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Structure of 2-D and 3-D Turbulent Boundary Layers with Sparsely Distributed Roughness Elements

Jacob George

ABSTRACT

The present study deals with the effects of sparsely distributed three-dimensional elements on

two-dimensional (2-D) and three-dimensional (3-D) turbulent boundary layers (TBL) such as those

that occur on submarines, ship hulls, etc. This study was achieved in three parts: Part I dealt with the

cylinders when placed individually in the turbulent boundary layers, thereby considering the effect of a

single perturbation on the TBL; Part 2 considered the effects when the same individual elements were

placed in a sparse and regular distribution, thus studying the response of the flow to a sequence of

perturbations; and in Part 3, the distributions were subjected to 3-D turbulent boundary layers, thus

examining the effects of streamwise and spanwise pressure gradients on the same perturbed flows as

considered in Part 2. The 3-D turbulent boundary layers were generated by an idealized wing-body

junction flow.
Detailed 3-velocity-component Laser-Doppler Velocimetry (LDV) and other measurements

were carried out to understand and describe the rough-wall flow structure. The measurements include

mean velocities, turbulence quantities (Reynolds stresses and triple products), skin friction, surface

pressure and oil flow visualizations in 2-D and 3-D rough-wall flows for Reynolds numbers, based on

momentum thickness, greater than 7000. Very uniform circular cylindrical roughness elements of

0.38mm, 0.76mm and 1.521nm height (k) were used in square and diagonal patterns, yielding six

different roughness geometries of rough-wall surface. For the 2-D rough-wall flows, the roughness

Reynolds numbers, k, based on the element height (k) and the friction velocity (U.), range from 26

to 131. Results for the 2-D rough-wall flows reveal that the velocity-defect law is similar for both

smooth and rough surfaces, and the semi-logarithmic velocity-distribution curve is shifted by an

amount AU/U, depending on the height of the roughness element, showing that AU/U, is a function

of k'and the geometry. For the 3-D flows, the data show that the surface pressure gradient is not

strongly influenced by the roughness elements. Higher roughness elements cause greater turbulence

intensities near the wall, which cause the pressure-driven mean flow three-dimensionality to propagate

or diffuse more rapidly from the wall region. In general, for both 2-D and 3-D rough-wall TBL, the

differences between the two roughness patterns (straight and diagonal), as regards the mean velocities

and the Reynolds stresses, are limited to about 3 roughness element heights from the wall.

For the single elements, the values of k' range from 23 to 92. The study on single elements

revealed that the separated shear layers emanating from the top of the elements form a pair of counter

rotating vortices that dominate the downstream flow structure. These vortices, termed as the

roughness top vortex structure (RTVS), in conjunction with the mean flow, forced over and around the

elements, are responsible for the production of large Reynolds stresses in the neighborhood of the

element height aft of the elements. The motions associated with the RTVS are responsible for the

transport and diffusion of these large stress levels away from the regions where it is produced.

Further, large downwash velocities in the common flow region of the vortex pair leads to increased

wall shear. When these elements are placed in a distribution, the effects of RTVS are not apparent.

The roughness elements create a large region of back flow behind them which is continuously

replenished by faster moving fluid flowing through the gaps in the rough-wall. The fluid in the back

flow region moves upward as low speed ejections where it collides with the inrushing high speed flow,

thus, leading to a strong mixing of shear layers. This is responsible for the generation of large levels

of turbulent kinetic energy (TKE) in the vicinity of the element height which is transported, primarily,

by turbulent diffusion. As regards the 3-D rough-wall TBL, the effect of flow three-dimensionality is

seen in the large skewing of the distributions of mean velocities, Reynolds stresses and TKE, aft of the

elements. In general, the regions of large TKE production-rates seem to propagate in the direction of

the local velocity vector at the element height. The data-sets also enable the extraction of the turbulent

flow structure to better describe the flow physics of these rough-wall turbulent boundary layers.



Table of Contents
A C K N O W LED G E M EN TS ...................................................................................................................................... IV

T A BL E O F C O N T EN T S ............................................................................................................................................ V

LIST O F FIG U R ES ................................................................................................................................................. V II

N O M EN C LA TU R E ................................................................................................................................................ X V I

CHAPTER 1 INTRODUCTION ................................................................................................................ 1

1.1 PART 1: SINGLE ELEMENTS ......................................................................................................................... 2
1.1.1 Laminar flow past isolated protuberances leading to transition to turbulence ............................. 3
1.1.2 Turbulent fl ow past isolated protuberances ...................................................................................... 4
1.1.3 Turbulent fl ow past surface-m ounted obstacles .................................................................................... 5
1.1.4 Em bedded vortex fl ows ............................................................................................................................ 6

1.2 PART 2: TWO-DIMENSIONAL ROUGH-WALL TURBULENT BOUNDARY LAYERS ................................... 8
1.2.1 M ean fl ow structure ................................................................................................................................. 9
1.2.2 Turbulence structure ............................................................................................................................. 12
1.2.3 D eterm ination of wall shear ................................................................................... 14

1.3 PART 3: THREE-DIMENSIONAL ROUGH-WALL TURBULENT BOUNDARY LAYERS ............................. 15
1.4 O RGANIZATION OF THE D ISSERTATION ................................................................................................... 16
FIGURES .................................................................................................................................................................... 20

CHAPTER 2 EXPERIMENTAL APPARATUS AND MEASUREMENT TECHNIQUE ................ 21

2.1 INTRODUCTION ............................................................................................................................................ 21
2.2 W IND TUNNEL ............................................................................................................................................. 21
2.3 M ANU FACTURE OF ROUGH SURFACE ......................................................................................................... 21
2.4 O IL-FLOW VISUAL IZATION ......................................................................................................................... 21
2.5 ROUGH-W ALL GEOMETRY .......................................................................................................................... 22
2.6 THREE-VELOCITY-COMPONENT FIBER-OPTIC LDV (3CLDV) ............................................................. 22
2.7 MEASUREMENT OF PRESSURE GRADIENTS IN 3-D ROUGH-WALL TBL ................................................. 24
2.8 M EASUREM ENT LOCATIONS ....................................................................................................................... 24

2.8.1 M easurem ent locations: Single Elem ents ....................................................................................... 24
2.8.2 Measurement locations - 2-D rough-wall turbulent boundary layers .......................................... 25
2.8.3 Measurement locations - 3-D rough-wall turbulent boundary layers .......................................... 25

2.9 FREE-STREAM VELOCITY DISTRIBUTION IN THE WIND TUNNEL ........................................................... 26
2.10 UNCERTAINTIES IN THE MEASURED QUANTITIES .................................................................................. 26
FIGURES .................................................................................................................................................................... 28

CHAPTER 3 SINGLE ELEMENTS ............................................................................................................ 40

3.1 RESULTS AN D D ISCUSSION ......................................................................................................................... 40
3.1.1 O il flow visualizations ........................................................................................................................... 40
3.1.2 M ean quantities - m ean velocities ................................................................................................... 40
3.1.3 D erived quantities from the m ean fl ow structure ........................................................................... 42
3.1.4 Turbulence structure ............................................................................................................................. 49

3.2 CONCLUSIONS ............................................................................................................................................. 57
FIGURE S .................................................................................................................................................................... 62

CHAPTER 4 TWO-DIMENSIONAL ROUGH-WALL TURBULENT BOUNDARY LAYERS ...... 130

4.1 RE SUL TS AN D D ISCUSSION ....................................................................................................................... 130
4.1.1 M ean quantities - m ean velocities ...................................................................................................... 130
4.1.2 Vorticity ................................................................................................................................................ 134
4.1.3 Turbulent stresses ................................................................................................................................ 134
4.1.4 Turbulent kinetic energy (TKE) .......................................................................................................... 136
4.1.5 Structural param eters .......................................................................................................................... 138

4.2 CONCLUSION S ........................................................................................................................................... 138
FIGURE S .................................................................................................................................................................. 142

V



CHAPTER 5 THREE-DIMENSIONAL ROUGH-WALL TURBULENT BOUNDARY LAYERS.. 190

5.1 RESULTS AND D ISCUSSION S ..................................................................................................................... 190
5.1.1 Surface pressure gradients .................................................................................................................. 190
5.1.2 M ean velocities .................................................................................................................................... 191
5.1.3 Reynolds stresses ................................................................................................................................. 191
5.1.4 Turbulent kinetic energy (TKE) .......................................................................................................... 192
5.1.5 Check of 'fl ow sym m etry " in 3-D rough-wall TBL .......................................................................... 194

5.2 CONCLUSIONS ........................................................................................................................................... 195
FIGURES .................................................................................................................................................................. 198

CHAPTER 6 COMPARISON OF THE THREE FLOW CASES: SINGLE ELEMENTS, 2-D TBL

A N D 3-D T B L ............................................................................................................................. 221

CHAPTER 7 CONCLUSIONS .............................................................................................................. 223

FIGURES .................................................................................................................................................................. 225
REFERENCES ........................................................................................................................................................... 226

APPENDIX A METHOD TO APPROXIMATE THE VORTEX STREAMWISE WAVELENGTH 232

APPENDIX B COMPUTING THE TOTAL DRAG DUE TO THE SINGLE ELEMENT ........ 233

B .1 FORM DRAG ............................................................................................................................................... 233
B .2 SKIN FRICTION DRAG ................................................................................................................................ 236

APPENDIX C UNCERTAINTY ANALYSIS ON THE DATA .................................................................. 238

C.1 CORRECTIONS APPLICABLE TO THE ACQUIRED LDV DATA .................................................................... 238
C. 1.1 Velocity bias eff ects ......................................................................................................................... 238
C. 1.2 A ngular bias eff ects ......................................................................................................................... 239
C.1.3 Fringe bias and geom etric bias eff ects .......................................................................................... 239
C.1.4 Broadening eff ects .......................................................................................................................... 239

C.2 FRICTION/SCALE VELOCITY ...................................................................................................................... 241
C.3 MEASUREMENT LOCATION, MEAN VELOCITIES AND TURBULENCE QUANTITIES .................................... 241
C.4 D RA G DUE TO SINGLE ELEM EN TS ............................................................................................................. 242
C .5 CIRCULATION ............................................................................................................................................ 243
C .6 M EAN VORTICITY ...................................................................................................................................... 243
G LOSSARY ............................................................................................................................................................... 244
V ITA ........................................................................................................................................................................ 245

Vi



List of Figures
Figure 1.1. Pictorial representation of the three-part study ................................................................ 20
Figure 2.1. Side-view schematic of the wind tunnel set-up: (a) Part 1 (Single Elements), (b) Part 2 (2-

D Rough-wall TBL) and (c) Part 3 (3-D Rough-wall TBL) ......................................................... 28
Figure 2.2. A picture of a sample roughness pattern ......................................................................... 29

Figure 2.3. Roughness geometry and flow orientation. ................................ 30

Figure 2.4. Optical table (BC: Bragg cell; BSC: beam splitter cube; LTFC: laser to fibre coupler; M:
m irror; PR: polarization rotator) ...................................................................................................... 31

Figure 2.5. Short range, original configuration (right side) and long range, modified configuration
(left side) transmitting lens configuration for the three component LDV (3CLDV). Complete
optical systems not shown for either short or long range systems. The receiving lens configuration
is for the long range design ................................................................................................................... 32

Figure 2.6. Appendage Junction: Laser beams passing through transparent floor through the spacing
between the cylindrical roughness elements ................................................................................... 33

Figure 2.7 (a). Measurement locations downstream of the isolated cylinder along the centerline at
x/d = 1.36, 2.75, 5, 10, 20 and 40 and at off-center locations along zld ................................... 34

Figure 2.7 (b). Measurement locations downstream of the Gaussian spike along the centerline at x/d
= 2.75, 5, 10, 20 and 40 and at off-center locations along zfd ................................................... 34

Figure 2.8 (a). Measurement in the 2-D rough-wall boundary layers (straight orientation). Each plane
consists of 9 measurement locations totaling 45 measuring stations ........................................... 35

Figure 2.8 (b). Measurement in the 2-D rough-wall boundary layers (staggered orientation). Each
plane consists of 5 measurement locations totaling 40 measuring stations .................................. 35

Figure 2.9 (a). Schematic of the wing-body junction and the seven measurement stations .............. 36
Figure 2.9 (b). Measurements in the 3-D rough-wall boundary layers at the seven stations around the

wing-body junction. a is the angle the velocity vector makes with the tunnel axis at 3k height... 36

Figure 2.10. Measurements in the 3-D rough-wall boundary layers (straight orientation) at station 5.37

Figure 2.11. Streamwise variation of the free-stream velocity, U,(x)/Uf ; in the wind tunnel ........ 38

Figure 2.12. Streamwise variation of the pressure gradient, L(dp/dxy(L pU' )I in the wind tunnel .... 39

Figure 3.1. Top-view of surface oil flow over isolated elements; from top, Gaussian spike, k =
1.52mm, circular cylinders, k = 1.52mm, 0.76mm, 0.38rm ..............................8........................... 62

Figure 3.2. U/UT versus yU. /v, streamwise mean velocity profiles along the centerline ........... 63

Figure 3.3 (a). Semi-log contours of U/U, in the y' - z/d plane at x/d = 2.75 .......................... 64

Figure 3. 3 (b). Semi-log contours of U/U, in the y* - z/d plane at x/d = 10 ............................. 65

Figure 3.4 (a). V/U, versus yU, /v, wall-normal mean velocity profiles along the centerline ......... 66

Figure 3.4 (b). Semi-log contours of V/U, in the y' - z/d plane along z/d = 0 ........................ 67

Figure 3.5 (a). Semi-log contours of V/U, in the y' - z/d plane at x/d = 2.75 .......................... 68

Figure 3.5 (b). Semi-log contours of V/U, in the y* - z/d plane at x/d = 10 ............................. 69

Figure 3.6 (a). Semi-log contours of W/U, in the y* - zid plane at x/d = 2.75 ......................... 70

Figure 3.6 (b). Semi-log contours of W/U, in the y' - z/d plane at x/d = 10 ............................. 71

vii



Figure 3.7 (a). Semi-log contours of streamwise vorticity, .,IiA/U, , with secondary velocity

vectors, V/U, and W/U, , in the y÷ - zld plane at x/d=2.75. + denotes the center of rotation, x

denotes the location of f xmu' and L' denotes the line of flow separation .................................. 72

Figure 3.7 (b). Semi-log contours of streamwise vorticity, Q ,-A//U,, with secondary velocity

vectors, V/U, and W/U, , in the y' - z/d plane at x/d =10. + denotes the center of rotation, x
denotes the location of Qxm,' and L' denotes the line of flow separation .................................. 73

Figure 3.8 (a). A perspective of the flow structure downstream of the cylinder at x/d = 2.75 ..... 74

Figure 3.8 (b). A perspective of the flow structure downstream of the cylinder at x/d = 10 ...... 74

Figure 3.9 (a). Variation of Circulation, F/l(UT • ) with normalized length scale, U,'J7A/v at

x d =2.75 ................................................................................................................................................ 75

Figure 3.9 (b). Variation of F/v , with (/IA ) at x/d =2.75 ......................................................... 75

Figure 3.9 (c). Variation of Circulation, F/ . %[A-; with streamwise distance, x/d ..................... 76

Figure 3.10 (a). Semi-log contours of mean-flow helicity density, h4ATI/U, , in the y' - z/d plane at

x/d =2.75 ............................................................................................................................................... 77

Figure 3.10 (b). Semi-log contours of mean-flow helicity density, h.ýfAI/U, , in the y* - z/d plane at

x/d =10 ................................................................................................................................................... 78

Figure 3.11 (a). Normalized wall shear (./T•,/): Spanwise variation at x/d=2.75 and 10 ............ 79

Figure 3.11 (b). Normalized wall shear (r. /T, ): Centerline streamwise variation ......................... 80

Figure 3.12. Normalized drag coefficient, Cd/Cf , of the cylinders and the Gaussian spike ....... 80

Figure 3.13 (a). Semi-log contours of streamwise normal stress, u-/U , in the y' - z/d plane at

x/d = 2 .75 ............................................................................................................................................... 8 1

Figure 3.13 (b). Semi-log contours of streamwise normal stress, U"/U, , in the y÷ - z/d plane at

x/d = lo ................................................................................................................................................... 82

Figure 3.14. u-2/U. versus yUl/v, streamwise Reynolds normal stress profiles along the centerline.
.. . , ....................... ..... ,,,,,,o,,,,,,.,.,, ...... ... . ... ............... ,,...... ......................................... 83

Figure 3.15 (a). Semi-log contours of wall-normal Reynolds normal stress, v-/U. in the y' - zid

plane at x/d = 2.75 ............................................................................................................................... 84

Figure 3.15 (b). Semi-log contours of wall-normal Reynolds normal stress, v2/U. in the y' - zid

plane at x/d = 10 .................................................................................................................................. 85

Figure 3.16. V2/U. versus yU, /v, wall-normal Reynolds normal stress profiles along the centerline.
................................................................................................................................................................. 86

Figure 3.17 (a). Semi-log contours of spanwise Reynolds normal stress, -w-/U, in the y" - z/d

plane at x/d = 2.75 ............................................................................................................................... 87

viii



Figure 3.17 (b). Semi-log contours of spanwise Reynolds normal stress, w2/U, in the y' - z/d

plane at x/d = o .................................................................................................................................. 88

Figure 3.18. w-/U' versus yU Iv , spanwise Reynolds normal stress profiles along the centerline. 89

Figure 3.19 (a). Semi-log contours of Reynolds streamwise shearing stress, - -v/U. in the y' - z/d

plane at x/d = 2.75 ............................................................................................................................... 90

Figure 3.19 (b). Semi-log contours of Reynolds streamwise shearing stress, - -v/U. in the y' - zid

plane at x/d = 10 .................................................................................................................................. 9 1

Figure 3.20. - -v/U2 versus yU, /v , streamwise Reynolds shear stress profiles along the centerline.

................................................................................................................................................................. 92

Figure 3.21 (a). Quadrant contributions to streamwise Reynolds shear stress, - uv : profiles,

normalized by - uv..i,h, varying with yU./v at x/d = 1.36 ..................................................... 93

Figure 3.21 (b). Quadrant contributions to streamwise Reynolds shear stress, - uv : profiles,

normalized by - uv.oo,, varying with yU.,v at x/d = 2.75 ....................................................... 94

Figure 3.21 (c). Quadrant contributions to streamwise Reynolds shear stress, - uv profiles,
normalized by - uv.oo,, varying with yU,/v at x/d = 5 ............................................................ 95

Figure 3.21 (d). Quadrant contributions to streamwise Reynolds shear stress, profiles, normalized by

-uv.oof, varying with yU,/v at x/d = 10 ............................................................................. 96

Figure 3.21 (e). Quadrant contributions to streamwise Reynolds shear stress, - uv : profiles,

normalized by - uv.,h, varying with yU, /v at x/d = 20 ......................................................... 97

Figure 3.21 (f). Quadrant contributions to streamwise Reynolds shear stress, profiles, normalized by
- uvo.,, varying with yU, /v at x/d = 40 ................................................................................. 98

Figure 3.21 (g). Ratio of sweep to ejection contributions varying with yUT/v at the six streamwise
locations .................................................................................................................................................. 99

Figure 3.21 (h). Quadrant contributions to streamwise Reynolds shear stress, - uv: profiles,
normalized by U., varying with yU. /v at x/d = 1.36 .................................................................. 100

Figure 3.21 (i). Quadrant contributions to streamwise Reynolds shear stress, - uv : profiles,
normalized by U,, varying with yU./v at x/d = 2.75 .................................................................. 101

Figure 3.21 (j). Quadrant contributions to streamwise Reynolds shear stress, - uv : profiles,
normalized by U., varying with yU,/v at x/d = 5 ....................................................................... 102

Figure 3.21 (k). Quadrant contributions to streamwise Reynolds shear stress, - uv: profiles,
normalized by U.,, varying with yU./v at x/d = 10 ..................................................................... 103

Figure 3.21 (1). Quadrant contributions to streamwise Reynolds shear stress, - uv : profiles,
normalized by U., varying with yU, /v at x/d = 20 ..................................................................... 104

Figure 3.21 (in). Quadrant contributions to streamwise Reynolds shear stress, - uv : profiles,
normalized by U•, varying with yU,/v at x/d = 40 ..................................................................... 105

ix



Figure 3.22. - -v/Uý2 versus yU, /v, streamwise Reynolds shear stress profiles along the centerline

at x/d = 20 and 40 .............................................................................................................................. 106

Figure 3.23. Reynolds streamwise shearing stress coefficient, P& , varying with yU, /v at the six

stream w ise locations ............................................................................................................................ 107

Figure 3.24 (a). Semi-log contours of Reynolds shearing stress, - ýw/U. in the y' - z/d plane at

x/d = 2.75 ........................................................................................................................................... 10 8

Figure 3.24 (b). Semi-log contours of Reynolds shearing stress, - ýw/U, in the y* - z/d plane at

x d - 10 . .............................................................................................................................................. 109

Figure 3.25 (a). Semi-log contours of Reynolds shearing stress, - ýw/U2 in the y* - z/d plane at

x /d = 2.75 ........................................................................................................................................... 110

Figure 3.25 (b). Semi-log contours of Reynolds shearing stress, - ý-w/U, in the y' - z/d plane at

x /d = 0 ............................................................................................................................................... 111

Figure 3.26 (a). Semi-log contours of turbulent kinetic energy (TKE), 1,2/U2 , along with diffusion

velocity vectors, Vq and Wq, in the y' - z/d plane at x/d = 2.75 ................................................ 112

Figure 3.26 (b). Semi-log contours of turbulent kinetic energy (TKE), , along with diffusion

velocity vectors, V. and W., in the y' - z/d plane at x/d = 10 ................................................... 113

Figure 3.27 (a). ,U1 versus yU. /v , turbulent kinetic energy (TKE) profiles along the centerline.

