 0.289E-03 0.00052 0.954

761.8 0.357E-03 0.00068 0.949

548.3 0.386E-03 0.00084 0.927

363.5 0.427E-03 0.00108 0.879

211.7 0.488E-03 0.00152 0.786

96.9 0.582E-03 0.00245 0.645

43.7 0.900E-03 0.00454 0.547

23.2 0.979E-03 0.00650 0.522

19.2 0.102E-02 0.00728 0.510

-111.5 -0.113E-03 0.00101 0.508
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Station 9 dU/dx=14s-1

• = 74.5300 c_, Patm = 756.666em Hg, T = 26.4175 deg C

y U V n _ v p uPv _ n_v_2

0.060 11.408 1.337 1,315 1.070 -0.122 -0.558

0.062 11.410 1,314 1.331 1.096 -0,162 -0,639

0.072 11.989 0.888 1.325 1.111 -0.255 -0,709

0.085 12.250 -0.092 1.335 1,156 -0.467 -0.720

0.101 12.577 -0.336 1.273 1.055 -0,487 -0.597

0.126 13.194 -0.431 1,233 0.934 -0,480 -0,520

0.155 13.696 -0.464 1.180 0.806 -0.423 -0.306

0.192 14.176 -0.515 1.112 0.732 -0.386 -0.241

0.238 14.566 -0.550 1,064 0.667 -0.340 -0.206

0.296 15.028 -0.595 0.992 0.588 -0,301 -0.170

0,372 15.474 -0.636 0.901 0.521 -0.250 -0,148

0,468 15.811 -0.682 0,783 0.454 -0.196 -0.117

0.619 16.196 -0.759 0,609 0,399 -0,136 -0,091

0.831 16.482 -0.808 0,450 0.349 -0.080 -0.047

1.082 16.630 -0.854 0.316 0,332 -0.043 -0.025

1.332 16.704 -0.893 0,269 0.337 -0.029 -0,015

1.582 16.771 -0,914 0.240 0.326 -0.016 -0.007

1.832 16.820 -0.932 0.234 0.319 -0,013 -0.006

dU/dy em 1 g*m,a

-322.9 -0,377E-03 0.00108 0.983

6173.9 0.262E-04 0.00007 0,982

3731.8 0.683E-04 0.00014 0.984

2826.1 0,165E-03 0.00024 0.978

2156.5 0,226E-03 0.00032 0.975

2005.5 0.240E-03 0,00035 0,975

1636.2 0.259E-03 0.00040 0.976

1175.3 0.328E-03 0.00053 0.969

895.7 0.379E-03 0.00065 0.970

688.2 0,438E-03 0.00080 0.957

517.6 0,482E-03 0.00097 0.936

350.8 0.560E-03 0.00126 0.902

213.0 0,639E-03 0.00173 0,805

118.5 0.678E-03 0.00239 0.693

58.5 0,735E-03 0.00355 0.597

32.7 0,872E-03 0.00516 0.546

23.1 0.714E-03 0.00556 0.534

-122.7 -0,107E-03 0.00093 0.516

Station 10 dU/dx=14s-1

• = 82.1500 cm, Patm = 756.920mm Hg, T = 26.4063 deg C

y U V _P V _ _)V _ Q_VP2

0.060 13.674 -0.467 1.357 1.187 -0.596 -0.837

0.064 13,673 -0,397 1,365 1.154 -0.602 -0,749 2281.0

0.074 13.991 -0.421 1.350 1.083 -0.577 -0.645 2542.9

0.093 14.456 -0.528 1.293 0,961 -0.495 -0.553 2246.8

0,112 14.783 -0.554 1.253 0.891 -0.519 -0.452 1797.5

0.138 15.214 -0,608 1.166 0.807 -0.435 -0.305 1399.2

0.175 15.610 -0.659 1.144 0.744 -0,408 -0.250 1100.3

0.220 16.043 -0.704 1.093 0.673 -0.381 -0,206 845.6

0,280 16,442 -0,754 1,031 0,602 -0,326 -0,175 666.6

0.344 16,846 -0.808 0,947 0.554 -0.279 -0.176 512.6

0.435 17.187 -0.835 0.843 0,487 -0.235 -0.136 371.7

0.567 17.549 -0.870 0,689 0.431 -0.177 -0.107 237.3

0.759 17.859 -0.914 0.500 0.372 -0.100 -0.059 141.3

1.010 18,046 -0.953 0.381 0.341 -0.062 -0,039 73.4

1.260 18.173 -0.986 0.268 0.330 -0,029 -0.016 42.4

1,510 18,224 -0,993 0,240 0,328 -0.020 -0.011 27.5

dUldy em I gaJ_sa

-861.8 -0.692E-03 0.00090 0.982

0,264E-03 0,00034 0,982

0.227E-03 0.00030 0.981

0.220E-03 0.00031 0.979

0.289E-03 0.00040 0.979

0.311E-03 0.00047 0.979

0.370E-03 0.00058 0.977

0.450E-03 0.00073 0.974

0.489E-03 0.00086 0.965

0.545E-03 0.00103 0.950

0.634E-03 0.00131 0.917

0.745E-03 0,00177 0.846

0.706E-03 0.00224 0,737

0.847E-03 0.00340 0.633

0.696E-03 0.00405 0.564

0,713E-03 0.00509 0.550

1,760 18.300 -1,024 0.226 0.316 -0.013 -0.006 -136.9 -0,978E-04 0.00085 0,510
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