............................................................................................................................................................... 1 14
Figure 3.27 (b). Semi-log contours of turbulent kinetic energy (TKE), 1q2/U• , along with diffusion

velocity vectors, Uq and Vq, in the x/d - y' plane along the centerline ....................................... 115

Figure 3.28 (a). Semi-log contours of production (PR) of TKE, normalized by v/U$, in the

y' - z/d plane at x/d = 2.75 .......................................................................................... ..... 116

Figure 3.28 (b). Semi-log contours of production ( PR ) of TKE, normalized by v/U , in the

y* - z/d plane at x/d = 10 .................................................................................. 117

Figure 3.28 (c). Semi-log contours of production (PR) of TKE, normalized by v/U,, in the

y' - x/d plane along the centerline .................................................................................................. 118

Figure 3.29. Variation of transport-rate budget of TKE, q-/2, normalized by U /v , with yU,,/v (2-

D sm ooth w all B L ) .............................................................................................................................. 119

Figure 3.30 (a). Variation of transport-rate budget of TKE, q-/2, normalized by U$/v, with yU /v

at x/d = 1.36 ....................................................................................................................................... 120

Figure 3.30 (b). Variation of transport-rate budget of TKE, q2/2, normalized by U./v, with yU,/v

at x/d = 2 .75 ....................................................................................................................................... 12 1

Figure 3.30 (c). Variation of transport-rate budget of TKE, q-/2, normalized by U$/v , with yU,/v

at x d = 5 ............................................................................................................................................. 122

x



Figure 3.30 (d). Variation of transport-rate budget of TKE, q2/2, normalized by U$/v , with yU,/v

at x/d = 10 .......................................................................................................................................... 123

Figure 3.30 (e). Variation of transport-rate budget of TKE, q2/2, normalized by U$,Iv , with yU,/v

at x d = 20 ........................................................................................................................................... 124

Figure 3.30 (f). Variation of transport-rate budget of TKE, q'/2, normalized by US/v , with yU/v

at x/d = 40 .......................................................................................................................................... 125

Figure 3.31. Variation of the Kolmogorov scale, q/, normalized by v/U, , with streamwise distance at

the w all and at y ' - 3 ......................................................................................................................... 126

Figure 3.32 (a). Structural parameter, A,, versus yUl /v, profiles along the centerline .................... 127

Figure 3.32 (b). Structural parameter, 1/S, versus yU, /v , profiles along the centerline ................. 128

Figure 3.33. Schematic of the flow past the single cylinder ................................................................. 129

Figure 4.1 (a). Semi-log contours of U/I- IZ in the y/k - zid plane at x/D = 0.295 with

secondary flow vectors, V/II Z and W11-- m. [ k = 0.38mm (top row), k = 0.76mm
(m iddle), k - 1.52m m (bottom )] ........................................................................................................ 142

Figure 4.1 (b). Semi-log contours of U/1-j-;;Z in the y/k - zid plane at x/D = 0.398 with

secondary flow vectors, V/14fi and ---•m• [k = 0.3 8mm (top row), k = 0.76mm
(m iddle), k = 1.52m m (bottom )] ........................................................................................................ 143

Figure 4.1 (c). Semi-log contours of U! - uvmn in the y/k - z/d plane at x/D = 0.5 with

secondary flow vectors, V/I and W/Ir---•m [k = 0.3 8mm (top row), k = 0.76mm
(m iddle), k = 1.52m m (bottom )] ........................................................................................................ 144

Figure 4.1 (d). Semi-log contours of U! ---•m• in the y/k - zid plane at x/D = 0.625 with

secondary flow vectors, V1- and W - Um [1k - 0.3 8mm (top row), k = 0.76mm
(m iddle), k = 1.52m m (bottom )] ........................................................................................................ 145

Figure 4.1 (e). Semi-log contours of U/! - Um in the y/k - z/d plane at x/D = 0.75 with

secondary flow vectors, VI; and W1- [ k = 0.3 8mm (top row), k = 0.76mm
(m iddle), k = 1.52m m (bottom )] ........................................................................................................ 146

Figure 4.1 (f). Semi-log contours of U! --Umin the y/k - z/d plane at x/D = 0.879, 1.008 and

1.137 with secondary flow vectors, V/C---uvm and W/I7--mZ [staggered cases only:
k = 0.38mm (top row), k = 0.76mm (middle), k = 1.52mm (bottom)] .......................................... 147

Figure 4.2. Semi-log contours of U! - uv. in the y/k - x/D plane along center line ( zid = 0 )
[k - 0.38mm (top row), k = 0.76mm (middle), k = 1.52mm (bottom)] ........................................ 148

Figure 4.3. Variation of the ratio, AIPA, with streamwise distance, x/D. Values denoting I are due

to the elem ent itself by virtue of its location ...................................................................................... 149

xi



Figure 4.4. U! versus y- UVmu IV, streamwise mean velocity profile at x/D=0.5, z/d
= 0 .......................................................................................................................................................... 150

Figure 4.5. Velocity defect profiles, (U, - U)/ Uvm- X versus y/ 6 , at x/D=0.5, z/d =0 ............ 151

Figure 4.6. U/-v--Z-- versus (y - e )JIw./v, streamwise mean velocity profile at x/D =0.5,
zld =0. Corrected for displacement of origin and excludes locations in the viscous sublayer and

buff er layer ........................................................................................................................................... 152
Figure 4.7 (a). Effects of roughness density, A, on law of the wall intercept, f((A) .......................... 153

Figure 4.7 (b). Effects of roughness density, A, on law of the wall intercept, f(A, ) ..................... 154

Figure 4.8 (a). Semi-log contours of V/-I-Z. in the y/k - z/d plane at x/D = 0.5 [k - 0.38mm
(top row), k = 0.76mm (middle), k = 1.52mm (bottom)] ................................................................ 155

Figure 4.8 (b). Semi-log contours of VIi- -uvm in the y/k- x/D plane along center line (zld = 0)
[k = 0.38mm (top row), k = 0.76mm (middle), k - 1.52mm (bottom)] ........................................ 156

Figure 4.9 (a). Semi-log contours of streamwise vorticity, Q AfA./V -Z., with secondary velocity

vectors, V -_ U and WIV- U.m in the y/k - zid plane at x/D = 0.295 [k = 0.38mm (top
row), k = 0.76mm (middle), k = 1.52mm (bottom)] ........................................................................ 157

Figure 4.9 (b). Semi-log contours of streamwise vorticity, Q,,-A.I/-FiT , with secondary velocity

vectors, V/I and W/if--Z, in the y/k - z/d plane at x/D =0. 5 [ k = 0.38mm (top
row), k = 0.76mm (middle), k - 1.52mm (bottom)] ........................................................................ 158

Figure 4.9 (c). Semi-log contours of streamwise vorticity, Q /-A-lV, with secondary velocity

vectors, V/1IT;Z and W1V--uvZ in the y/k - z/d plane at x/D =0.75 [ k - 0.38mm (top
row), k = 0.76mm (middle), k = 1.52mm (bottom)] ........................................................................ 159

Figure 4.10 (a). Semi-log contours of wall-normal vorticity, Qyv-A - wm. , with velocity vectors,

11U . and W11- -- m. in the x/D - zid plane at y/k = 0.3 (left) and y/k = 0.5 (right),

[k = 0.38mm (top row), k = 0.76mm (middle), k = 1.52mm (bottom)], straight orientations only.
......................... .... °................................. . . ......................................... .... 160

Figure 4.10 (b). Semi-log contours of wall-normal vorticity, QY, •tA/_ Zm, , with velocity vectors,

U1 Z.m.x and W14- -m in the x/D - zid plane at y/k =0.8 (left) and y/k = 1.1 (right),
[k = 0.38mm (top row), k = 0.76mm (middle), k = 1.52mm (bottom)], straight orientations only.

...... ......................... o .......... ......... ... .. o.... .. ..... . .............................................. 16 1

Figure 4.11. Semi-log contours of spanwise vorticity, w-4A/•-Ii , with velocity vectors,

U/Vmkw and V ma,, in in the y/k- x/D plane along center line (zld = 0)
[k = 0.38mm (top row), k = 0.76mm (middle), k = 1.52mm (bottom)] ........................................ 162

Figure 4.12 (a). Semi-log contours of u2/ uvm in the y/k - zid plane at x/D = 0.5 .................. 163

Figure 4.12 (b). Semi-log contours of u-/- umv in the y/k - x/D plane along the centerline ...... 164

xii



Figure 4.13 (a). Quadrant fraction to the Reynolds normal stress, u' , along the centerline, varying
w ith y/6 , at x/D =0.5 ........................................................................................................................ 165

Figure 4.13 (b). Ratio of sweeps to ejections from quadrant contribution to the Reynolds normal

stress, u' , along the centerline, varying with y/k, at various streamwise locations, x/D .......... 166

Figure 4.14. Variation of the streamwise Reynolds normal stresses, U-/- uvm, , with y/6 at x/D =

0.5, z = 0 ............................................................................................................................................. 167

Figure 4.15 (a). Semi-log contours of v1/-uv.. in the y/k - z/d plane at x/D = 0.5 .................. 168

Figure 4.15 (b). Semi-log contours of V-/- uvm in the y/k - x/D plane along the centerline..... 169

Figure 4.16 (a). Quadrant fraction to the Reynolds normal stress, v2 , along the centerline, varying
w ith y/ , at x/D =0.5 .............................................................................................................. 170

Figure 4.16 (b). Ratio of sweeps to ejections from quadrant contribution to the Reynolds normal

stress, v' , along the centerline, varying with y/k, at various streamwise locations, x/D .......... 171

Figure 4.17. Variation of the wall-normal Reynolds normal stresses, uv-- , with y/6  at x/D
= 0 .5, z = 0 .......................................................................................................................................... 172

Figure 4.18 (a). Semi-log contours of uVm. in the y/k - z/d plane at x/D = 0.5 ................. 173

Figure 4.18 (b). Semi-log contours of w2/- uv- in the y/k - x/D plane along the centerline. ... 174

Figure 4.19. Variation of the spanwise Reynolds normal stresses, w-m-/- uvx, with y/ 6 at x/D =
0 .5, z - 0 ............................................................................................................................................. 17 5

Figure 4.20 (a). Semi-log contours of - uv-v in the y/k - zid plane at x/D = 0.5 ....... 176

Figure 4.20 (b). Semi-log contours of - uv m. in the y/k - x/D plane along the centerline.. 177

Figure 4.21. Ratio of sweeps to ejections from quadrant contribution to the Reynolds shear stress,
- uv, along the centerline, varying with y/k, at various streamwise locations, x/D .................. 178

Figure 4.22. Variation of the streamwise Reynolds shear stresses, - uv/ uv. , with y/6 at x/D =
0 .5, z = 0 ............................................................................................................................................. 179

Figure 4.23 (a). Semi-log contours of turbulent kinetic energy (TKE), V-/2 - uvx , along with

diffusion velocity vectors, Vq /1 and Wq/, - -•,•, in the y/k - z/d plane at x/D = 0.5

.......................................................................... . ....................... • ......................................................... 180

Figure 4.23 (b). Semi-log contours of turbulent kinetic energy (TKE),, V2-/2 1- uvm.,, along with

diffusion velocity vectors, Uq/ I w=m. and Vq /I in the y/k - x/D plane along the

centerline .............................................................................................................................................. 18 1

Figure 4.24. Variation of the turbulent kinetic energy, V/21- UVm.,, with y/ 6  at x/D = 0.5,
z - 0 ..................................................................................................................................................... 182

Figure 4.25 (a). Semi-log contours of production of TKE, (TKE Prod)%71(1 wv ), in the

y/k - z/d plane at x/D = 0.5 ........................................................................................................... 183

xiii



Figure 4.25 (b). Semi-log contours of production of TKE, (TKE Prod)A/( , ) in the

y/k - x/D plane along the centerline ............................................................................................... 184

Figure 4.26. Variation of transport-rate budget of TKE, q2/2, normalized by , with

yN i /v (2-D sm ooth wall BL) ................................................................................................. 185

Figure 4.27. Variation of transport-rate budget of TKE, q2/2, normalized by ( - ,~)v with

yJ -uv /v at x/D = 0.5 at the centerline .................................................................................... 186

Figure 4.28 (a). Structural parameter, A,, versus yUl /v, profiles along the centerline .................... 187

Figure 4.28 (b). Structural parameter, 1/S, versus yU, /v , profiles along the centerline ................. 188

Figure 4.29. Schematic of the flow in a 2-D rough-wall (straight orientation). Similar structures are
seen upstream and aft of each elem ent ............................................................................................... 189

Fig. 5.1 (a). Pressure gradients in the x -direction as calculated at each station and in between adjacent
stations. Also plotted are smooth wall data (From Ol6 men and Simpson, 1995) ............................ 198

Figure 5.1 (b). Pressure gradients in the z -direction as calculated at each station and in between
adjacent stations. Also plotted are smooth wall data (From Ol69men and Simpson, 1995b) .......... 199

Figure 5.2. U/U,, versus yU,,,/v , streamwise mean velocity profiles .............................................. 200

Figure 5.3. WIU, versus y/6 , spanwise mean velocity profiles ....................................................... 201

Figure 5.4. - /U• versus y/6 , streamwise Reynolds normal stress profiles ................................... 202

Figure 5.5. v-/U., versus y/6 , wall-normal Reynolds normal stress profiles .................................. 203

Figure 5.6. -- /U2 versus y/b, spanwise Reynolds normal stress profiles ...................................... 204

Figure 5.7. - -v/U2 versus y/6, streamwise Reynolds shear stress profiles ............... 205
Figure 5.8. - v/U, versus y/6 , spanwise Reynolds shear stress profiles ................................. 206

Figure 5.9. Structural parameter: 1/S versus y/6 ............................................. .. . .. .. . .. . .. . .. . .. . .. . .. .. . .. .. . .. 207

Figure 5.10. Semi-log contours of U/U. in the y/k - z/d plane at x/D = 0.5 with secondary flow

vectors, V/U, and W/U,,J [k = 0.388mm (top row), k - 0.76mm (middle), k - 1.52mm
(bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL) ......................................................................... 208

Figure 5.11 (a). Semi-log contours of u2/U2 in the y/k - z/d plane at x/D = 0.5 [ k - 0.38mm
(top row), k = 0.76mm (middle), k - 1.52mm (bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL).
............................................................................................................................................................. 209

Figure 5.11 (b). Semi-log contours of -•/U• in the y/k - zid plane at x/D = 0.5 [ k - 0.3 8mm
(top row), k = 0.76mm (middle), k = 1.52mm (bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL).
......................................................................................................................................................... . . 2 10

Figure 5.11 (c). Semi-log contours of -;VU2 in the y/k - z/d plane at x/D = 0.5 [ k - 0.38mm
(top row), k = 0.76mm (middle), k - 1.52mm (bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL).
....................................................................................................... ............................................... 2 11

xiv



Figure 5.11 (d). Semi-log contours of - -v/(U in the y/k - z/d plane at x/D = 0.5 [ k - 0.38mm

(top row), k - 0.76mm (middle), k = 1.52mm (bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL).
............................................................................................................................................................. 2 12

Figure 5.11 (e). Semi-log contours of - "w/U., in the y/k - zid plane at x/D = 0.5 [ k = 0.38mm
(top row), k = 0.76mm (middle), k = 1.52mm (bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL).
............................................................................................................................................................... 2 13

Figure 5.12. Semi-log contours of V2/2)'U2 in the y/k - z/d plane at x/D = 0.5 with diffusion
velocities, Vq/U,=, and Wq/U,, [k = 0.3g8mm (top row), k - 0.76mm (middle), k - 1.52mm

(bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL) ......................................................................... 214

Figure 5.13. 2/2 JU2 versus y/b , TKE profiles ............................................................................... 215

Figure 5.14. Variation of transport-rate budget of TKE, q-/2, normalized by Uo/v, with yUo/V .216

Figure 5.15 (a). Contours of TKE production rate normalized by Uno/v : in the y - z plane along

x/D =0.5 for the 2-D rough-wall, and in the y - z' plane along x'/D =0.5 for the 3-D rough-wall.
Dashed lines show the outline of the cylinder, a =280 ..................................................................... 216

Figure 5.15 (b). Contours of TKE production rate normalized by Uo/v : in the x - y plane along z =0
for the 2-D rough-wall, and in the x'-y plane along z' =0 for the 3-D rough-wall. a =281 .......... 217

Figure 5.16 (a). Contours of TKE [(q2/2)/U(o] with diffusion velocity vectors,

Vq/LU0 = [vq2/r2] /UTo and Wq/UTo- .[wq2 q2] /U.- : in the y-z plane along x/D =0.5 for the 2-D

rough-wall, and in the y - z' plane along x'/D =0.5 for the 3-D rough-wall. a =28 ................. 217

Figure 5.16 (b). Contours of TKE [(q'/2)/U] with diffusion velocity vectors,

Uq/ U.. = rq 2pq jUo and VI/Uo - [vq2/ q2] /U :in the x-y plane along z =0 for the 2-D

rough-wall, and in the x'-y plane along z'=0 for the 3-D rough-wall. a =280 ............................. 217

Figure 5.17. Semi-log contours of V2/2 JU2 in the y/k - z"/d plane at x"/D = 0.5 with diffusion
velocities, Vq"/U•, and Wq"/U•, [k - 0.38mm, f =250 (top row), k - 0.76mm, 3 =170 (middle),

k - 1.52mm, P =190 (bottom)], (LHS: 2-D BL, RHS: Station 5, 3-D BL) ..................................... 218

Figure 5.18. Semi-log contours of - uv"/UI. in the y/k - z"/d plane at x"/D = 0.5

[k - 0.38mm,i =250 (toprow), k=0.76mm, 3 =17*(middle), k=1.52mm,i =19 0(bottom)],
(LHS: 2-D BL, RHS: Station 5, 3-D BL) ........................................................................................... 219

Figure 5.19. Schematic of the flow in a 3-D rough-wall turbulent boundary layer (straight orientation).
............................................................................................................................................................... 2 2 0

Figure 7.1. A conceptualized view of an arbitrary rough-wall ............................................................. 225
Figure B. 1: Views of the element with the control volume enclosing one-half of the flow domain.. 237

xv



Nomenclature
Roman

2-D TBL Two-Dimensional Turbulent Boundary Layers

3-D TBL Three-Dimensional Turbulent Boundary Layers

3CLDV Three component Laser Doppler Velocimeter

A, Af Projected frontal area of the roughness element

A] Structural parameter, ff-" •) +- -)

U2 + V2 + W2

Projected wall area downstream of the single element:Inner wake region

A•,er Projected wall area downstream of the single element:
Outer regions where there is no wake influence

Aw Windward wetted surface area of the roughness element

BL Boundary Layers

Correlation coefficient between the data rate fluctuations and the fluctuations
in the magnitudes of velocity

C Also, Convection, of TKE or or Reynolds stresses
Also, intercept in the log-law of the wall for smooth-wall TBL, has a value of
5.1

C1 , C2  Coefficients for curve fit of skin friction velocity

Cd Drag coefficient defined as AD/(112)pUA, where, AD is the total drag due
to the single element

Cd,, Form drag coefficient

Cdsk. Skin friction component of drag coefficient

C1  Skin friction coefficient
C t, o rC er Average skin friction coefficients in the outer region and inner regions (wake)

within the control volume (Single elements)

Coefficient of pressure, -

CV Control volume used in the calculation of form drag due to single elements

Control volume used in the calculation of the skin friction component of drag
CVI due to single elements. The width (along spanwise direction) of CV1 is twice

as much as that of CV with rest of the dimensions remaining unchanged.

d Diameter of the cylinder, or the base diameter of the Gaussian spike

dm.. Maximum acceptable deviation in the measured data

D Center to center spacing between the elements

xvi



k Element height

Non-dimensional roughness height: k' = kU, (single elements) or
k + k'v

k+ - (2-D BL) or k+ = kU',, (3-D BL)

V V

k., Equivalent sandgrain roughness

LDV Laser Doppler Velocimeter, also Laser Doppler Velocimetry

PIV Particle Image Velocimetry

P Static pressure

P,,f Static pressure at the reference station

Poef Stagnation pressure at the reference station

PD Rate of pressure diffusion of TKE

PR Production-rate of TKE

Sf Frontal area of rough surface normal to the flow, also denoted as A or A,

ref reference station which is 1.524m from the entrance to the test section

Turbulent kinetic energy, q-/2, where q2 is the sum of normal Reynolds
stresses and is equal to 2 +V2 + w 2

u, v, w Velocity fluctuations in x, y, and z axes

TD Turbulent diffusion of TKE or Reynolds stresses

U, V, w Mean velocities in x, y, and z axes

U, Streamwise velocity at location of maximum stream wise vorticity

U, Free-stream velocity

Ue Velocity at reference station (about 27.5 m/s)

2 2 2
u v , wV Reynolds normal stresses

- uv, - uw, - vw Reynolds shear stresses

/- Friction velocity, velocity scale for 2-D rough-wall BL

- uv.th Streamwise Reynolds shear stress at a given y+ in the 2-D smooth wall TBL

U, = ;• Wall-shear-stress velocity, friction velocity

U. Friction velocity or velocity scale for 3-D rough-wall TBL

xvii



U+ Non-dimensional streamwise velocity, U* - UIUr

V+ Non-dimensional wall-normal velocity, V+ - V /U

V7 Velocity vector

Non-dimensional diffusion velocity vector in wall-normal direction: whereq/Uý QlUý (=q 2 PqUý

VD Viscous diffusion of TKE or Reynolds stresses

Non-dimensional diffusion velocity vector in spanwise direction: whereWq/,qU.,= I
W + Non-dimensional spanwise velocity, W + = W / U,

x, y, and z axes Coordinate system for wind tunnel

Non-dimensional distance from the wall: y+ - yUI (single elements) or
y+

y +Y=(2-D BL) or y+ = yUU (3-D BL)
V V

y, z Locations of maximum streamwise vorticity, normalized by v /U,

Greek

a Angle that the velocity vector makes with tunnel axis at three element heights
in the 3-D rough-wall TBL
Angle, about the tunnel axis, through which the coordinate system needs to be
rotated for quantities to display a "form of symmetry" in 3-D rough-wall TBL

6 Streamwise boundary layer thickness defined as the distance from the wall
where the local velocity is 99.5% of Ue

6 Streamwise displacement thickness, 6" U

6( ) Uncertainty in a given quantity

AU+ Roughness function, AUW = AU/U, or AU! -

0 Streamwise momentum thickness, 0 =fU- II---dy
0 e\Ue

e Displacement surface due to the rough-wall, = 0 for smooth wall
Also, the dissipation rate of TKE

F Circulation in y - z plane: F -fcV.ds

Roughness density, Ratio of: (projected frontal area normal to flow)/(total
surface area), i.e., A. = Sf/S, = kd/D 2 for the cylinders.

Also, streamwise wavelength of the RTVS

Alc Roughness concentration, Ratio of: (projected roughness area)/(total surface
area)

XVlll.i



N,, Number of fringes in the probe volume

Mean vorticity vector

Streamwise vorticity

UY Wall-normal vorticity

Spanwise vorticity

o Standard deviation of the measured data

o, LDV measurement probe volume

Superscript

+ Denotes quantities normalized by v / U, (single elements), v1- 4 mx (2-D
rough-wall boundary layers), v/U., (3-D rough-wall boundary layers)

Denotes quantities in the transformed coordinates, coordinates rotated by
angle, a, which is the angle the velocity vector makes with tunnel axis at three
element heights
Denotes quantities in a transformed coordinate system obtained by rotating
through angle, fi, about the tunnel axis

xix



Chapter 1 Introduction

Motivation and Background

Even with the existence of a wealth of knowledge as regards smooth wall boundary layers, there
exists differing interpretations of the physical mechanisms behind its sustenance and generation -
especially as to the relative importance of the inner regions and the outer regions of the layers (Kline
et al., 1967, Corino and Brodkey, 1969). It is more likely that an interactive process between these
two regions governs the maintenance of the smooth wall boundary layers (Robinson, 1990). This
controversy exists despite the fact the flow is dictated primarily by two length scales: vIU, (where, v

is the kinematic viscosity and U. is the friction velocity) for the inner region and 6 (the boundary
layer thickness) for the outer region. Now, add to it the rough nature of the wall and this makes the
interaction even more complex, since the roughness elements also become sources of instability, shear
and turbulence production. Further, the rough-wall introduces several length scales that characterize
its surface which can be construed as a measure of even greater complexity that the roughness problem
poses.

There are several practical engineering and meteorological motivations for research in rough-
wall turbulent boundary layers (TBL). In the atmospheric boundary layer flow, the underlying surface
is almost rough, leading micrometeorologists to study the flow above and within vegetation canopies
(like rough walls in a fluid mechanical sense). Examples of some engineering situations are flow past
airplanes, turbomachinery blades and flows through piping ducts, heat exchangers, etc. In most of
these cases, surface roughness alters the flow resistance and heat transfer characteristics primarily by
altering the near-wall velocity and temperature fields. Some examples of 3-D rough-wall turbulent
layers are flows past ship hulls and submarines (especially on the 'walk way').

While there exists a body of literature on rough-wall boundary layers, most deal with 2-D
roughness elements such as bars, grooves, rods and meshes that are easy to reproduce under laboratory
conditions. However, in most flows in nature, the roughness elements constituting a surface are
essentially 3-D, and their effects on flow structure are not well understood, especially the turbulence
structure (Jimenez, 2004). Further, there are no studies where the effects of roughness heights, shapes
and the wall geometry have been systematically and thoroughly documented. Hence a systematic
study as regards the effect of 3-D roughness elements on turbulent boundary layers is of considerable
interest to both engineers and scientists.

This is a study geared towards a better understanding of turbulent boundary layers (2-D as well
as 3-D) that have developed over rough surfaces containing distributions of 3-D roughness elements.
The present study makes measurements of mean and fluctuating quantities using the Laser Doppler
Velocimetry (LDV) technique in these boundary layers. The few studies on 3-D roughness, available
in the literature, do not probe the structure of the flow within the rough-wall and hence this study is
unique in that aspect too. To the author's best knowledge, this is the first time an attempt is made to
measure near-wall regions of the rough-wall boundary layers using a three-velocity component LDV
(3CLDV). The high turbulence intensities encountered near the roughness elements cause many
standard measurement techniques (X-wire anemometry, in particular) to suffer from errors that have
often proved difficult to diagnose and correct (Raupach et al., 1991). The use of a three component
orthogonal LDV system with a 30 micron measurement volume (hence a small spatial resolution)
facilitates the capture of all the finer scales of turbulence that occur in the rough-wall turbulent
boundary layers, especially the kind that occur close to the tops of the roughness elements.

Measurements in the 2-D rough-wall turbulent boundary layers are made in the regions of the
flow that have been fully developed over long streamwise lengths roughened with elements of the
same kind and distribution as that present in the measurement regions. The use of LDV also permits a
non-intrusive way of making measurements. The 3-D rough-wall boundary layers is generated by a
wing/body junction flow similar to the well documented smooth wall 3-D boundary layers around the
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wing/body junction (Ol6men and Simpson, 1995), the difference being that the body surface around
the wing has a distribution of roughness elements. The distributions are the same as those tested in the
2-D rough-wall TBL. As previously mentioned, though considerable data are available as regards 2-D
rough-wall boundary layers, those regarding 3-D boundary layers have been very few. To be specific,
only one study (Krogstad and Fannelop, 1983) has come to the author's attention where mean flow
measurements were carried out; however, no study towards the understanding of the turbulence
structure was made. The 3-D boundary layer is naturally expected to be different from the 2-D case on
account of significant mean and fluctuation flow skewing near the wall. Further, these experiments
yield valuable cases with which to extract the flow physics behind the generation and maintenance of
rough-wall TBL, both 2-D as well as 3-D.

One of the primary objectives of this study is to understand the structure of the rough-wall
layers - in the regions close to the wall, around the elements and further away in the outer layers. It is
imperative to understand how the flow structures created by the roughness elements in a distribution
affect the rest of the boundary layer. It is important to know the mechanism behind the generation and
diffusion of turbulent kinetic energy and shear that occur adjacent to the roughness elements. As
regards the constitution of the rough-wall, cylindrical posts were chosen as representative roughness
elements since they are simple in shape and 3-D in geometry and also because an issue of its
orientation to the flow does not arise due to its axisymmetric shape. The need for avoidance of this
issue eliminated the choice of rectangular or square prisms, etc. Since the roughness elements needed
to be spread over a large area to constitute the rough-wall, the choice of cylindrical posts made the task
of manufacturing easier than would be the case had the choice been objects like cones, conical
frustums, hemispheres.

The present study is carried out in three parts: Part 1 deals with the cylinders when placed
individually in the turbulent boundary layers, Part 2 considers the effects when the same individual
elements are placed in a sparse and regular distribution and in Part 3 the distributions are subjected to
a 3-D turbulent boundary layer. In the first part, the objective was to study the effect of an individual
perturbation on the TBL. In the second part, the effects of a distribution of such discrete perturbations
on the flow structure are measured and studied and in the final part, the same distributions are
subjected to flow three-dimensionality and the effects analyzed.

In the first part, the individual elements used are three cylinders of heights, k =0.38mm, 0.76mm
and 1.52mm, and a Gaussian shaped spike of height, k =1.52mm, each with a base diameter of
1.98mm. For the 2-D rough-wall boundary layers which constitute the second part, the fetch for the
rough-wall is generated by using the three cylinders (same as the ones in part 1) in square and
diagonal patterns to yield six different roughness geometries, thus six cases of 2-D rough-wall
boundary layers, with each distribution using cylinders of same height. The choice of the element
heights and distribution was motivated by the requirement that the roughness Reynolds number [ k,
height of the elements ( k ) normalized by the viscous length scale (v/U,)] of the flow regimes fall in
the transitionally rough and fully rough regimes. In the transitionally rough flow regime, both viscous
and form drag effects matter, while in the fully rough regime flow the form drag effects dominate and
the viscous effects can be considered negligible. Also, the distributions of the roughness elements
were such that they were discretely and sparsely placed so as to avoid the complexity of large effects
of wake interactions that would be the case had they been closely packed elements. In the third part,
the effect of mean flow three dimensionality on roughness is studied by subjecting the six cases of
rough surfaces to a wing/body junction flow. This three-part study is pictorially depicted in Fig. 1.1.
This introductory chapter is sub-divided into three main sections, with each section dealing with their
respective studies performed thus far, along with key contributions made by them.

1.1 Part 1: Single Elements
This is the first part of the larger study dealing with the effect of sparse distributions of

cylindrical roughness elements on two-dimensional and three-dimensional turbulent boundary layers.
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In this part, isolated single elements, having heights (k) less than 4% of the boundary layer thickness
(6), are submerged in a two-dimensional turbulent boundary layer and their effects on the mean and
turbulence structure are measured, in considerable detail, and analyzed. Four isolated elements are
used, three of them being cylinders of heights, k =0.38mm, 0.76mm and 1.52mm, and the remaining
one being a Gaussian shaped spike of k =1.52mm, each with a base diameter of 1.98mm. The
information garnered is important since the rough-wall used in this study is essentially a sparse and
uniform distribution of these individual roughness elements. Thus, the rough-wall boundary layers
perhaps can be construed as a cumulative response of these discrete disturbances. The present study is
also unique in the sense that while one of the single elements studied here - the smallest cylinder, is
submerged in the very viscous regions of the turbulent boundary layer, i.e., within the buffer layer, the
other elements are within the log law region. The former element is expected to generate structures of
the order of the quasi-streamwise vortices that occur very close to the wall in smooth-wall turbulent
boundary layers - structures that are important to the generation and maintenance of turbulence (Kline
et al., 1967, Corino and Brodkey, 1969, and Robinson, 1990). The literature study has revealed a
dearth of studies on the effects of small k/6 elements on high Reynolds number boundary layers, a
fact also attested to by Tomkins (2001), and this study would also satisfy such a requirement.

Most such flows available in the literature are laminar flows past single elements or 3-D
protuberances. The object of these studies was to examine the effect of the disturbances caused by
these elements on transition to turbulent flows and are reviewed in section 1.1.1. Turbulent approach
flows are discussed in section 1.1.2. Flows with protuberances greater than or equal to 10 percent of
the boundary layer thickness are discussed in section 1.1.3. Since protuberances or obstacles cause the
formation of a system of vortices that interact with the boundary layer, studies pertaining to embedded
vortices and their interaction with the boundary layer are reviewed in section 1.1.4. The reviewed
literature is by no means exhaustive and only those with some relevance to the present study are
discussed, with a view to include different aspects pertaining to the qualitative features of the flows
and quantitative features such as the mean velocity, circulation, streamwise vorticity, drag coefficient,
Reynolds stresses and the triple products.

1.1.1 Laminar flow past isolated protuberances leading to
transition to turbulence

The earlier experiments on isolated roughness or protuberances were conducted in laminar
boundary layers to determine whether the disturbances caused by them would be sufficient to cause
the flow to transition to turbulence. The accent of these efforts has been to define critical values of
Reynolds number, based on the height of the roughness element and velocity in the laminar boundary
layer at the height of the element, that would affect transition. An excellent treatise on this aspect is
available in Tani (1961). For a low speed flow, it can be concluded that if the roughness height is
small compared to the boundary layer thickness and the free-stream velocity is small enough,
transition does not occur, but the disturbance persists for a few hundred roughness heights. Even
though the present set of experiments were conducted in a turbulent boundary layer, the inclusion of
this section was considered relevant for the sake of discussion. Both laminar and turbulent flows past
protuberances display similar mean flow features in the wake and in the formation of a vortex system.
This system, formed at the upstream junction of the element, gets wrapped around the element in a
horseshoe fashion with trailing legs that convect downstream of it. It is important to note that the
horseshoe vortex structure is formed only when the pressure gradient at the upstream junction of the
protuberance or obstacle is sufficiently adverse to produce a 3-D flow separation. This causes the
near-wall shear layers to roll up. More information on the formation and structure of these vortices is
available in a recent review of juncture flows by Simpson (2001).

Sedney (1973) has reviewed several results on laminar flow past protuberances having shapes
of cylinders, hemispheres and cones and has discussed mostly the qualitative features of the flow
fields. Included in this review are the experiments conducted by Gregory and Walker (1955) who
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observed the flow in the wake of isolated elements and gave a systematic account of transition due to
these 3-D roughness elements. The tests were conducted in a wind tunnel with speeds up to
37 mrs using the china-clay surface flow visualization technique, and in a smoke tunnel with speeds up

to 5 mrs. The isolated elements were (a) cylinders with height equal to diameter, which varied from
0.18mm to 5.1mm, (b) 60° cone with different heights similar to those of the cylinder, and (c) some
short cylinders with the height less than the diameter. Note that the dimensions of the cylinders are
close to those used in this current study. They were apparently the first to observe the horseshoe
vortex structure formed at the nose of the cylindrical element at moderate Reynolds numbers, with
trailing legs that persist downstream of the element as streamwise vortices, and also to observe the
qualitative effect of the Reynolds number on the structure of this horseshoe vortex system. Their flow
visualizations show a wake behind the element that spreads like a small angle wedge with an apex
close to it. With the aid of the china-clay technique, they have also determined the critical heights at
which the wakes exhibit turbulence. The conical elements also reveal similar turbulent wakes
downstream of the element at moderate to high Reynolds numbers. The review article by Sedney
(1973) also contains pictures of smoke visualization on flow past hemispherical roughness elements
that reveal a similar horseshoe vortex pattern. Recent experiments by Ichimaya (1999) in the turbulent
wedge region downstream of a single roughness element, a 2mm high cylinder with height equal to
diameter, placed in a 2.2mm thick laminar boundary layer also show many streamwise vortices. Their
measurements also show marked increases in the turbulence stresses downstream of the element when
compared to the rest of the fully developed turbulent boundary layer.

Investigations on the evolution of a turbulent boundary layer by a hemisphere on a flat plate
conducted by Klebanoff et al. (1992) also reveal the presence of streamwise vortices similar to those
generated by the cylinders. They have postulated a two region model for this transitional boundary
layer: an inner region generated by the complex interaction of hairpin like eddies, shed by the
roughness element, with the near-surface horseshoe vortices and an outer region where these eddies
deform and generate turbulent vortex rings. Barrett et al. (1993) have made measurements, at several
cross sectional planes, in the wake of a 0.8mm sphere mounted on a flat plate in a 1.4mm thick laminar
boundary layer and have shown the development of the streamwise vorticity at successive downstream
locations. The plots reveal a sharp decline in the levels of the vorticity immediately behind the sphere
followed by a gradual decline at further downstream locations. Several vortical structures are seen in
the wake of the sphere which spreads like a turbulent wedge behind it.

1.1.2 Turbulent flow past isolated protuberances
The existing literature is surfeit with studies on flow behind protuberances in laminar

boundary layers dealing mainly with transition, with few studies as regards turbulent boundary layers.
The primary aim of these studies was to determine the drag of these protuberances since they exist in
practical flows as aircraft excrescences. The earliest studies on three-dimensional protruding cylinders
in turbulent boundary layers were conducted by Wieghardt (1946) primarily to measure the drag due
to these elements. Different cylinders, of varying height-to-diameter ratios, were tested in a 67mm
thick turbulent boundary layer at a Reynolds number of 7.2 x 106, based on the distance. These
results are available in Young and Paterson (1981) as plots of drag coefficients, normalized by
undisturbed flow skin friction coefficient, versus the roughness Reynolds number, based on the
undisturbed flow friction velocity and the element height. Functional representation of the curve fits
for the plotted data is given in Gaudet (1987) who also presents the results of Wieghardt (1946) and
results of additional experiments (Gaudet and Winter, 1973) which were performed to investigate the
role of Reynolds number on the drag of similar elements.

Little literature is available on the details on the turbulence structure behind protuberances that
are submerged in fully developed turbulent boundary layers. Fontaine and Deutsch (1996) have
investigated the near-wall region downstream of a "Gaussian" shaped spike mounted in a pipe, of
height and diameter of 16.4 and 13 wall units respectively, that generated a pair of counter rotating
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vortices of approximately 15 wall units in diameter. They concluded that the converging downstream
flow behind the element leads to a decoupling of the inner region and the outer region where the low
speed fluid is unable to cross into the buffer region and likewise the outer region high speed fluid is
unable to penetrate the inner region. This caused the sweeps and ejections, the events that generate
turbulence, to be retarded in the near-wall region leading to a lower near-wall - uv Reynolds stress
and local wall shear. This implied that the production of turbulence can be influenced by locally
manipulating these events. However, in the present experiments, a reduction in wall shear is seen only
in the lowest cylindrical element; and that too only in the far downstream locations.

Recently, a set of experiments in a similar Reynolds number flow facility were carried out by
Bennington (2004). His study complements the present one with experiments on protuberances such
as cones (both smooth and concentrically ridged), pyramids, cubes (different orientations) and
Gaussian shaped bumps that were submerged in turbulent boundary layers. These elements were
larger and higher than those considered in the present study, albeit still less than 7% of the boundary
layer thickness. Similar findings of larger Reynolds stresses, turbulent kinetic energy (TKE) and wall
shear were found downstream of the elements which were attributed mainly to the presence of the
horseshoe vortex that formed at their upstream junctions. However, the smaller elements considered
in the present study have many differences as regards the structure, one of them being that the
downstream effects are attributed primarily to the vortex system emanating from the top of the
elements rather than that formed at the junction. Considering the present study, also of significance
was the aforementioned presence of lower wall shear in the far downstream locations behind the
smallest cylindrical element. Bennington (2004) has also developed a model equation to correlate the
drag of the different protuberances.

1.1.3 Turbulent flow past surface-mounted obstacles
Under this classification are studies pertaining to obstacles that display significant bluff-body

aerodynamics - those associated with strongly separated shear layers that emanate from the sharp
edges. These flow features can be more clearly seen and quantified than those past mere
protuberances. Moreover, these obstacles have heights comparable to the boundary layer thickness.
Flows past 3-D obstacles are more complex than those past 2-D obstacles due to the horseshoe vortex
structure that forms upstream of it and the sets of streamwise vortices that trail downstream, structures
that radically change the flow field. These vortices alter the downstream flow by influencing both the
immediate separated flow region and the further downstream recovery region. A couple of notable
differences between flows past 2-D and 3-D obstacles are that - (a) there are no closed separation
bubbles behind a 3-D obstacle (Hunt et al., 1977) as is seen behind a 2-D one, and (b) flow reattaches
earlier behind a 3-D obstacle when compared with a similar 2-D obstacle of the same relative height
(Martinuzzi and Tropea, 1993), since a large proportion of the flow goes around the 3-D object than
over it. Flow past protuberances (previous category) exhibits most features of flows included in this
section albeit to a smaller scale since they do not perturb the flow as much.

There have been a few studies on flow past bluff bodies with reference to wind engineering
applications geared towards the estimation of wind load on man-made structures. The focus of these
studies was to measure the form drag and pressure distributions due to these obstacles (Arie et al.,
1975a and 1975b, Taniguchi et al., 1981, Sakamato et al., 1982, Sakamato, 1985). Their efforts have
yielded a large amount of experimental data on flow past obstacles such as rectangular cylinders,
cubes and circular cylinders. Their data include the effects of various parameters on the form drag,
parameters such as the ratio of height of the obstacle to the boundary layer thickness, ratio of friction
velocity of the undisturbed flow to the free-stream velocity and aspect ratio (ratio of width to height of
the obstacle). The form drag is usually calculated from the surface pressure distribution measured on
the obstacles. Most of the tested obstacles are contained within the turbulent boundary layer and have
heights close to the boundary layer thickness.
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The results of these and other prior studies demonstrate that flow is mainly influenced by the
dimensions of the obstacle, the approach flow boundary layer thickness and the wall shear. The mean
features of the flow around obstacles such as three-dimensional prisms have been the subject of
several studies (Hunt et al., 1977, Castro and Robins, 1977, Schofield and Logan, 1990, Martinuzzi
and Tropea, 1993, and Chou and Chao, 2000, to name a few). As mentioned earlier, there are no
closed separation bubbles around the 3-D obstacle and the separated regions have fluid passing
through them and are origins of vortices that are shed into the flow. Based on flow visualizations and
from surface pressure measurements from previous studies, Schofield and Logan (1990) have
presented a schematic of the vortices in the upstream and downstream vicinities of the prismatic
obstacle and the induced flow due to these vortices. The number and locations of these vortices is
strongly dependent on the flow Reynolds number and the aspect ratio of the obstacle. The horseshoe
vortex structure branches itself into smaller regular vortices when the aspect ratio is increased (Chou
and Chao, 2000). Please note that the aspect ratios of all the circular cylinders tested in the present
study are less than one and hence only one horseshoe vortex structure is formed at the upstream
junction.

Martinuzzi and Tropea (1993) have also made surface pressure measurements and flow
visualizations around surface-mounted rectangular obstacles in a turbulent channel flow. They have
documented the influence of aspect ratio on major features of the flow - the upstream separation
location, the reattachment length, the location of the vortices (the upstream horseshoe vortex and the
downstream vortices) and the surface pressure distributions both upstream and downstream of the
obstacle. Also, for rectangular obstacles, vortex pairs occur at the free corners, i.e., at the roof.
Continuing on the effects of aspect ratio, an earlier study by Logan and Lin (1982) contains centerline
wall shear recovery for 3-D prisms of different aspect ratios. When compared with the results of the
2-D obstacle of the same relative height, they showed a quicker recovery in the 3-D case which was
attributed to the additional mixing due to the streamwise vortices. They also show that a decrease in
the aspect ratio leads to an increase in the rate of decay of maximum deficit in the mean velocity.

As regards the turbulence structure of the flow field downstream of an obstacle, Castro and
Robins (1977) have made measurements of turbulent intensities and mean velocities in the wake of a
surface-mounted cube in turbulent boundary layers, along with the body surface mean pressures. Two
different orientations of the cube to the flow direction were tested: the vortices from the cube when
orientated at 45* to the flow were stronger than those when the cube is set square on to the flow. This
vorticity primarily affects the streamwise mean velocity and decays rapidly so much so that, at six
cube heights downstream, all three velocity components are similar to those for the cube set normal to
the flow. Further, for both orientations, the velocity deficits in the wake are present only up to about
eight heights in the streamwise direction. Hussein and Martinuzzi (1996) have made LDV
measurements in the flow field of a surface-mounted cube in a turbulent channel and have calculated
the different terms in the transport equation for the turbulent kinetic energy along the cube centerline,
excluding the pressure velocity correlation terms (which was modeled) and the dissipation term which
was determined as the closing term needed to balance the equation. These results give a better
interpretation of the turbulence structure of the different flow regimes, beginning with the upstream
separation zone to the downstream recirculating region behind the obstacle and finally to the far-wake
region, by providing, quantitatively, the contributions of the production, diffusion and the dissipation
of turbulence. They also determined the appropriate length and velocity scales for these different
regions. Results also revealed that the area of maximum production and the largest turbulent stresses
coincided with the regions of maximum vorticity present along the shear layer enveloping
recirculation region.

1.1.4 Embedded vortex flows
The vortex system formed at the upstream of an obstacle leading to counter-rotating

streamwise vortices is one of the most common cases of embedded vortex flows and the study of this
class of flows is relevant to the present study. The role of arrays of embedded vortices in preventing
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boundary layer separation and the effects of the interaction of the streamwise vortices from a junction
(e.g., wing/body, blade/hub, etc.) with the main boundary layers are a couple of examples cited as
motivation behind these studies.

Many studies available in the literature concerning longitudinal embedded vortices in
turbulent boundary layers have used the half delta wing or vanes as vortex generators and in most
cases these wall-mounted generators have heights beyond the boundary layer thickness. Hence, the
vortices generated in these cases are much stronger than the vortices generated by the protruding
cylinders in the present study which have heights of a few percent of the boundary layer thickness.
Based on a non-dimensional vortex circulation parameter defined as r/(Ue 6), where r is the vortex

circulation, U, is the free-stream velocity and 6 is the boundary layer thickness, Cutler and Bradshaw
(1986) have loosely classified vortices as weak when the parameter was in the range 0.08-0.2 and
strong when the parameter was 7 or greater. By this token, the value for this parameter, considering
only one of the pair of vortex legs, was never more than 0.006 even for the largest cylinder in the
present study and hence the vortices in the present cases are considered as very weak vortices.
Additionally, vortex pairs have also been classified as "common flow down" when the common flow
between them is directed towards the wall and "common flow up" when it is directed away from the
wall (Mehta et al., 1983).

There have been several investigations into the interaction of relatively weak vortices,
generated by half-delta wings on a flat plate, with turbulent boundary layers (Shabaka et al., 1985,
Westphal et al., 1985, 1987, and Pauley and Eaton, 1988). Measurements of Shabaka et al. (1985)
show that circulation around the embedded vortex is nearly conserved, with a slight streamwise decay
due to the spanwise component of the wall shear which opposes the rotation of the vortex. Westphal
et al. (1985, 1987) examined the effects of an interaction between a single streamwise vortex and a
turbulent boundary layer in both zero and adverse pressure gradients, the vortex generator being a half
delta wing of height greater than the boundary layer thickness. From the examination of streamwise
vorticity contours at successive streamwise locations, they observed significant vortex core growth as
compared to that for a similar free vortex, which was accentuated by the presence of adverse pressure
gradient along with a stronger distortion of the core shape. Their work also shows that circulation and
the point of maximum vorticity in the vortex can be used to quantitatively describe the strength and
location of the vortex structure. One of the major effects of vortex interaction with the boundary layer
is the thinning of the boundary layer region between the vortices (downwash region) and thickening of
the boundary layer where secondary flow is away from the wall (upwash region). See Westphal et al.
1985, 1987 and Pauley and Eaton, 1988. The magnitude of this boundary layer distortion is strongly
dependent on the vortex strength which is also evident from the large eddy simulation of the
experiments (Pauley and Eaton, 1988) by Esmaili and Piomelli (1992). The results of Pauley and
Eaton (1988) also show that the decay of vortex circulation is governed by the proximity of the vortex
to the wall. The decay of the vortices themselves is governed by the manner and rate in which the
boundary layer fluid is entrained as well as by the near-wall viscous effects. In general, the different
studies show that vortices first move towards the wall as a result of the self-induced velocity and then
apart from each other due to the presence of the "image" vortex pair beneath the wall surface.

On the basis of the earlier classification, studies by Cutler and Bradshaw (1986, 1993a and b)
and Pauley and Eaton (1989) would be termed as those on strong vortex/boundary layer interactions
since the non-dimensional vortex circulation parameter [F/(U 6 )] is of the order 10 or greater. The
flow behavior in all aspects is very similar to those seen in the weak vortex/boundary layer
interactions' case except that the region of influence of the vortices is much larger. Also, high levels
of turbulent kinetic energy and Reynolds shear stresses are seen in the vicinity of the vortex core.
Further, the vortices convect highly turbulent, low momentum boundary layer fluid away from the
wall thus exhibiting high turbulence levels in the upwash region.

While the above-referenced studies have vortex generators that have profiles projecting out of
the boundary layers, there have been a few studies that have used low-profile vortex generators (VG)
which are submerged within the boundary layers (Ashill et al., 2002 and Yao et al., 2002). These low
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profile vortex generators improve the ability of the boundary layer to resist flow separation with
relatively low drag penalty since they are immersed in flows of low dynamic pressure. Yao et al.
(2002) have measured and compared the streamwise evolution of a low-profile VG with a
conventional VG. The low-profile VG shows a higher rate of vorticity decay when compared to the
conventional VG.

1.2 Part 2: Two-Dimensional Rough-Wall Turbulent
Boundary Layers

This part focuses on the effect of the roughness elements on 2-D turbulent boundary layers
and is the second part of the three-pronged approach towards understanding roughness effects. While
the previous part focused on the condition when the roughness element was placed individually, the
present one considers when they are uniformly and sparsely distributed. This study should help lead
to a better understanding of fully developed rough-wall turbulent boundary layers. In the past, much
attention has been focused on smooth wall boundary layers leading to a satisfactory knowledge
pertaining to its turbulence structure. Many studies have led to characterizing roughness elements as
"equivalent sand-grain roughness" along the lines of Nikuradse (1933). The effects of 2-D roughness
elements such as ribs and grooves on turbulent boundary layers have also been well researched (e.g.,
Perry et al., 1969, Perry et al., 1987, Bandyopadhyay, 1988, Krogstad and Antonia, 1992). However,
in nature, viz., flow past submarines (especially on the 'walk way') and ship hulls, the roughness
elements are essentially 3-D, and hence a systematic study as regards the effect of 3-D roughness
elements on turbulent boundary layers would be of considerable interest (as a study in basic turbulence
research too). In addition to these considerations, there are several practical engineering and
meteorological situations where turbulent boundary layers develop over rough surfaces. In the
atmosphere boundary layer flow, the underlying surface is almost rough, leading micrometeorologists
to study the flow above and within vegetation canopies (like rough walls in a fluid mechanical sense).
In engineering applications, roughness affects the transport of heat and mass by changing the surface
resistance. In a basic sense, it thoroughly alters the velocity and turbulence fields adjacent to the
surface and in applications involving heat transfer, the temperature field is altered as well.

Raupach et al. (1991) have summarized the known behavior of such flows for three-
dimensional "sandgrain" or protuberance-type of surface elements and for spanwise rib types of
surface elements. Many of the studies have used the spanwise type of roughness element because
these elements are relatively easy to reproduce and modify for parametric studies of the effects of the
rib roughness on the flow. However, surface roughness on practical surfaces is thought to be usually
of the sandgrain type of three-dimensional elements and is more difficult to reproduce reliably because
of the complex roughness geometry. Correlations of data from various experiments show relatively
large scatter because of the complex geometry. This has led to the common opinion among turbulent
boundary layer workers that one cannot know a priori how a rough surface affects a flow without
making measurements for that particular flow. However, for low roughness densities A < 0.1 [A =
(projected frontal area to flow)/(projected surface area)], the ability to describe the important surface
features is not so bleak with discrete roughness elements such as "deck" roughness. This type of
geometry is simpler than for sandgrain roughness and the roughness geometries, sizes, and
distributions can be used to calculate the effect of individual isolated elements on the flow. Raupach
et al. (1991) point out that for this type of roughness, the additive constant of the semi-logarithmic
"law-of-the-wall" velocity profile varies exponentially with A, both from experimental data and
theoretical arguments. This leads the author to believe that future research results on the 3-D flow over
"deck type" roughness can also be reliably used in calculating the effect of "deck type" roughness in
practical cases.

In the literature, there are few studies that deal with flow physics in the very near wall regions
of rough-wall turbulent boundary layers. The high turbulence intensities encountered near the
roughness elements cause many standard measurement techniques (X-wire anemometry in particular)

8



to suffer from errors that have often proved difficult to diagnose and correct. The present study uses
precise low uncertainty near-wall measurements of mean and fluctuating quantities to characterize the
roughness effects. To the author's best knowledge, this is the first time measurements of rough-wall
boundary layers have been made using a 3-orthogonal velocity component LDV, including near-wall
flow regions around the cylinders. Further, these experiments yield valuable test cases with which to
compare and adjust turbulence models for rough-wall flows. The main objective is to understand the
structure of the rough-wall layers, regions close to the wall, around the elements and further away in
the outer layers. It is imperative to understand how the structures created by the roughness elements in
a distribution affect the rest of the boundary layer. It is important to know the mechanism behind the
generation and diffusion of energy and shear stresses that occur adjacent to the roughness elements.

In this part of the study, a rough-wall fetch is created from a sparse distribution of the very
same cylinders that were used in the study on single elements. Each distribution (pattern) uses the
cylinders of the same height. To generate the fetch, cylindrical roughness elements of 0.38 mam,
0.76 mm and 1.52 mm height (k) were used in square and diagonal patterns to yield six different
roughness geometries, thus six cases of 2-D rough-wall boundary layers. Circular cylinders were
chosen as roughness elements to avoid the issue of the individual element 'flow orientation' which
would be the case if elements such as prisms, pyramids etc are selected.

Measurements of mean velocities, turbulence stresses and triple products, using LDV, were
made around the cylinders very close to the wall to within a few tens of microns and extending to
regions beyond the boundary layer edge, thus encompassing the entire boundary layer and some
potential flow regions. In each case, profiles were made at 40-50 locations around the cylinders. This
enabled the author to analyze in detail the transfer of momentum and turbulence from the wall to the
adjacent regions. While the rough-wall with k = 0.38mm and 0.76mm elements (both square and
diagonal patterns) yield rough-wall boundary layers in the transitionally rough regime, the other two
cases of 1.52mm height cylinders fall in the fully rough regime. In the transitionally rough wall
boundary layers, both bluff-body-form drag and viscosity affect the near-wall flows, while in the fully
rough BL, the form drag effects dominate and the viscosity effects are negligible.

The accent of this part of literature review is on studies that deal with the effects of 3-D
roughness elements such as cylinders, cones, cubes, pebbles, hemispheres and spheres in sparse
distributions. Section 1.2.1 deals with the mean flow structure while section 1.2.2 deals with the
turbulent structure and section 1.2.3 presents the different schemes available in the literature to
calculate the wall shear.

1.2.1 Mean flow structure
It is known that the mean velocity distribution U in both smooth-wall and rough-wall

boundary layers are derivable by a classical asymptotic matching process (e.g., see Wooding et al.,
1973). Let 6 be the boundary layer thickness and U, the friction velocity [= (r-f/p), where 'r. is

the wall shear stress and p the fluid density]. The asymptotic matching analysis postulates that the

boundary layer consists of two overlapping regions: an outer layer scaling with U, and 6, and an

inner scaling with U. and a set SL of length scales characterizing the surface. For a smooth surface,

SL consists only of the viscous length scale, v/1U, whereas, for a rough surface, SL consists of

v/U, together with the roughness height k and all additional lengths Li needed to completely
characterize the roughness. Typically, L, includes the roughness element dimensions along the x and

y directions, and the mean element separation distance, D (defined by D - (A/n•2) where n is the
number of elements in a horizontal area A. For bringing simplicity into the present analysis, the
additional length scales are represented by a single parameter, A. Simpson (1973) defined A as the
ratio of total projected surface area (S) parallel to the flow to the projected frontal area normal to the
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flow (Sf). However, in our discussion A will be defined as the ratio of frontal area normal to the

flow to the total surface area, i.e., A = Sf/S, reciprocal to Simpson's definition.

Thus, in the outer layer, the velocity profile is given by the velocity-defect law, which is
QU,-=G(Y) (1.1)

where, U, is the free-stream velocity. In the inner layer, the law of the wall is given by

U /yU. W..,

U 1 -= F~u , , kU 1,, Ak) (1.2)

For the present study, k/6 is very small and hence it is not considered. In the overlap region between
the two layers, equations (1) and (2) must be valid simultaneously leading to the logarithmic law of the
wall. In this region of constant shear stress, it is accepted that away from the wall the flow pattern is
independent of roughness and viscosity. The rough surface law of the wall (see Betterman, 1965 and
Dvorak, 1969) becomes

-I Yur+C- AU (k,A) (1.3)U K Zvd Uý
where, K and C are the smooth wall constants and are equal to 0.40 and 5.1 respectively. A "+"

superscript denotes lengths normalized by v/U , , and AU/U , is the roughness function. Following
Nikuradse (1933), it is well accepted that AU/U, O for kU , /v<5 (aerodynamically smooth
surface). For transition or intermediate roughness (5 W k/ v < 70), Dvorak (1969) has presented a
family of curves for AU/U, as a function of kU,, /v and A. The values for kV demarcating the
transitional flow regime and fully rough regime are a function of A (Dvorak, 1969). Different
researchers give different values - Nikuradse's data give a value of 70 while Hama's data (1954) give
30. For the completely rough regime (k+ a 70), the right hand side of equation (1.3) is independent of
viscosity, i.e., the tangential stress exerted on the wall is entirely due to form drag produced by the
pressure distribution on the roughness elements. For the completely rough regime, this equation can
be further written in terms of relative roughness (y/k )

-U- lln-y+C- AU_- I lnU I (1.4)
U1, KC Jk kU,, KC V

where, _AU 1ln k__• f (A,

U., KC V
For a fully rough-wall BL, Schlichting (1936), also recast equation (1.3) in terms of the

equivalent sand grain roughness ( ks ) along the lines of Nikuradse which is given by

U I

where, B - 8.5 for a completely rough-wall.

1.2.1.1 Roughness density correlations

Dvorak (1969) also presents data correlations for f(k) for several roughness geometries: 2-D
elements (square or round rods), sand, screens, and staggered rows of spheres. For 0.214 ! A L I,
Betterman and Dvorak presented the correlation

f(A)- 17.35 [1.625log(1/A)- 1] (1.5)
while for A<0.214, Dvorak proposed
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f(A)=- 5.95 [1.103 log(1/A)-l] (1.6)

Note that in the correlations proposed in Betterman and Dvorak, 1/A was taken as the ratio of the total

surface area to the roughness area as compared to Simpson's use of the frontal area normal to the flow
instead of the roughness area in his definition of 1/A. Their use of this parameter can be better

interpreted as a measure of the roughness concentration. When the correlation results of f(A)

[equations (1.5) and (1.6)] are applied, Simpson's interpretation of the parameter yields a better
agreement when compared to Betterman and Dvorak's as regards the data for roughness elements such
as spherical segments, cones, and short angles.

Sigal and Danberg (1990) decided to modify these correlations to include a shape factor to
account the shape of the individual elements. They proposed a roughness density factor, A, as a

modification to 1/A and is given by A=, - (/S XA,1/A, ) L6. This expression can be rewritten as

A, = (1/A XAI )16, where Af is the frontal area of a single element and A. is the windward

wetted surface area of the roughness element. In their approach, f(A) is replaced as f(A,) and

rewritten as
AU_ - In kv_ = f(A.) (1.7)

and the modified correlation becomes
"[17.35 [1.634logA.- 1] 1.4:% A, !s 4.89

f(A)•f 2.2 4.89:s A., : 13.25 (1.8)

9.55[1 - 0.686logA,] 13.25! A, 5 100

As shown by Raupach et al. (1991), equation (1.4) can be further re-written in terms of a
roughness length yo

=-ln__, where, In -L Cc-AU _-In_(_U__ (1.9)
PCK , k Uc±inkT (19

According to an extensive study on the effect of roughness density A on yo/k carried out by
Koloseus and Davidian (1966), the data for 3-D roughness elements show that yo/k increases with

increasing A to a maximum value, say Am... For the distribution of circular cylinders, A,,, is about

0.2. For the present study, the values of A are restricted to 0.1.
As regards the rough-wall turbulent boundary layers, a composite profile that includes the log-

law region and the outer region is given by

U I YU- +c- AU (k0,A'+Hw(2) (1.10)- In U l -K7 -
PC K V U, C~l)

where, the wake function, w(y/6), represents the outer layer dynamics and IH is denoted the wake
parameter, and for a smooth wall, this parameter has a suggested value of 0.55 (Coles, 1956).

Most of the literature dealing with the mean flow aspect of rough-wall BL have focused on the
effect of roughness on the roughness function, AU/U,. Some of the earliest experiments were
conducted by Schlichting (1936) who determined the equivalent sandgrain roughness for a large
number of roughness elements such as spheres, spherical segments, cones and short angles that were
distributed in a regular pattern. A later investigation by Perry et al. (1969) has classified roughness
into two classes called "k" type and "d" type based on the scaling of the roughness function, AU'.

In "k " type roughness, AU* is a function of k, and hence is given by AU' = (1/C)ln(k÷ )+ constant,
while in "d" type, the roughness function scales on the pipe diameter (d) or the boundary layer
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thickness (6) and is given by AU - (1/K)ln(d )+ constant, as the case maybe. The usual bar
roughness or the groove roughness is considered "d" type when the cavities are narrowly spaced and
"k" type when widely spaced. The sandgrain type of roughness and most 3-D roughness come under
the category of" k " type and so does the present study.

Table 1.1 presents a summary of previous two-dimensional mean turbulent flow experiments
on sparse distributed roughness with cylinders, cones, cubes, pebbles, hemispheres and spheres. They
primarily deal with the effects of roughness height on the roughness function.

1.2.2 Turbulence structure
Roughness elements cause the generation of near-wall structures that produce turbulence

which is diffused throughout the boundary layers. Most of the literature that deal with the turbulence
structure consider 2-D roughness elements such as bars and grooves and few are available that
consider 3-D roughness elements.

Grass (1971) conducted experiments in a water channel with Reynolds number, based on the
depth, ranging from 6620 to 6740 in three different flow regimes: smooth, transitionally rough and
fully rough. For the transitionally rough case (k = 21), 2mm pebbles were used as roughness
elements and for the full rough case (kV -85), 9mm pebbles were used. The hydrogen bubble
technique was employed for flow visualization and quantitative velocity measurements. He
demonstrated the existence of both violent ejection and inrush events over the rough wall and
concluded that these were common features of boundary layer turbulence irrespective of wall
roughness condition. There were differences, he noted, in that in the smooth-wall flows, the ejection
sequence draws on the viscous sublayer fluid leading to streak formation while for the rough flows,
the source of the ejection is the low speed fluid trapped between the interstices. Grass also noted that
the ejection process was "violent" with almost vertical motions outwards into the BL and giving rise to
very large contributions to the Reynolds stresses.

Antonia and Luxton (1971) conducted experiments in a boundary layer formed downstream of
a sudden change from a smooth to a rough surface that was roughened with "k" type grooves with
crests aligned with the smooth surface. They found large near-wall fluctuation levels due to enhanced
production of energy. They also found that the growth rate of the shear layer was governed by the
diffusion of turbulent energy away from the wall and that the mixing length was reduced relative to
the smooth wall

Andreopoulos and Bradshaw (1981) measured mean velocities, double and triple products on
a sand paper roughened boundary layer yielding a roughness Reynolds number, kV, of 310 thus
indicating a fully rough flow regime. The behavior of the triple products indicated that turbulent
energy and shear stress were transported from the inner layers to the immediate vicinity of the
roughness elements and that sweeps were more frequent than ejection motions. They regarded the
roughness region as a turbulent energy sink.

To investigate the relative importance of sweeps and ejections to the Reynolds shear stress
production, Raupach (1981) performed a quadrant analysis in boundary layers roughened with
different arrays of cylinders of 6mm height and diameter. The roughness density parameter (A)
ranged from 0.011 to 0.189. He found that sweeps were the dominant contributor to the Reynolds
shear stress close to the surface and that their relative magnitudes, compared to ejections, increases
with surface roughness and also with the proximity to the surface. He also found that profiles of the
triple products, normalized with friction velocity, were the same away from the wall.

Ligrani and Moffat (1986) conducted several experiments mainly in the transitionally rough
regime on rough-wall boundary layers, with Re. ranging from 3310 to 18700. The surface was

roughened using uniform spheres and had a equivalent sandgrain roughness (k, ) of 0.79mm. The
different Reynolds numbers were obtained by varying the free-stream velocity. The roughness
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Reynolds number (k÷) ranged from 21 to 63. In the transitionally rough regime, distributions of
streamwise normal stresses, normalized with friction velocity, vary significantly with kV in the inner
regions of BL while for the fuilly rough boundary layers they do not. Further, for the fully rough cases,
the same normalized stresses are invariant with kV in outer regions of the BL. For a rough-wall of
k÷ =21, the production to the TKE peaks at y' =20 indicating that it occurs very close to the element
height.

Bandyopadhyay and Watson (1988) made measurements on surfaces laid with grooves to
investigate the effects of spanwise aspect ratio, A. (span/height), on the flow structure. The different
aspect ratios reflect different flow regimes: when A, >> 1, the flow is considered over grooves; when

A. << 1, it is considered a plant canopy flow; and when the aspect ratio is in-between, i.e., X. - 0(1),
then the roughness is considered sandgrain roughness. The measurements of triple products reveal
that the signs of the vertical and streamwise flux of shear stress change depending on whether the
roughness element is 2-D or 3-D. The two cases behave in an opposite manner although the 2-D case
behaves similar to the smooth wall case. In the 2-D case, shear stress is transported outward and is
associated with streamwise deceleration while in the 3-D case the shear stress is transported wallward
and is associated with a streamwise acceleration. Behavior similar to the 3-D case was also seen in the
cases of sandgrain (Andreapoulos and Bradshaw, 1981) and gravel (Mulhearn and Finnigan, 1978).

Bandyopadhyay and Watson (1988) also found the Townsend structural parameter (A1 - - uv-2) to

be a constant between y/6 of 0.1 and 0.8 thereby implying that the turbulence structure is
independent of wall condition.

Measurements on a mesh screen rough-wall in a Re, =12800 turbulent boundary layer were

carried out by Krogstad et al. (1992). The rough-wall yielded a k" of 104 thereby indicating that flow
was in the fully rough regime. Streamwise stresses, normalized by local friction velocity, show only
small differences when the smooth wall results are compared with those for the rough-wall. However,
the rough-wall distributions of both normalized wall-normal Reynolds stress and the Reynolds shear
stress show significantly large increases over those for the smooth wall. These enhancements were
attributed to the sweeping motions near the roughness, motions that were made possible by the less
severe boundary condition for the v motion. In the outer regions of the rough wall BL, contributions
from both sweeps and ejections are larger relative to the smooth wall. In a sequel to their
investigation, Krogstad and Antonia (1999) performed a similar experiment by replacing the mesh
screen with lateral rods. In this case, the roughness function, AU', is the same as in the previous
experiment although the boundary layer has Re. of 4806, a value lower than the previous experiment.
For the same roughness function, there seems to be differences in the turbulent structure indicating
flow sensitivity to the roughness geometry. While ejection motion contributions are significantly less
than those for either the mesh wall or the smooth wall and with lesser frequency of occurrence, the
sweeping motions show a large increase in their contributions. Also, there is a significant increase in
the interaction events.

Tomkins (2001) carried out an investigation, using PIV, on walls roughened with uniform
distributions of hemispheres. Two distributions were tested, one had a k' of 100 and k/i of 0.045 in

a Re. =7700 turbulent boundary layer while the other had a k÷ of 200 and k16 of 0.09 in a

Re. =8700 turbulent boundary layer. In the former case the boundary layer thickens by 3.28 % over
that for the smooth wall BL while maintaining the same momentum thickness, and in the latter case,
the thickening is 4.5 %. The smaller elements yielded a transitionally rough flow with a AU* of 3
and the larger elements cause a fully rough wall flow with a AU÷ of 11. Using a quadrant analysis, he
found that the contributions from sweeps to Reynolds stress is greatly increased relative to the smooth
wall case in the regions where y/6 < 0.1 and the contributions by ejections are reduced in the regions
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where y/' > 0.2. Several vortex signatures are noted that are associated with sweep/ejection events
and he attributed the signatures to those left behind by hairpin vortex structures. He also found that
sweeps dominate the near-wall regions of the flow. Further, at the element height, he found that
ejection events were large compared to those for the smooth wall case and this increase was due to the
vortices shed from the roughness elements. He also suggested universality in the behavior of ejection
events further away from the wall as the ejections for both rough and smooth wall were found to be
similar.

1.2.3 Determination of wall shear

Several methods have been used by researchers to calculate the wall shear stress (,).

Specifically one needs the friction velocity (U, =- V---/p ) to scale the mean velocities and turbulence

quantities. One method is to determine the drag force that the elements exert on the flow. The total
drag force when divided by the area that the elements occupy would yield the wall shear stress. A
popular way of measuring the drag force is the floating element method (Acharya et al., 1986).
However, in this method, large areas are needed to get accurate answers. Hence, this method is
unsuitable for applications where large variations of wall shear occur over small distances. An
indirect determination of the skin friction can be determined from the von Karman momentum integral
equation. However, this method is fraught with large uncertainties (Tomkins, 2001).

Another scheme is the Clauser method which involves matching of a measured mean velocity
profile to the law of the wall. This method is rather inaccurate in the case of the rough-wall BL
because there is a large range of possible combinations of wall parameters. The log law of the wall is
assumed to be valid for the rough case and is given by

UII(Y-e41+ AU (1.11)
uJ K v u,~

which is a modified form of equation 1.3. The three unknowns in Eq. 1.11 are the displacement of
origin (e), the friction velocity (U,), and the roughness function (AU'). As mentioned earlier,
iterating all these three values simultaneously would lead to multiple solutions (Perry et aL, 1969).
This system does, however, become accurate if, of the three, only two are unknown. Hence, if an
approximate answer is obtained using a drag balance or from the momentum integral approach and
then the above equation is iterated, a satisfactory answer can then be obtained. This approach can be
termed as a displacement of origin method. A more accurate answer is obtained when the above
equation also includes the wake function to account for the outer layers since the wake function is also
affected by roughness (Krogstad et aL, 1992), and this equation is given by

U-I=lln (Y +C-AU- 1 (1.12)
U, =C icý v I+C U1, + C (BE

Most authors (Raupach, 1981, Mulheam and Finnigan, 1978, and Tomkins, 2001) simply set the wall

shear stress by choosing U, = -uv in the constant shear stress layer in each profile. The author is also
confident in the determination of wall shear stress from this method. It is in this region where the log
law is satisfied, thus indicating that this is also a region of overlap between the inner layers and the
outer region. It appears as if the role of the wall is to set an average shear stress thus yielding the
friction velocity ( U, ) that scales the outer regions.

It is also possible to integrate the boundary layer equation from the wall to some height, Y,
above the crests of the elements (Ligrani and Moffat, 1986), which is given by

- oyl U(Y) a U• -ia _.U2, (1.13)

2 U2  U, 0U01
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where, Cf/2 = UJ/U,. In all their cases, (-- )/U was 96-98% of C,/2.

1.3 Part 3: Three-Dimensional Rough-Wall Turbulent
Boundary Layers

While the previous two parts dealt with the effects of individual elements (Part 1) and effects
of these elements when placed as a distribution in a 2-D turbulent boundary layer (Part 2), the present
part (Part 3) deals with the same rough-wall when subjected to a 3-D turbulent boundary layer. The 3-
D turbulent boundary layers are characterized by varying directions of the velocity vectors within the
boundary layers which are, in general, not aligned with the direction of the free-stream velocity vector,
although they remain nearly parallel to the wall. Most prior studies on rough-wall turbulent boundary
layers pertain mainly to two-dimensional boundary layers with two-dimensional elements such as ribs
and grooves used as roughness elements (e.g., Perry et al., 1969, Perry et al., 1987, Krogstad and
Antonia, 1994). However, in nature, the roughness elements are randomly distributed and are three-
dimensional in shape and flows subjected to these obstacles are essentially three-dimensional in the
mean-flow sense, e.g., in the case of flow past submarines (especially on the deck) and ship hulls. As
regards 3-D rough-wall turbulent boundary layers, only one study (Krogstad and Fannelop, 1983) has
come to the attention of the author where mean flow measurements were carried out; however, no
study towards the understanding of the turbulent structure was made.

About 10% of the drag on a submarine is due to roughness. The upper fifth of the curved
submarine hull is a rough surface that is used as a deck by the crew when in port. At sea, the flow
over this roughened surface passes downstream into the propulsor. Grit is also used on rotating-arm
and remote-control submarine models to modify the maneuvering performance. The effect of
distributed 3-D roughness on the structure of a 3-D turbulent boundary layer has not been previously
examined and is important in modeling such flows. It is interesting to note that Prof. V.C. Patel of the
Univ. of Iowa entitled his 1997 ASME Fluids Engineering Award lecture: "Flow at High Reynolds
Number and Over Rough Surfaces - Achilles Heel of CFD." There is also no other study available on
the flow structure and behavior of rough-wall 3-D flows. This basic research is examining the
fundamental way in which roughness affects the near-wall behavior of 3-D turbulent boundary layers.
This is somewhat different than for 2-D cases because of significant mean and fluctuation flow
skewing nearest the wall (Anderson and Eaton, 1989, Schwarz and Bradshaw, 1994, and Olqmen and
Simpson, 1995b). One of the key differences between 2-D and 3-D TBL is the presence of the cross-
stream velocity gradient (dW/dy) which is the main contributor to the streamwise vorticity.

Measurements carried out in the rough-wall 3-D turbulent boundary layers are at the same
locations where Olqmen and Simpson (1995b) performed their smooth wall measurements. An
idealized wing/body junction was used to generate a 3-D pressure driven TBL in its vicinity and
measurements were made at seven stations around it. Each of the measurement locations exist outside
the strong chaotic horseshoe vortex system that is formed at the nose of this junction. Further, each
station is subjected to a different surface pressure gradient. At the locations where the cross flow
pressure gradient effects are prominent, the shear stress angle lags behind the flow gradient angle in
the inner regions. In other words, the direction of the turbulent shear stress and the directions for the
mean flow and the mean velocity gradient direction are much different. Hence, the presence of the
roughness elements is expected to complicate this flow behavior nearest the wall. Further, at these

very same locations, the parameter, 1/S--v-l/fr/pl, displays higher values in 3-1 flows when
compared to those for the 2-D flows. This parameter is the correlation between the momentum-
transporting velocity scale and the resulting magnitude of the shear stress. Hence, higher values in the
case of 3-D flows is due to less correlation between the u and v velocity fluctuation components.
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The present study is performed by making measurements at seven stations (same locations as
in 619men and Simpson, 1995b). The same six distributions of cylinders used to generate the 2-D
rough-wall flows were placed around the wing-body junction. The objective of the experiments is to
obtain a better understanding of the effect of roughness on a mean 3-D flow field and towards
improved predictions using the Reynolds stress transport models by providing a detailed data set of
double and triple products of the fluctuating quantities in addition to the mean quantities. Further, the
data set is used to extract valuable flow physics behind the mechanisms that govern these 3-D rough-
wall layers.

1.4 Organization of the Dissertation
The organization of the dissertation is as follows. Chapter 1 presents the introduction to this

experimental investigation. Chapter 2 contains details on the experimental apparatus and
measurement. Chapter 3 deals with the effects of the single elements in 2-D turbulent boundary
layers, while Chapter 4 deals with the same when the elements are in a distribution and is entitled "2-
D rough-wall boundary layers." The effects of flow three-dimensionality on the same sets of
distributions, as in the previous chapter, are considered in Chapter 5. A comparison of the three parts
that form this entire study is considered in Chapter 6. This chapter thus affords a direct comparison
between the three effects: those of the individual elements on 2-D turbulent boundary layers, the
distributions of the same elements on the 2-D turbulent boundary layers and thirdly, the same
distributions on the 3-D turbulent boundary layers. Chapter 7 contains the conclusions which are a
compendium of the concluding remarks made in the preceding four chapters. Appendix A consists of
a simple scheme to estimate the streamwise wavelength of the roughness top vortex structure.
Appendix B presents the derivation of total drag due to the single elements. Appendix C contains an
uncertainty analysis performed on the measured data and the uncertainties associated with it.
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Chapter 2 Experimental Apparatus and
Measurement Technique

2.1 Introduction
This chapter contains details about the rough wall geometry and the processes involved in

creating such a rough surface. This chapter also discusses the three-component LDV (3CLDV) which
is used to measure the mean velocities and the turbulence quantities. Also included in this chapter are
details concerning the oil flow visualization, the measurement of surface pressure in the 3-D turbulent
boundary layers. The measurement locations for the three-part study are presented in this chapter.

2.2 Wind Tunnel
The measurements were carried out in the Virginia Tech Aerospace and Ocean Engineering

Department Low Speed Boundary Layer Tunnel. The inlet flow is tripped by the 0.63cm blunt leading
edge of the tunnel floor to ensure that the boundary layer is turbulent. The test section is 0.91m wide
and 8m long. Inserts for the wind tunnel sidewalls were used to minimize blockage-induced pressure
gradients around the vertical wing. The experiments were run at a nominal speed (Uf ) of 27.5 m/s,

at a "reference" location of around 1.524m from the beginning of the tunnel test section. For the case
of the single elements, the individual element is located about 2.90m from the beginning of the tunnel
test section [Fig. 2.1 (a)] and measurements are made aft of it. In the cases of 2-D rough-wall TBL,
flow is allowed to develop over a roughness fetch of 2.44m length and 0.91m wide which is also the
width of the tunnel wall [Fig. 2.1 (b)]. The measurement locations for the 2-D rough-wall TBL are
also at a distance of about 2.90m from the beginning of the tunnel test section. For the 3-D rough-wall
TBL cases, the three-dimensional boundary layer is generated by a 3:2 elliptical nose NACA 0020 tail
cylinder protruding from a flat plate [Fig. 2.1 (c)]. The model has the dimensions of 22.86cm in
height, a chord length of 30.48cm, and a maximum thickness (t) of 7.163cm.

2.3 Manufacture of rough surface
The construction of the roughness patterns is as follows. For each distribution/pattern of a

particular roughness height, a mold is used. The mold was typically a teflon sheet with punched holes
of 1.98mm diameter, spaced 5.486mm apart in a square pattern same as that desired in the distribution
of elements. Each pattern of roughness element height (k) required a teflon sheet of the same
thickness, k. For the purpose of manufacturing of the rough-wall (fetch), a mixture of epoxy resin
and hardener is poured on long aluminum sheets, and the teflon mold sheet is laid on top. Then the
teflon sheet is pressed against the aluminum sheet by the process of vacuum bagging which removes
all air between the epoxy resin and a clear plastic cover and forces the epoxy resin into the holes in the
mold. Once the epoxy resin settles down, it is allowed to cure and the vacuum bag is removed. After
the curing process, where the epoxy resin just hardens, the top of the teflon sheet is sanded to remove
excess epoxy material and the teflon sheet is then peeled off revealing cylindrical pegs of hardened
epoxy sticking out on the aluminum sheet. The aluminum sheet is then fastened along the tunnel floor
to yield the fetch of roughness elements. A picture of a roughness pattern is presented in Fig. 2.2.

2.4 Oil-Flow visualization
The mixture for flow visualization contained 20 ml Titanium dioxide and 9 ml of oleic acid

and kerosene was added until the mixture reached a volume of 55 ml. The single elements were glued
on a glossy sheet of paper and the mixture was applied on the glossy surface. Then the tunnel was run
until the mixture was dried, after which a lacquer fixer was applied to preserve the picture. This
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visualization procedure was primarily done in the case of the single elements. The same procedure
without the glossy sheet of paper was carried out in the cases of the 2-D and 3-D rough-wall TBL.

2.5 Rough-wall geometry
The quantities that define the geometrical details of the rough-wall are the roughness height k

which is the height of the individual roughness element and X, a parameter that is assumed to include
all the additional lengths L, needed to completely characterize the roughness. Typically, L, includes
the roughness element dimensions in the x and z spanwise directions (the cylinder diameter, d, for
our case) and the mean element separation distance D, which in the case of the square pattern is the
center to center distance between the elements. The values of d and D are the same in each of the six
cases and are equal to 1.98mm and 5.486m, respectively (See Fig. 2.3). The roughness density
parameter, X, is defined as the ratio of frontal area normal to the flow to the total surface area, and is
given by A =kd/D2 . Six cases of rough-wall (fetch) were manufactured with roughness heights ( k )
of 0.38mm, 0.76mm and 1.52mm, each in straight and staggered configurations. The fetch of
roughness elements oriented such that the rows/columns of the pattern are parallel/perpendicular to the
tunnel axis are called straight patterns and those that are at an angle of 45 degrees to the flow are
termed staggered (Fig. 2.3). Please note that the orientations do not change the value of A. The
values of A for the element heights (k) of 0.38mm, 0.76mm and 1.52mm are 0.025, 0.050 and 0.10
respectively.

2.6 Three-velocity-component fiber-optic LDV (3CLDV)
In the current study a three-velocity-component fibre-optic LDV (3CLDV) system was used,

which is a sub-system of a five-velocity-component fibre-optic LDV system (Ol6men and Simpson
1995a). The three component system consists of two main sub-systems: an optical table [Fig. 2.4]
and a probe head [Fig. 2.5]. The components on the optical table are lasers and the optical equipment
necessary to generate and couple the laser beams into polarization-preserving single-mode fibres that
terminate in the probe. The optical equipment on the table include Bragg cells (BC), beam spliiter
cube (BSC), Laser to fiber couplers (LTFC), mirrors (M) and polarization rotators (PR). Laser beams
from the probe pass through a glass window in the wind tunnel floor and form three coincident probe
volumes to measure three simultaneous orthogonal velocity components at the U, V, W
measurement point. The probe head consists of two transmitting optic trains and a receiving optics
train with a fibre to a photomultiplier (PM) tube that forms a unit that can be translated and adjusted
independent of each other.

The present setup uses two lasers. Two beams (488nm, blue, and 514.5nm, green) from two
lasers (INNOVA 90-5 for blue and INNOVA 90-6 for green, both with etalons) were used to generate
the five beams (two blue, and three green) that intersected to produce the three probe volumes. The
frequencies of the laser beams were shifted acousto-optically by Bragg cells. The purpose was to
resolve the directional ambiguity, i.e, to determine the direction of the fringe movement within the
measurement volume. The frequency shifts for green beams are 0, -50, and +30 and for the blue
beams 0, +40. These frequency shifts are large enough to eliminate cross-talk between the signals.
Final dimensions for the intersecting volumes of each of two beams are 60 Ion in diameter and

690 pm in length. The included angles between the two couples of green beams used in the
measurements are both 6.310, which result in a 4.67 gtm fringe spacing. The included angle between
the blue beams is 5.910 which lead to a fringe spacing of 4.99 pmo. As mentioned previously, the five
transmitted beams result in three probe volumes which at their coincident intersection formed a nearly
spherical measurement probe volume of a diameter of 30 ptm.

The light scattering particles with an approximate diameter of 1 pon were generated from
Dioctal Phthalate by an aerosol generator originally. The smoke was injected into the flow at the

22



entrance of the tunnel test section. The scattered light (Doppler burst) was acquired by an optical
arrangement located at the base of the probe head and fed through an optical fibre to a PM tube. The
PM tube voltage output signals which contain the Doppler frequency information were processed by
three Macrodyne Frequency Domain Analyzers (FDP 3100). In order to accommodate the signals
into the appropriate Macrodyne bandwidth with the highest resolution, the signals from the PM tube
are down mixed with RF signals which were generated using a RF generator. The analog signal from
the PM tube was amplified and wide band-pass filtered (using Mini-Circuits BLP models) to obtain
clean signals rather than depending only on the Macrodyne processor band-pass filters. These steps
enabled acquisition of signals with minimal noise and hence, resulted in signal validation ratios of at
least 95% and, in general, 98% to 100%. The U, V W velocities are measured in a coincidence mode
with the FDP's. Due to the lack of memory storage in the Macrodyne units, a computer board from
Dostek (1400A Laser Velocimeter Interface with TCEM daughterboard option) and software were
used in a personal computer. With this board, the data acquired from each of the three processors are
accepted as valid data if all the data values occurred within a time coincidence window of 10 Ps.

At every measurement point 30000 samples were acquired. The sampling rate varied from
100 samples per second very near the wall to 300 to 500 samples per second away from the wall. The
U, V W system data were systematically reduced in the following manner:

(i). The acquired Doppler burst frequencies were converted into velocities in the optical axes (a
coordinate system defined by three directly measured orthogonal directions) and the histograms of
these velocities were obtained. The absolute arrival time for each velocity value was recorded too.

(ii). A parabola was fit to each side of the logarithm of the histogram ordinate between the ranges
of 1% and 80 % of the peak value. The data lying outside the intersection of the parabolas with the
ordinate value of one occurrence of a velocity signal were discarded. For noisier histograms, the
edges of the histograms were interactively located and the data lying outside the skirts were again
discarded. The clean velocity information was transformed into tunnel coordinates and saved.
(iii). In the tunnel coordinates too, the velocity data were cleaned using the same parabola fitting

and data discard routine described above.
(iv). The time-dependent clean velocity data in tunnel coordinates were then used to calculate the
flow variables. No weighting factor was applied since there was no correlation between data rate
fluctuations and velocity fluctuations (see Appendix C. 1.1). Hence, velocity component histograms
over 512 bins ranging from the minimum to maximum were calculated without weighting. The mean
value of these histograms results in mean velocities. The mean velocities were then subtracted from
the time-dependent data to obtain the time-dependent fluctuating velocities. Histograms were
calculated for all second- and third-order cross-products of the fluctuating velocities, and the mean
values of these histograms resulted in Reynolds stresses and triple products, respectively.

The above LDV probe head was only used to measure up to a distance of 42500 pmt from the
wall. The rough-wall TBL had boundary layer thicknesses of a few tenths of a millimeter more than
those for the smooth-wall TBL. Hence, at heights beyond 42500 pm, a modified version of the LDV
head was used (Ol69men et al., 2001). The modified system has 56 degrees between the bisectors of the
beams emerging from the two transmitting probe heads, as opposed to 90 degrees obtained with the
original LDV system (Fig. 2.5, LHS). This was accomplished by inserting 170 apex angled aluminum
wedges between the transmitting optics heads and the translators that hold the heads in their place. In the
modified system the velocities are thus not measured in an orthogonal frame, however the three
components measured could easily be transformed into an orthogonal frame. The fringe spacing in this
case was different and was determined to be 11.3 pmn. The light collection probe volume for the system is
defined by the overlapping portions of the individual probe volumes which were three in number, same
as in the original LDV probe head. Thus the long interference region of individual probe volumes does
not reduce the spatial resolution. However the probe volume of the system in the modified system is
larger than the original 3CLDV due to the larger size of the focused beam diameters. Since the modified
system is intended to be used only in regions of the flow away from the wall, where the velocity
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gradients are not large, the reduced spatial resolution, therefore, does not affect the overall quality of the
measured velocities. Also, the differences between the quantifies from the two systems are within the
uncertainty bounds prescribed in them.

No corrections were made to the data set as the corrections made were within the uncertainty
bounds. However, the suggested corrections to LDV are included in Appendix C.

2.7 Measurement of pressure gradients in 3-D rough-wall
TBL
To measure the wall static pressure, pressure taps of approximately 0.5mm in diameter were

placed centered between the roughness elements and formed a square grid of 16 taps, at each of the
seven measurement stations. The pressure measurements were made with a J-type scanivalve and
Setra 239 pressure transducers. The pressure coefficients are calculated using the following equation:

P- P•+

p P -p

The subscript ref denotes values at the reference station which is 1.524m from the entrance to the test

section. P, is the static pressure, P,,f is the stagnation pressure, and P is the static pressure at each

location [see Fig. 2.1 (c)]. The pressure gradients along x and z directions at the seven stations are
then interpolated from the gradients calculated from the measured pressures

2.8 Measurement locations
For the cases of the rough-wall boundary layers (both 2-D and 3-D), measurements were made

without disturbing the roughness elements. The gaps between the elements act as slits for the laser
beams to go through to make the measurements. A view of this is presented in Fig. 2.6 where the laser
beams are passing through the tunnel floor between the gaps in the rough-wall. The depicted view, in
this case, is that of a 3-D rough-wall TBL.

2.8.1 Measurement locations: Single Elements
As briefly mentioned earlier, the isolated roughness elements are circular cylinders of heights

(k) of 0.38mm (also, sometimes designated smallest cylinder), 0.76mm (intermediate cylinder), and
1.52mm (highest cylinder), each having a diameter (d) of 1.98mm. For the fourth element, the
Gaussian spike, the equation in mm defining its contour is given by: y = 1.52 exp [ 4.692 (x2 + z2 )j;
hence, ' d/2' for the Gaussian spike is the distance from its axis to the location where the height is 1%

of the peak height, i.e., at y/k =0.01. By design, d/2 is half of 1.98mm, which is also the diameter of
each of the cylinders.

Single point measurements are made using the LDV at the locations downstream of the three
isolated cylinders and the Gaussian spike. The measurement profiles, along the centerline (zid - 0),
are at six streamwise locations, x/d = 1.36, 2.75, 5, 10, 20 and 40 for the cylinders [Figs. 2.7 (a)], and

at five streamwise locations, x/d = 2.75, 5, 10, 20 and 40 for the Gaussian spike [Figs. 2.7 (b)]. The
right-hand coordinate system is fixed on the wall at the axis of symmetry of the single element.
Further, for all four cases, off-centerline measurements are made at several locations (12-15 in
number) ranging from zid of 0.14 to -3.05 at two streamwise locations, x/d = 2.75 and 10, yielding
several hundred grid points of data in a y - z plane. This helps in determining contours of the
measured and derived quantities in a plane. In the case of each of the three cylinders, off-center
profile measurements were also made at zld locations of -0.69 and -1.39 at the x/d location of 1.36.
Preliminary investigations in the downstream flow field have shown statistics involving 'u' and 'v'
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velocities to be symmetric and 'w' velocity to be anti-symmetric about the centerline/plane and hence
detailed measurements were made mainly in the negative z -axis (at two, x/d, streamwise locations)
and along the centerline (z - 0). The displayed results also include the results of the undisturbed
smooth wall boundary layer (also called reference smooth wall) at the exact location where the
isolated elements are mounted later for measurements. In order to establish a common base for the
purpose of analysis, the velocity scale used in the plots is the skin friction velocity, U., of the
reference smooth wall boundary layer. The length scale used to non-dimensionalize distance from the
wall, y, is v/U, and for the spanwise and streamwise distances, the length scale is the element
diameter, d. Dashed lines are also shown in the plots to denote the height of the individual elements:
V - 23 indicates the smallest cylinder (k =0.38mm), kV= 46 indicates the intermediate cylinder
(k =0.76mm) and k - 92 represents the highest cylinder and Gaussian spike, both of which have k
of 1.52mm. In the contour plots, the dashed lines are the outlines of the individual elements' shape.
Discussions of the plots are based on the behavior shown by the various quantities in the negative z -
axis only. Measurements carried out in the few off center locations in positive z -axis, along the
streamwise distance, are used to locate the center of the downstream flow system and to calculate
spatial derivatives of the measured quantities.

2.8.2 Measurement locations - 2-D rough-wall turbulent boundary layers
Measurements are made at locations as shown in Figs 2.8 (a) and (b) for two orientations

containing distributions of cylinders of height, k, of 0.38mm, 0.76mm and 1.52mm, each having a
diameter (d ) of 1.98mm. This yields a total of six cases of rough-wall boundary layers. Please note
that each of the geometrical pattern/orientations use the same distribution of the uniform roughness
elements of equal heights. The fetch of roughness elements oriented such that the rows/columns of the
pattern are parallel/perpendicular to the tunnel axis are called straight orientations or patterns and
those that are at an angle of 45 degrees to the flow are termed staggered [Figs. 2.8 (a) and (b)]. For
each of the six cases, 40-45 profiles were made at the indicated locations.

Results are presented as contours of the quantity in most cases and locations selected for
presentation are usually two orthogonal planes at (x/D =0.5, z = 0). The line plots are, in general,
mainly presented for the measurements made at the intersection of these two planes, ie., at x/D =0.5
on the x - axis (z - 0). The choice of this location and the two orthogonal planes was made to
provide a representative case. Results at other planes and locations will be presented as and when
needed to complete the description of the mean and turbulence structure. Please note that when the
mid plane is mentioned in the discussions it refers to the y- z streamwise mid plane at xD =0.5.
Spanwise mid plane would be the x - y plane located equi-distant to elements.

2.8.3 Measurement locations - 3-D rough-wall turbulent boundary layers
The three-dimensional boundary layer is generated by a 3:2 elliptical nose NACA 0020 tail

cylinder protruding from a flat plate. The model has the dimensions of 9 inches in height, a chord
length of 12 inches, and a maximum thickness (t) of 2.82 inches. Measurements are carried out at
seven stations around the wing-body junction and a schematic of it is shown in Fig. 2.9 (a). The
coordinate system is chosen with x -axis parallel to the tunnel centerline pointing downstream, y -axis
perpendicular to the tunnel floor and z-axis completing a right handed coordinate system. The
measurement locations and the flow details for smooth-wall 3-D TBL are presented in Table 2.1 .The
measurement locations are such that they are outside the strong horseshoe vortex system formed at the
wing-body junction. At stations 1 to 3, strong streamwise pressure gradients are present and at
subsequent stations significant spanwise gradients are present. At station 7, the flow shows signs of
relaxation.
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All profiles are taken at a distance of D/2 from the center of the post (closest to the particular
station) at a direction given by the mean velocity vector at 3 element heights, i.e., 3k [Fig. 2.9 (b)]. a
is the angle the velocity vector makes with the tunnel axis at 3k height. Each measurement location
(Loc.) was usually within 2.5cm of the stations' locations of the smooth wall experiments (Ol1men
and Simpson, 1995b). Profiles were made at each of the seven stations for both straight and staggered
orientations for each of the element heights (k = 0.38mm, 0.76mm and 1.52mm).

Detailed profile measurements in a x-z grid were also made at station 5 at the same x/D

locations as in the 2-D straight pattern, viz., x/D=0.295, 0.398, 0.5, 0.625 and 0.75. Each x/D plane

consists of 10 measurement locations totaling 50 measuring stations (Fig. 2.10) and was made for each
of the element heights in the straight orientation. These detailed measurements were made only in the
straight patterns of element heights, k = 0.38mm, 0.76mm and 1.52mm.

2.9 Free-stream velocity distribution in the wind tunnel
The distribution of streamwise velocity was obtained from the streamwise traverse of a Pitot-

static tube located 15.24cm above the tunnel floor. The presence of the rough-wall introduced
minimal changes in the free-stream velocity, [U,(x)], distribution when compared with the smooth-

wall case. The variations of the normalized free-stream velocity, [Le(x)/U,,f J along the streamwise
distance, x, with origin at the beginning of the test section/end of the contraction are presented in Fig.
2.11. A very mild adverse pressure gradient is noticed which is confirmed in the presentation of the
ratio of streamwise pressure gradient to the free-stream dynamic pressure along the streamwise
distance in Fig. 2.12. However, at the measurement locations, for the different cases, this ratio,
L(dp/dxY()pU )J_ has very low values and as such the flows can be considered as occurring under
nominally zero pressure gradient conditions. The values of this ratio for the four cases are: - 0.077

(smooth-wall), -0.021 (k= 0.38mm), -0.025 (k= 0.76mm), and -0.030 (k= 1.52mm). The
three cases of rough-wall presented are for straight patterns in the 2-D TBL.

2.10 Uncertainties in the measured quantities
An uncertainty analysis was performed on the measured and calculated data and the uncertainties in the
quantities are presented in Appendix C.
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Table 2.1. Measurement locations and flow details for smooth-wall 3-D TBL.

Stations X (in.) Z (in.) U, 6, mm 6%, mm 6, mm Re,

1 -3.50 -1.45 25.73 40.25 7.08 4.93 7666
2 -2.29 -1.75 25.46 39.96 7.14 4.93 7578
3 -1.33 -2.04 25.88 39.57 6.93 4.81 7523
4 -0.47 -2.58 28.13 39.82 6.12 4.48 7613
5 0.26 -2.94 29.75 39.98 5.58 4.24 7615
6 1.19 -3.30 31.06 40.16 5.10 3.99 7487
7 2.17 -3.53 31.67 39.92 4.95 3.92 7504

Note that only for these locations, the X - Z coordinate system is located at the nose of the wing-
body along the tunnel centerline.
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(left side) transmitting lens configuration for the three component LDV (3CLDV). Complete optical
systems not shown for either short or long range systems. The receiving lens configuration is for the
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Figure 2.6. Appendage Junction: Laser beams passing through transparent floor through the spacing

between the cylindrical roughness elements.
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Figure 2.7 (a). Measurement locations downstream of the isolated cylinder along the centerline at
x/d = 1.36, 2.75, 5, 10, 20 and 40 and at off-center locations along zid.
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Figure 2.7 (b). Measurement locations downstream of the Gaussian spike along the centerline, at x/d
=2.75, 5, 10, 20 and 40 and at off-center locations along zid.
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Figure 2.8 (a). Measurement in the 2-D rough-wall boundary layers (straight orientation). Each plane
consists of 9 measurement locations totaling 45 measuring stations.
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Figure 2.8 (b). Measurement in the 2-D rough-wall boundary layers (staggered orientation). Each
plane consists of 5 measurement locations totaling 40 measuring stations.
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Figure 2.9 (a). Schematic of the wing-body junction and the seven measurement stations.
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Figure 2.9 (b). Measurements in the 3-D rough-wall boundary layers at the seven stations around the

wing-body junction. a is the angle the velocity vector makes with the tunnel axis at 3k height.
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Figure 2.10. Measurements in the 3-D rough-wall boundary layers (straight orientation) at station 5.
Each x/D plane consists of 10 measurement locations totaling 50 measuring stations.
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Chapter 3 Single Elements

3.1 Results and Discussion

3.1.1 Oil flow visualizations
Figure 3.1 shows the top view of the flow pattern using the oil flow visualization technique.

In all four cases, an oil build-up is seen upstream of the element and subsequently curving beside it,
indicating a flow separation which is due to the formation of a horseshoe vortex structure.
Immediately behind the elements too, there is a strong downwash leading to back flow as evidenced
by the scoured region which then is followed by a small region of tracer particle deposit; the end of
this whitish region signifies flow reattachment as the shear layers from the top of the elements and the
flow around the side of the element converge towards the centerline. The picture also demonstrates
that flow has attached prior to 2.25 diameters downstream of the element, i.e., at x/d =2.75, the
significance being that this is the first location where the first y - z planar measurements are made and
the data gathered is used for calculating the form drag of the individual elements. Approximate
locations for re-attachments are x/d of 2.0, 2.1, 2.4 and 2.4 for the cylinders of heights, k = 0.38mm,
0.76mm, 1.52mm and the Gaussian bump, respectively. These values are based on locations that are
just aft of the oil build-up. These pictures seem to indicate that the junction horseshoe vortex wraps
itself around the element but does not seem to persist beyond 3 to 5 diameters downstream of the
elements.

Downstream of the reattached region, all four cases show significant scouring along the
centerline downstream of the element as shown by the dark region. The scoured region along and
about the centerline is due to the downwash behind the element - an inrush of high momentum fluid
from the outer layers towards the wall that leads to a higher wall shear when compared to that in the
adjacent areas. This downwash is primarily induced by the vortex structure emanating from the top of
the elements rather than the junction horseshoe vortex structure. Considering the flow downstream of
the cylinders, the lowest element shows the least scouring which is an indication of weaker wallward
motions as compared with those in the wakes of the other two cylinders. The smallness of the lowest
element also permits low speed flow over and around the element. The wake behind the Gaussian
spike shows more of a wedge-shaped wake as compared to the almost "constant width" wake flow
behind the cylinders. In all the cases, the wake flow extends (as seen by the scoured region) tens of
diameters downstream. At several diameters downstream of the elements, the flow visualization
pictures also reveal deposits (of suspended particles) away from the immediate region about the
centerline along the spanwise direction, thus indicating lower wall shear in these areas of "upwash" as
compared to areas of "downwash" in the neighborhood of the centerline. The oil flow visualization
pictures in conjunction with the measurements serve as a useful tool in explaining the complex flow
field surrounding the isolated elements.

3.1.2 Mean quantities - mean velocities

Profiles of the streamwise mean velocity, along the centerline, are presented as UIU, versus
yU,/v in Fig. 3.2. At the very first measurement location, x/d = 1.36, flow has reattached only for
the smallest cylinder, with the other two cylinders showing reverse flow regions. Significant velocity
defects are seen in the wakes of all the three cylinders with the magnitude of the defects increasing
with the cylinder height. The effect of the separated shear layers from elements on the velocity
profiles is confined within three element heights in the three cylinder cases. At the subsequent station,
x/d = 2.75, which is also the first measurement location for the Gaussian spike, flow has already
reattached behind the elements for all four cases, as also evidenced in the flow visualization pictures.

40



These profiles show lesser magnitudes of velocity defects as compared to those at the previous
location and no defect above three element heights. Further, no wake effect is seen in the velocity
profiles at x/d of 10. At x/d = 5, while the smallest cylinder shows mild flow acceleration close to
the wall, the other elements show considerable flow acceleration as revealed by higher velocities
relative to the smooth wall values. The higher speed flow, close to the wall, along the centerline is due
to the wallward rush of high momentum fluid, as also shown by the dark scoured out region in the
flow visualization pictures. This wallward rush towards the center plane is attributed to - (1) the
approach boundary layer deflected over and by the sides of the element converging towards the center
plane, and (2) entrained fluid directed towards the wall by the counter-rotating vortices emanating
from the top of the roughness elements. All cases show very mild near-wall flow accelerations at x/d
= 10 with the exception of the highest cylinder which still shows considerable higher near-wall
velocities thus indicating that the vortices generated by this element are stronger than those of the
other elements. At further downstream locations, though the profiles tend towards recovery to smooth
wall values, the effects of flow acceleration seems to persist even at x/d = 40 as seen in the near-wall
regions in the flow past the intermediate and highest cylinders. In all the cases considered, the profiles
are seen to be same as that of the undisturbed smooth wall boundary layer in most of the log-law
region and into the outer regions.

To gauge the distortion of the streamwise velocity field due to the elements, contours of
U/Ut in the y' - z/d plane at x/d = 2.75 and 10 are presented in Figs. 3.3 (a) and 3.3 (b),
respectively. At x/d = 2.75, the disturbances are confined within two diameters in the spanwise
direction for all cases except the largest cylinder where its extent is about 2.5 diameters. Further, the
contours reveal least perturbations in the case of the smallest cylinder with their extent increasing with
the cylinder height. In case of the Gaussian spike, the perturbations are not as spread out as in case of
the cylinders but rather the contours show a very narrow region about the centerline where most of the
perturbations are seen. At the next downstream location where the y - z planar data are available,
x/d = 10, the perturbations have waned drastically and only the highest cylinder shows perturbations
of some significance and are seen to extend to about 3 diameters in the spanwise direction.

Figure 3.4 (a) shows profiles of wall-normal mean velocity, plotted as V/U, versus yUl/v.
At the first measurement location for the cylinders, peaks of negative velocities are seen in the profiles
at or below the element height, with peak values increasing with element height. These high velocities
indicate a strong rush of high speed fluid towards the wall in this region of reverse flow. For the
Gaussian spike, at its first measurement location, a peak is seen close to the element height at x/d =
2.75. A same interpretation is made when presenting V/U, in the form of contours in a y' - x/d
plane along the centerline and accompanied by velocity vectors, U/U, and V/U, , in Fig. 3.4 (b). For

a different view of this transport of fluid towards the wall, contours of V/U, in the y+ - z/d plane
are presented for two downstream locations - at x/d = 2.75 [Fig. 3.5 (a)] and x/d = 10 [Fig. 3.5 (b)].

At x/d = 2.75, the contour plots reveal a convergence of flow towards the center plane with wallward
flow velocities decreasing in magnitude with increase in spanwise distance from the center plane.
Here too, the highest cylinder shows the largest region of flow convergence followed by the
intermediate cylinder, and then by the Gaussian spike with a lesser region of flow convergence albeit
similar values of wall-normal velocities and finally, the smallest cylinder showing the least values. In
each case, the highest magnitude in the velocities is seen at locations slightly below the element
height. Further downstream at x/d = 10, while the wallward normal component of velocity shows
significant values only in the flow behind the highest cylinder and hardly any in that behind the lowest
cylinder, while the other cases show only small remnants of fluid flowing towards the wall.
Considering the streamwise evolution [Figs. 3.4 (a) and (b)], for all cases, the peaks in the V profiles
become gentler as the flow proceeds downstream. At the penultimate measurement location, x/d =
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20, the remnants of fluid onrush towards the wall has all but vanished, except for small values in case
of the highest cylinder. At the last measurement location, all flows seem to have nearly recovered to
smooth wall values.

Figures 3.6 (a) and (b) depict the spanwise velocities generated in the wake at the streamwise
locations of x/d = 2.75 and 10, respectively, as contours of WIU, in the y+ - z/d plane. All four
cases show velocities directed towards the center plane in the vicinity of the cylinder's comers or the
Gaussian spike's comer, as the case maybe, and as the wall are approached, significant velocities
(negative sign) are seen directed away from the center plane. The center plane is also the plane of
flow symmetry and hence W - 0. While the highest, cylinder generates the highest magnitudes of
negative spanwise velocities and the smallest cylinder the least, the other two cases show in-between
peak negative velocities. The intermediate and the highest cylinders show distinct regions of spanwise
velocities directed towards the center plane (and hence, velocities of positive sign) that display a
maxima located about their comers. These spanwise positive velocities are indicative of the motion of
the vortices, emanating from the upstream top comers of the elements, that have induced flow towards
the center plane. Still smaller magnitudes of spanwise velocities are seen close to the comers in case
of the smallest cylinder and the Gaussian spike indicating vortices of relatively weaker strength.
These spanwise velocities are indicative of the mean flow three-dimensionality away from the center
plane, with the highest cylinder displaying relatively the largest flow three-dimensionality and the
smallest cylinder the least. At the next downstream location where the next planar data are available,
i.e., at x/d = 10 [Fig. 3.6 (b)], large regions of negative spanwise velocities are seen up to the element
height and across 1.5 to 2 diameters from the center plane. These velocities have diminished in
magnitude and can be attributed to the weakened streamwise vortices. Here too, at this location, the
highest cylinder shows the strongest evidence of the streamwise vortices, albeit weakened, with higher
magnitudes of negative spanwise velocities than the other cases. In the case of the smallest cylinder,
considering both V and W velocities, very little mean-flow three dimensionality is seen.

3.1.3 Derived quantities from the mean flow structure

3.1.3.1 Streamwise vorticity
Since these protuberances generate vortices, each with trailing legs that form a pair of counter-

rotating vortices, one can analyze them by means of contours of streamwise mean vorticity,
, (- aW/ay - OV/dz). Figures 3.7 (a) and (b) present the contours of the streamwise vorticity, Q.,

normalized by UI/,IFA (where A is the element frontal projected area) along with the secondary

velocity vectors, V/U, and W/U, , in the y' - z/d plane at x/d = 2.75 and x/d = 10, respectively.

Swas found to be more appropriate than the diameter (d) or height (k ) or even the frontal wetted

area of the element (•t-Aw) as a length scale for the purpose of non-dimensionalizing streamwise
vorticity.

In all cases, the vector plots of secondary flow [Fig. 3.7 (a)] reveal a strong wallward rush of
fluid curving first towards the center plane and then turning away from it as the wall is approached
with the flow being almost parallel to the wall as the flow recedes from the center plane. The
secondary flow is attributed to that induced by the vortex pair emanating from the upstream edges of
the top of the cylinders or the spike, as the case maybe - the pair being aptly named the roughness top
vortex structure (RTVS). At the center plane, the secondary flow is directed normal to the wall
indicating symmetry of the secondary flow about this plane. At this location, the center plane
convergence is seen mainly in regions in the neighborhood of the cylinder comers (looking axially) or
the spike's top sides. Considering the elements individually, the highest magnitudes of secondary
flow are seen in the case of the highest cylinder and the lowest magnitudes in the smallest cylinder
with the other two cases showing intermediate magnitudes. The spike shows narrower regions of
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strong secondary flow at the top sides when compared with the same while considering the cylinder
corners. A "+" sign denotes the center of rotation of the secondary flow consider this y - z plane

slice. As flow proceeds downstream, x/d = 10 [Fig. 3.7 (b)], the lowest cylinder does not show any

secondary flow directed towards the wall. However, in the case of other elements, flow is directed
towards the wall only in the neighborhood of the element height at the center plane and at off-center
plane regions. Away from these regions, most of the near-wall regions show secondary flow directed
mostly parallel and slightly away from the wall. Also, the magnitudes of the secondary flow decrease,
for each of the cases, at this location as compared to the previous location (x/d = 2.75).

At the first measurement location, x/d = 2.75, where the streamwise vorticity values are
available, the cases of the cylinders (k = 0.38mm and k = 0.76mm) and the Gaussian spike show
clearly demarcated large elliptically shaped regions of positive vorticity. The highest cylinder shows a
distortion of the near-wall regions as seen by an even larger area of influence, though with non-
elliptical contours. These large regions of positive vorticity extend from a little above the element
height to y÷ - 7, and are seen to extend from the center plane to about a diameter in the case of the
smallest cylinder, about 1.6 diameters in the case of the highest cylinder, and about 1.3 diameters in
the other two cases. Further along the spanwise direction, in each of the cases there exist small near-
wall regions (y' :s 10) of positive vorticity that display magnitudes comparable to the peak values that

are displayed in the large regions. This small near-wall region of positive vorticity is due to the
junction horseshoe vortex structure that has formed so close to the wall. Between the large and small
regions of positive vorticity is a line of flow separation that extends all the way up to the nose of the
elements. Also, at this first location, x/d = 2.75, very small regions of high negative vorticity are
seen close to the wall directly below the large regions of positive vorticity that is associated with the
roughness top vortex structure. This negative vorticity is generated by the secondary flow to satisfy
the no-slip condition at the wall. Further, all cases reveal small pockets of relatively very weak
vorticity of negative sign in the upwash region which can be attributed to the convection of the
induced negative vorticity at the wall as the roughness top vortex pair convects downstream. A
perspective of the flow structure downstream of the cylinder at x/d = 2.75 is shown in Fig. 3.8 (a) and
a similar view holds good for the Gaussian spike too.

Although a true center of the vortex structures has not been determined since the planes of
measurements are not perpendicular to their axes, some measure of the vortex position is provided by
identifying a center of rotation of the secondary flow induced by the vortex structure and another, a
location of the maximum streamwise vorticity (Q =). The former location is denoted by a subscript

"0 ", and the latter by a subscript "c ." Table 3.1 contains the details of the location and magnitude of
maximum streamwise vorticity, 0 ý.m,, associated with the very near-wall junction horseshoe vortex

structure in the measurement plane at x/d = 2.75. The Gaussian spike does not show a local
maximum while displaying the small region of positive vorticity. Table 3.2 provides the location and
magnitude of maximum streamwise vorticity, Q..,' associated with the roughness top vortex

structure (RTVS), in the measurement planes at x/d = 2.75 and 10. Table 3.3 presents the details of

the secondary flow associated with the roughness top vortex structure at x/d = 2.75 and 10. Two new
attributes of the roughness top vortex structure (RTVS) are introduced, viz., the streamwise
wavelength (A) and the circumferential velocity (V,,), and Appendix A contains the scheme to

calculate these values. The information of A, in conjunction with the details of location and
magnitude of 0 X and the details of the secondary flow and its center, are one of the means by

which the streamwise progress of the roughness top vortex structure is analyzed.
At the streamwise location of x/d = 2.75, while the streamwise vorticity contours associated

with the RTVS display a maxima at about 12-17 wall units from the wall, the secondary flow
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associated with it are centered at about 16-29 units [Fig. 3.7 (a), Tables 3.2 and 3.3]. Both the
circumferential velocity, VJ, and the maximum values of the streamwise vorticity, ý -.[A/U, I.,

increase with the element height in case of the cylinders, while the Gaussian spike displays values in-
between those of the smallest and the intermediate cylinder. Also, the streamwise wavelength of this
structure indicates that this structure is several tens of diameters long, about 20 to 200 diameters
(Table 3.3). As the flow proceeds downstream, at x/d = 10, in all cases, a drastic decrease in the
magnitude of maximum streamwise vorticity occurs [Fig. 3.7 (b) and Table 3.2], and the vortex
structure diffuses and is transported away from the wall in both wall-normal and spanwise directions.
Table 3.4 provides the wall-normal and spanwise movements of locations of Q., and the center of

rotation with progress in the streamwise distance. This rapid decay and diffusion of the vortex
structure is primarily governed by the gradients of the differences in the normal stresses,

a -2 ( and the gradients of the shear stresses, (wa2  
- ) as given by the equation

ayaz 0P az2  W
governing the transport of streamwise vorticity (Cutler and Bradshaw, 1993b) which is

ax ay -- z -x Y ay a z y2 az2 ayaz
(3.1).

The other factors that contribute to the decay of the vortices are the entrainment of the boundary layer
fluid and its proximity to the wall where viscous effects dominate. At the downstream location, x/d =
10, in the case of the lowest cylinder, only remnants of the RTVS is seen, with the structure having
almost completely diffused outward into the turbulent boundary layer. Even so, it has a persisting
influence as seen by the scoured region along the flow centerline in flow visualization pictures. All
cases reveal areas of negative vorticity directly below the RTVS primary vortex with peak values
much higher than the peak values of positive vorticity. Also, the peak values of negative vorticity
occur very close to the wall. The extent of these regions of negative vorticity is up to y' -5 in the

case of the smallest cylinder while in the other three cases the extent is up to y* - 15. As mentioned
previously, the negative vorticity is due to the presence of the secondary flow (mainly the W velocity
component) and the requirement of no-slip condition at the wall leading to significant wall-normal
gradients of the W velocity, i.e., aW/ay. The RTVS in case of the highest cylinder generates the
strongest secondary flow which is also reflected in the much higher magnitudes and extent of negative
vorticity when compared with the other cases. A perspective of the flow structure downstream of the
cylinder at x/d = 10 is shown in Fig. 3.8 (b).

Considering the movement of the RTVS, the vertical transport of the location of 9 .m

(Ay' ) and the center of rotation (Ayo ), are about 22-32 wall units and 40-55 wall units, respectively
(see Table 3.4). This movement is much more than that afforded by the growth of the turbulent
boundary layers and can only be attributed to the diffusion of the vortex structure as governed by
equation 3.1. The spanwise movements can be explained using the inviscid theory in that by replacing
the wall by an image vortex, the RTVS should move away from the center plane due to velocity
induced on it by the image vortex.

3.1.3.2 Circulation
The circulation (F ) is calculated by integrating the velocity vector along a closed rectangular

circuit in the y - z plane, with the center plane ( z - 0) and the wall ( y - 0) as two of the sides, the
other sides formed by z - - constant and y - constant lines such that these two sides forming the
circuit show no effect of the protuberance in the velocity profiles. To be exact, this rectangular circuit
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had a height of 15 mm and 20 mm with the origin at the centerline and the outer edges being y - 15 mm

and z - -20 mm (where the velocity profiles were same as the smooth wall profiles). Since along this
path of integration W is essentially zero (zero at the center plane owing to flow symmetry, zero at the
wall and nominally zero at the other two paths/edges since the mean flow is two-dimensional), the
circulation is essentially dependent on the V -velocity distribution in the center plane. At the initial
locations, x/d = 1.36 and 2.75, the flow field is dominated by the RTVS, with very little secondary
flow induced vorticity of opposite sign occurring near the wall and with the presence of a relatively
small region of positive vorticity associated with the junction horseshoe vortex structure [Fig. 3.7 (a)].
Hence, the circulation calculated from the path integration is nearly the same as the circulation that
drives the RTVS and so the circulation can be termed the vortex circulation too. At further
downstream locations, where the RTVS induces vorticity of opposite sign close to the wall [Fig. 3.7
(b)] along with a transport of this negative vorticity to the upwash region, the calculated circulation is
still a measure of the circulation around the primary vortex since the wallward velocity, i.e., V -
velocity distribution in the center plane, is mainly due to the presence of the primary vortex, and also
because the region of negative vorticity is relatively small compared to the region of positive vorticity.

The variations of the non-dimensional circulation, r/U,- 4, enclosing one-half of the flow

domain with the length scale, U., vIAI/v, at a streamwise location, x/d = 2.75, are presented in Fig. 3.9

(a). The choice of JA1 instead of the diameter ( d ) or height (k) or ..IA7 of the element as a length
scale leads to a trend in the variation of circulation. Any of these four scales lead to a trend when only

the cylinders are considered; however, the length scales, d, k or NIA,, do not perform well when the
Gaussian spike is included. Considering the individual elements, the creation of circulation, in the
one-half domain, is due to the protuberances that generate vorticity under the action of induced
pressure gradients. For an incompressible flow over stationary surfaces with a unit vector normal to

the surface, e,,, all vorticity (9 ) arises at the surface due to the pressure gradients as indicated by the
following relationship:

v(O-l-.-1•', xV),(3.2)

where, p is the static pressure and B is the vorticity vector. From the values of circulation and
vorticity generated by the elements (considering one half of the flow domain), one can imply that the
highest cylinder generates the most upstream junction pressure gradients followed by the intermediate
cylinder, the Gaussian spike and finally, the lowest cylinder, as corroborated by the magnitude of
circulation [Fig. 3.9 (a)] and the extent and magnitude of the streamwise vorticity generated in their
wakes [Fig. 3.7 (a) and Table 3.2]. The vortex circulation, since it is the circulation at x/d = 2.75,
when presented as a ratio of circulation to kinematic viscosity, Fly, almost varies linearly with

(IT )+ as shown in Fig. 3.9 (b).

Figure 3.9 (c) presents the streamwise decay of the circulation around one half of the flow
domain, as a plot of rlý.vrA)varying with x/d. While the intermediate cylinder, the highest
cylinder and the Gaussian spike show a sharp decay up to x/d = 10, for the lowest cylinder, it is only
up to x/d = 5, with all cases displaying a gradual decay at subsequent downstream locations. Curve
fits using power functions or exponential functions proved to be unsuccessful in unifying the data on
the decay exhibited by the four elements. While the lowest and the intermediate cylinders display
negligible circulation at x/d = 20, the other two cases show circulation persisting even up to x/d =

40, thus confirming the presence of the RTVS this far downstream. The decay of circulation is
primarily due to the near-wall viscous forces - the spanwise component of the wall shear which
retards the rotation of the vortices. Another factor contributing to the loss in circulation is due to
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viscous diffusion within the vortices since they are present very near the wall where the viscous effects
dominate.

It may be borne in mind that the vortices occurring in this study are extremely weak in
strength, based on the vortex circulation parameter, [F/(U•6)], (Cutler and Bradshaw, 1986)] and
consequently, any assignment of terms of "weak" or "strong" to these vortices would be solely to
distinguish them from one another in a relative sense. This parameter, based on their definition, for
the present study is presented in Table 3.5. It should be noted that this parameter is a function of the
streamwise distance. The values clearly indicate that even the strongest vortex (as in the wake of the
highest cylinder), which shows a value of 0.006, is an order of magnitude weaker than the weak
vortices considered in their study and by this token, the present vortices should fall under the category
of extremely weak vortices. This also implies that the perturbations, due to these protuberances, that
modify the turbulent boundary layer under consideration should then be characterized as extremely
weak perturbations. It is interesting to note that even vortices having as low a parameter value as
0.0011 (in the case of the lowest cylinder) significantly alter the near-wall structure of the turbulent
boundary layers. Another interesting aspect is that the vortex structures generated have dimensions
that are of the same order as the quasi streamwise vortices that dominate the near-wall regions of
smooth wall boundary layers and hence this study should provide some insight into the near-wall
mechanics of the smooth turbulent boundary layers too.

3.1.3.3 Helicity
From topological considerations, one can also analyze these flows using the inviscid concept

of helicity which has been used in the past to study coherent structures (Hussein, 1986). Moffat
(1969) first introduced the concept of helicity (H) which is defined as H -fffhdcr -fff•.-•&,

a a

where h is the helicity density. The total amount of helicity density remains conserved so long as
there are no viscous effects and when there is neither helicity supply nor loss across the flow
boundary. Hence, in inviscid flows, H is an invariant when the helicity density is integrated over a
flow domain.

Contours of non-dimensionalized total mean-flow helicity density, h, at x/d = 2.75 [Fig. 3.10
(a)] show nearly circular regions of positive helicity in all the cases except in the case of the highest
cylinder where the contours are distorted, though with a nearly circular inner core. The regions of
positive helicity extend from the centerline to about 1.5 diameters in the spanwise direction with the
exception of the smallest cylinder where the extent is seen to about I diameter only. All cases show
maximum levels of positive helicity occurring more or less in the neighborhood of where the
maximum level of the streamwise vorticity occurs which is understandable since helicity is a measure
of the swirl due to the RTVS. All cases show small regions of negative helicity in the upwash regions
due to the convection of induced helicity which was generated to satisfy the no-slip condition at the
wall. Here too, the maximum levels of positive helicity are generated by the highest cylinder followed
by the intermediate cylinder, the Gaussian spike and finally by the smallest cylinder. As the flow
proceeds downstream, at x/d = 10 [Fig. 3.10 (b)], all cases display large areas of positive helicity
away from the wall (in the neighborhood of the element height) but with much lower values as
compared to the previous station, thus indicating the events of diffusion and dissipation of helicity.
Dissipation can only occur by the action of viscosity, the effect of which is considerable as the helical
structures generated by the vortices are present so close to the wall. Diffusion of helicity, as
mentioned earlier, must be occurring under the action of effects similar to that governing the transport
and diffusion of the streamwise vortices (Eq. 3.1).

3.1.3.4 Wall shear

To determine wall shear, the friction velocity (U.) was calculated from a refined
determination of the measurement volume location relative to the wall, obtained by a least squares fit
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of the viscous sublayer mean velocity profile, Q _ Cly + C2y
4 , with Q - U2 + W2 , and C,, C2 as

coefficients. The curve was fit through (y,Q) of (0,0). Using only the data up to y' - 9, an iterative
process was used to maximize the curve fit correlation coefficient by shifting the y values by Ay. At

least 4 points were used to obtain the curve fits. Using the curve fit, the wall shearing stress is given
by the following relation:

"r-r•,v-- .u2 = Clv. (3.3)

p ay Wa,,

The wall shear values thus obtained are presented as ratios of local wall shear (r, ) to the reference BL
wall shear (,r ), along the spanwise directions for the two streamwise locations of x/d = 2.75 and 10
[Fig. 3.11 (a)]. At x/d = 2.75, the mean streamwise velocity profiles (Fig. 3.2) reveal that the flow
has reattached upstream of this location. Due to the mean flow convergence towards the center plane
and the ability of the RTVS in entraining outer layer fluid towards the wall [as evidenced by the V
profiles [Figs. 3.4 (a) and (b)], and the secondary flow patterns [Fig. 3.7 (a)], the regions directly
downstream of the element up to zid = -0.55 show an increased wall shear relative to the smooth wall
value. However, this is not so in the cases of the lowest cylinder and the Gaussian spike at the
centerline where lower wall shear relative to the reference BL value is seen. At the centerline, tracer
particle deposits in wakes of the lowest cylinder and the Gaussian spike at x/d = 2.75 support the
findings of lower wall shear. Away from the centerline and beyond zld z -0.55, in all cases this ratio

reaches a minimum and then gradually increases to a value of 1 as the edge of the wake is approached
where the wall shear attains to smooth wall values. The lowering of wall shear relative to the
reference BL value is a consequence of the secondary flow, due to the RTVS, being directed away
from the wall, and the decrease in the wall shear is proportional to the magnitude of the secondary
flow. As the effect of the secondary flow (which is dependant on the strength of the RTVS) relaxes,
the wall shear gradually approaches smooth wall values towards the wake edge.

The flows gain near-wall momentum with downstream distance with the continual dumping of
high-speed fluid towards the wall by the streamwise vortices. Proceeding downstream, at x/d = 10,
even though the strength of the RTVS is waning with distance, the wallward rush of fluid due to it
results in higher wall shear relative to the reference BL values [Fig. 3.11 (a)]. In general, each flow
case shows a dip in the wall shear profile at the centerline, a peak at slightly off-center locations, and
then a tapering off towards smooth wall values at the edge of the wake. The regions close to the
center where the wall shear values increase from the "dip" are locations where the secondary flow, of
some magnitude, is almost parallel to the wall. At span-wise distances further away from the
centerline where the wall shear approaches smooth wall values, the secondary flow has decreased even
further in magnitude due to the movement of the RTVS away from the wall as well as away from the
centerline. The "dip" at the centerline can be attributed to the fact that this is also the center plane or
the plane of flow symmetry and wallward flow diverges away from the center plane, especially as the
wall is approached. In the neighborhood of the centerline, considering the four cases, the Gaussian
spike shows least wall shear as compared to those for the other cases. This result is also supported by
the oil flow visualization pictures where the wake of the Gaussian spike shows the least scoured
region.

Considering the streamwise development of wall shear, Fig. 3.11 (b) presents the centerline
variation of this ratio, -,,/r-, , with x/d. The location of x/d = 2.75 is the first location where the wall
shear for all the cases is available and this location is just aft of the flow reattachment. As the flow
proceeds downstream, higher velocities occur close to the wall relative to the smooth wall values as
this region is the "common flow down" region between the two counter-rotating primary vortices.
The wall shear increases from that of the previous location to a maximum at x/d =5 (intermediate
cylinder and Gaussian spike) and at x/d =10 (lowest and highest cylinder). Again, the increase in
wall shear is a measure of the strength of the streamwise vortices in entraining the high speed outer
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layer fluid towards the wall. As the flow proceeds, all cases show increased wall shear relative to the
reference BL. However, there is an exception in the case of the lowest cylinder at the downstream
locations (x/d=20 and 40). For added confidence, values of this ratio (r./t.[o ) at locations slightly
off-center at these two x/d locations are shown in Table 3.6. The occurrence of lower wall shear

warrants comparison of the present set of experiments with those conducted by Fontaine and Deutsch
(1996) in the flow field downstream of the Gaussian spike, approximately k'=16. They obtained
reduced skin friction downstream of the reattachment point which extended up to 180 wall units which
is markedly different from that in the present study where lower skin friction is seen just at one
location (x/d =2.75) aft of reattachment, as seen in the cases of the lowest and the highest cylinder and
the Gaussian spike, and in the aforementioned case of the lowest cylinder at far downstream locations
(x/d=20 and 40). This indicates a de-correlation of the near-wall structure at these downstream
locations. Please note that d has been used to normalize x and z distances only to bring a
commonality in locations for the purpose of discussion and should not be construed as the only form
of scaling.

3.1.3.5 Drag

The total drag for these four protuberances was calculated by considering the undisturbed
boundary layer upstream of the element and the wake boundary layers at various locations spanning
from the centerline up to and beyond the wake edge at the constant streamwise location of x/d = 2.75.
Appendix B contains a complete derivation of the expression for the drag coefficient. The drag is
presented as a drag coefficient and is composed of a form drag component and a skin friction
component, i.e.,

Cd = Cd.•,,. + Cdasb (3.4)

where,

2p, " -(y)I U(y,z)1((y)... +U(y,z)-U(Y,). )-(Y) . -u--(y)) 2 dydz

L P~g A' .' f
and Cd. . ( )4'",2 L C U2)4J

Sp U~ A

The expression for Cd,,• was evaluated at the streamwise location of x/d = 2.75. Ci,,w, is the

average skin friction coefficient in a triangular section aft of the element such that base of this section
is the element diameter and the apex is at x/d = 2.75. Further, A is the area of this triangular
section which is directly influenced by the element wake. A,•,,. is the area of rest of the control
volume (CVI) floor, aft of the element axis, where the wake effects are not present. See Appendix
section B.2. {pU, is the free-stream dynamic pressure and A is the projected frontal area of the
element.

In the evaluation of the expression for Cdf,,, y,,, = 7 k for the smallest cylinder, 4.5 k for the

intermediate cylinder and 3 k for the highest cylinder and the Gaussian spike, and z. - 4d for all the
four elements. This expression ignores the contribution by the pressure term to the form drag, which
is assumed to be negligible for the control volume used in the analysis. The oil flow visualization
pictures seem to indicate a pressure recovery prior to this streamwise location for all the cases, and
therefore, support this assumption. For the flow field downstream of a cube, Martinuzzi and Tropea
(1993) presented plots of pressure coefficient along the centerline that reveal a full recovery at x/H
(x/w) z 2.25. Thus, if a cube with similar aspect ratio as the present cylinders, though with pointed
edges, shows pressure recovery within a certain distance, then the pressure around the cylinders should
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recover at a shorter distance. This conclusion supports the validity for neglecting the pressure term
contribution for the selected control volume.

Figure 3.12 presents the drag coefficients normalized by the reference BL skin friction
coefficient, C/Cf , as a variation with U,,r-Ai/v for the three cylinders and the Gaussian spike. When

the drag coefficient was plotted considering the four non-dimensionalized lengths (VrA÷, 4V-- k+,

and d+) separately as abscissa, only the plot using vA÷ showed a trend when all the four elements
were considered together. The plots reveal that the form drag is dependent on the area facing the flow
with the highest cylinder creating the most drag and the lowest cylinder the least drag, results that are
rather obvious. This data set is the first reported experiment on drag due to such small protuberances
(the lowest cylinder of height even submerged within the buffer layer). If the drag coefficient is
defined by substituting the denominator with the frontal dynamic pressure facing the element, as was
done by Wieghardt (1946), instead of the free-stream dynamic pressure, then the coefficients obtained
are in the neighborhood of those obtained in the experiments conducted on short circular cylinders by
Wieghardt (1946). However, his k/b values were much larger than the ones used in the present study.

3.1.4 Turbulence structure

3.1.4.1 Streamwise Reynolds normal stress, 2

One of the ways to study the turbulence structure is by examining the Reynolds stress field
downstream of the elements. Figure 3.13 (a) shows the contour plots of the streamwise Reynolds

normal stresses, u-/U.,, in the y - z/d plane at the streamwise location, x/d = 2.75. All the four
flows reveal a region of high magnitudes in the neighborhood of the element height connected to a
clear core, of still higher magnitude of stresses, centered beyond the edge of the elements (as seen in
this elevated view). This core of high stresses is due to the flow past the top and sides of the elements
that has been reorganized by the roughness top vortex structure (RTVS). Here too, the magnitude of
the stresses in the core is directly dependent on the strength and extent of the RTVS in these flows
which is in turn related to the size of the element. Further downstream, at x/d = 10 [Fig. 3.13 (b)],
the effect of the streamwise vortices has drastically reduced and the profiles closely resemble smooth
wall profiles, though with slightly elevated levels, except for the center plane where a reduction in the
magnitude of the normal stresses is seen in region, y'- 10-20, relative to those in the neighborhood at

the same y' locations. The reduction is attributed to the near-wall flow acceleration along the center
plane that leads to the suppression of the axial turbulence levels. It maybe noted that there is not much
augmentation in the peak levels at either plane over that which is seen in the near-wall regions in a
smooth-wall TBL.

Considering the streamwise development of the normal stresses along the centerline, profiles

of the normal stress, U-/U., are shown varying with yUl/v at various streamwise locations, x/d, in
Fig. 3.14. The peak stress levels are considerably enhanced by the confluence of the flow past the tops
of the elements in the neighborhood of the center plane at the very first location, x/d=1.36, with
peaks occurring at or below the element height. The peaks at or below the element height decay with
streamwise distance so much so that by x/d = 40 there is no perceptible trace of roughness element
effects.
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3.1.4.2 Wall-normal Reynolds normal stress, V2

Contours of wall-normal Reynolds normal stresses, v/U4,, in the y - z/d plane at the
streamwise location, x/d = 2.75, are shown in Fig. 3.15 (a). A clear core of high stresses is seen
about the center plane with its maxima located below the element height in all the cases except the
smallest cylinder where the maximum is centered slightly above the element height. The high stresses
are due to the intense mixing of the shear layers - forced from the sides and the top of the elements -
converging towards the center plane. It is well known that separated shear layers are sources of high
turbulence and large-scale flow unsteadiness (Simpson, 1996). Further, the center plane convergence
is accentuated by the counter-rotating roughness top vortex pair. As regards the magnitude of v2

stresses and its extent, most effects are seen in the wake of the highest cylinder and the least effects in
the case of the smallest cylinder with the other two cases displaying intermediate effects. The peak
values seen, at the center plane, in all the cases seem to correlate with the location of the maximum

velocity gradient (OV/Oy) since the term vz(OV/Oy) is a dominant term in the contribution towards

the production of v2 . At the downstream station, x/d = 10 [Fig. 3.15 (b)], as the RTVS moves away
from the center plane and the wall, the secondary flow induced by it wraps the shear layers containing
high stresses away from the center plane, slightly upwards where a core of high stress levels is seen,
relative to adjacent locations. The peak stress levels are, however, considerably lower than those at
the previous location, x/d = 2.75 but the extent of the stresses is larger. There are also regions of
high stresses in the neighborhood of the element height (except in the case of smallest cylinder) which
are maintained by the transport of turbulence towards the center plane by the RTVS, even as it is
convected away from the center plane and wall (Tables 3.2 and 3.3). As regards the new core, the
reduction in the magnitude of stresses can be attributed to the diffusion of turbulence by the vortices
so much so that in the case of the smallest element there is hardly any trace stress levels higher than
that seen in smooth wall BL, although the stress levels in this case were already quite small to begin
with (at x/d = 2.75, when compared to the other cases).

Considering the streamwise development of the normal stresses, profiles of v2/U• are shown
varying with yU./v at various streamwise locations, x/d, in Fig. 3.16. At the first measurement
location of x/d = 1.36, peaks are seen slightly below the element height in case of the cylinders. The
peak levels in the cases of the intermediate and the highest cylinders are, respectively, about 4 and 5
times of that seen in the case of the smallest cylinder. In the case of the former cylinders, the peaks
are located where the back flow meets the separated shear layers that have emanated from the top,
while in the latter case of the smallest cylinder the peak is at the forward flow region where the shear
layers over the top and sides of it converge. At x/d = 2.75, the peaks become smaller and are located
further below the element height (when compared to that for the previous location) as the streamwise
vortices (RTVS) transport turbulence away from the center plane through turbulent diffusion. As flow
proceeds downstream, the peak levels decay rapidly although these levels are still much higher than
those for the smooth wall BL (x/d = 5). At x/d = 10, some detectable enhanced stress levels
(relative to those for the smooth wall) are still seen in the neighborhood of the element height in all
cases except that of the smallest cylinder. At further downstream locations of x/d = 20 and 40, no

roughness effect is seen in the v2 profiles, indicating a complete diffusion of the high stresses that
were generated far upstream, and also to some extent demonstrating the absence of turbulent transport
towards the center plane by the already weakened streamwise vortices.
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3.1.4.3 Spanwise Reynolds normal stress, w-2

The behavior of the spanwise normal stresses, w2 , is very similar to that of the v2 stresses. A
core of high stresses is also seen with maximum levels located below the element heights at x/d =

2.75 as seen in the contour plots of -I/U, , in the y' - zid plane [Fig. 3.17 (a)]. These high stresses

w2 are generated by the same mechanisms that are responsible for the generation of high v2 stresses
- the confluence of shear layers, forced over and around the elements, that was induced towards center

plane by the RTVS. Discussions pertaining to the behavior of the v2 stresses hold good in this case
too. At the next downstream location of x/d = 10 [Fig. 3.17 (b)], the secondary flow due to the
RTVS transports turbulent fluctuations away from the center plane similar to the behavior exhibited by

the v2 stresses. The maximum stress levels are much smaller than those at the previous station (x/d

= 2.75) owing to diffusion and dissipation. Although, both v2 and w2 stresses are influenced by the

same mechanisms, the extent and magnitude of w2 are slightly more than that for the v2 , as spanwise
fluctuations are uninhibited by the wall.

To examine the streamwise development along the center plane, profiles of -2/U2 are shown

varying with yU/v at various streamwise locations, x/d, in Fig. 3.18. In the case of cylinders, at

the very first measurement location (x/d = 1.36), peak levels showing large enhancement (over those
of smooth wall BL) are seen below the element heights. The highest cylinder shows an almost
constant region of high stresses in the near-wall region ( y' < 40 ) which is a region that shows reverse

flow (Fig. 3.2). Similar to the streamwise development of the v2 stresses, at x/d = 2.75, the peaks in

w2 stresses become gentler and decrease in magnitude. Also, the intermediate cylinder and the
Gaussian spike exhibit about the same peak levels. The peak intensities decay with distance and only
small enhanced levels are seen in all cases at the element heights. A full recovery to smooth wall BL
values is seen by x/d = 20.

Comparing the effects of the elements on the normal stresses flow field - the perturbation

effects of the elements were more pronounced on the v2 and w2 stresses when compared with those

on the u2 stresses as regards the enhancement and extent of the stress levels - the reason being that
the secondary flow induced by the streamwise vortices are more efficient in the transport of the wall-
normal and the spanwise fluctuations than the streamwise fluctuations. Also, wall-normal and
spanwise fluctuations are directly created by the rotational motion of the roughness top vortex pair.

3.1.4.4 Streamwise Reynolds shear stress, - uv
Figures 3.19 (a) and (b) depict the streamwise Reynolds shear stresses in the wake at the

streamwise locations of x/d = 2.75 and 10, respectively, as contours of --u/U. in the y' - z/d
plane. The combinations of converging mean flow and the secondary flow (induced by the roughness
top vortex pair) cause high v fluctuations that correlate with u fluctuations to generate large shearing
stresses. In each case, a core of high shear stress levels are seen in the neighborhood of the element
height formed by the merging of the separated shear layers emanated from the top of the elements and
also to some extent by the transport of turbulence by the vortex induced cross flow. This is the same
mechanism that is responsible for the generation of high magnitudes of v2 and w2 stresses at the

same location. The core of high shear stresses can also be attributed to the elevated values of v2 and
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-72 aularge streamwise velocity gradients leading to enhanced v - and to a much smaller extent to
ay
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another production term, - uv-. The spanwise regions of stress levels away from the center plane,oy
of relatively higher levels than rest of the BL, are maintained primarily by the turbulence transported
by the secondary flow. Here too, the highest cylinder exhibits the largest extent and magnitude of
stress levels and the smallest cylinder the least, with the other two cases exhibiting intermediate
effects. With the advance in streamwise distance, at x/d = 10 [Fig. 3.19 (b)], some of the high shear
stress carrying fluid behind the element are convected in the spanwise direction (away from the center
plane and slightly upwards) by the cross flow. These shear layers form a new core containing high
levels of shear stresses with the core centered about a diameter to a diameter and a half from the center
plane. Further, the center of the core is located above the element height in case of the smallest and
the intermediate cylinder and for the other two cases the center is located slightly below the element
height. In each of the four cases, the location of the centers can be attributed to the mobility of the
RTVS (Tables 3.2 and 3.3) as it convects downstream while inducing cross flow that transports
turbulence in all directions. The large scale unsteadiness of the RTVS itself is a minor factor in this
transport. The growth of this core of shear layers, albeit with reduced levels, can also be attributed to
the diffusion and re-distribution of shear stresses as the vortices entrain fluid. At this location too, the
largest extent and the highest manitudes are observed downstream of the highest cylinder and the least
extent and magnitude by the smallest cylinder, with the other two cases displaying intermediate
behavior.

The streamwise development of these stresses is examined by considering the variations of

- -v/U.' with yU. /v along the centerline at various streamwise locations, x/d, which are presented
in Fig. 3.20. In order to obtain a better understanding of the motions that contribute to the shear
stresses, - uv, a quadrant analysis was performed. Details on motions that contribute to its generation
are presented in Figs. 3.21 (a)-(f) for the six streamwise locations, x/d = 1.36, 2.75, 5, 10, 20 and 40,

respectively, as profiles varying with yUT /v. The values obtained in each of the four quadrants are

normalized using the 2-D smooth wall BL total shear stress, - uvmoot, at the corresponding y'. This
permits a direct comparison between the different cases.

Large stress levels are generated downstream of the element at the very first measurement
location, x/d = 1.36, as seen by the large peaks located below the element height in the case of
cylinders. The quadrant contributions [Fig. 3.21 (a)] reveal that they are severely affected by the
presence of the elements which is seen up to 3 times the element height in each of the cases.
Contributions to quadrant-2 and quadrant-4 are termed "ejection" and "sweep" motions, while the
other two quadrant motions are termed interactions. Further, ejection motions have negative u and
positive v events while sweep motions have positive u and negative v events. Results at x/d = 1.36
also indicate that ejection and sweep events have been much enhanced in each of the cases when
compared with those for the 2-D smooth wall BL. Interaction events are enhanced too, but not to the
same extent. In order to compare the relative magnitudes of the sweep and ejection events, a ratio of
sweep to ejections is plotted as varying with yU.,/v for each of the elements at the six streamwise
locations and is presented in Fig. 3.21 (g). While both of these events overwhelm the interaction
events in the production of the shear stress, it is the sweeping motions that dominate ejection events in
the near wall regions all the way up to the neighborhood of the element height whence the roles are
reversed in that the ejection events occur more frequently than the sweeping events. This continues
through the boundary layers and into the outer region as well. These motions are attributed to the
RTVS as it convects downstream. Similar behavior is seen at the downstream locations of x/d =
2.75, though the peak levels in both sweep and ejections are much reduced [Fig. 3.21 (b)], leading to
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lower total shear stresses (Fig. 3.20). There is an exception, however, in the case of the highest
cylinder at the very near-wall region where the sweeping motions peak since this happens to be the
location immediately aft of flow reattachment. Further downstream at x/d = 5, in all cases, both
contributions by sweeps and ejections decrease [Fig. 3.21 (c)] leading to gentler peaks in the total
shear stress' levels (Fig. 3.20) with less enhancement over those for the smooth wall BL. Again the
peaks in the total shear stresses occur below the element heights. Also, the regions where sweeps
dominate ejections are limited to lesser distances from the wall. This statement holds good for further
downstream stations too. Similar behavior is noted when the contributions, normalized by U,, are
presented [Fig. 3.21 (h)-(m)].

In all cases, the shear stress levels continue to decay with streamwise distance and at x/d =
10; only slight enhanced levels (over those for the smooth wall BL) are seen in the case of the
Gaussian spike, the intermediate and the highest cylinders. At further downstream stations, x/d = 20
and 40, flow seems to have recovered to 2-D smooth wall values. The decay of stress levels seems to
indicate a weakening of the streamwise vortices. A closer examination of the quadrant contributions
reveal that at x/d = 10 and beyond [Figs. 3.21 (d)-(f)], both sweeps and ejections seem to be

suppressed when compared to the 2-D smooth wall levels at regions very close to the wall, y* < 7. In
case of the smallest cylinder this decrement is seen even upstream at x/d = 5. However, only in the
case of the smallest cylinder is there a net reduction in shear stress levels is seen very close to the wall
at x/d = 20 and 40 (Fig. 3.22). One of the motivations to conduct a quadrant analysis was to

investigate the unusual phenomena of lower wall shear at the far downstream locations of x/d of 20
and 40, in the case of the smallest element [Fig. 3.11 (b)]. Fontaine and Deutsch (1996) found lower
shear stresses and lower wall shear, relative to the smooth wall BL values, in the near downstream
flow behind a Gaussian spike. They attributed this behavior to the suppression of the ejection and
sweep events. This also seems to be the only plausible explanation in the case of the smallest cylinder.

To examine further the correlation between the u and v fluctuations, Fig. 3.23 presents the
Reynolds streamwise shearing stress coefficient, Pk, varying with yU, /v at the six streamwise

--UV

locations, where, Ru, • -• In general, in the outer layers, this correlation shows a constant

value of 0.36. However, at regions in the neighborhood of the element height, high correlation
coefficients are obtained at the first two streamwise locations. This indicates a strong correlation
between the u and v fluctuations which, again, is attributed to the turbulent motions generated by the
elements. At the next station, x/d = 5, a decay in peak values is observed. At subsequent
downstream stations, the correlation coefficients relax to those exhibited by the smooth-wall TBL.

3.1.4.5 Reynolds shear stresses, - uw and - vw

Figures 3.24 (a) and (b) present the contours of Reynolds shear stresses, - uw/U,, in the
y* - z/d plane at the two streamwise locations of x/d = 2.75 and 10, respectively. At x/d = 2.75, a

clear core of negative values are seen off the center plane in all the cases with maxima located off-
center in the cases of the lowest and intermediate cylinder and off the sides (in the elevated view) for
the other two elements. The maximum values generated are comparable to those generated in the
- uv stresses. These stresses generated are in the downwash regions where the RTVS induces
spanwise fluctuations ( w) that correlate strongly with the streamwise fluctuations (u). A very small
portion of these stresses can also be attributed to the meandering of the vortices off the center plane.
The extent and magnitude of - uw is also a measure of the flow three-dimensionality, with the largest
three-dimensionality seen in the case of the highest cylinder, followed by the Gaussian spike. As flow
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proceeds downstream, at x/d = 10, the effect of the vortex wanes and as it convects downstream, the
regions of negative stresses move away from the center plane and flow becomes less three-
dimensional [Fig. 3.24 (b)]. Closer to the center plane, a core of positive stresses is seen.

Figures 3.25 (a) and (b) present the contours of Reynolds shear stresses, - vw/U,, in the

y" - z/d plane at the two streamwise locations of x/d = 2.75 and 10, respectively. The cross flow

gradients of this stress appear in the streamwise vorticity transport equation and control the diffusion
of the vorticity. At x/d = 2.75, significant stresses are seen away from the center plane caused by the

motions induced by the RTVS. The maximum values are lower than that for both - uv and - uw
stresses. With progress in the downstream distance, x/d = 10, only the highest cylinder shows
tangible levels of this stress away from the center plane and at the element height, further confirming
the weakening of the RTVS as it convects downstream [Fig. 3.25 (b)].

In general, the relative magnitudes exhibited by the normal stresses are in the hierarchy of

u > w: > v' which is same as that observed in smooth-wall TBL. As regards the location of their
peak values, all three stresses display their maximum magnitudes just below the element heights and
along the centerline. Similar behavior is observed in the case of - uv too. However, in the cases of
- uw and - vw, these values are zero at the centerline due to flow symmetry. Significant amounts of

these stresses, of the same order as the - uv stress, are generated at slightly off-center locations as the
vortex pair transports turbulent fluctuations from the center plane as it convects downstream.

3.1.4.6 Turbulent kinetic energy (TKE)

The study has shown that the separated shear layers emanating from the top of the elements
convect downstream as a vortex pair that increases the turbulence levels in the downwash region by
perpetually bringing v and w fluctuations. Hence, it is worthwhile to analyze the downstream field

further by looking at the behavior of the turbulent kinetic energy (TKE), jq 2 , which is equal to

T -7+ V2 + w2}. Contours of TKE are presented in the same two planes as in the cases of the Reynolds

stresses. Figures 3.26 (a) and (b) present the contours of TKE, -,/U , along with diffusion velocity

vectors /U, and Wq/U, in the y' - zid plane at the two streamwise locations of x/d = 2.75 and

10, respectively, where, V, = vq /q and Wq =; wq q. At the first measurement plane, very high

energy levels are generated at and below the element heights, in the downwash regions due to the
motions induced by the RTVS. The merging of shear layers, forced over and around the elements, at
the center plane also contributes to the generation of high TKE levels. Clear cores of high levels are
located in the center plane with a maxima at y' of about 28, 36, 44 and 56 for the cases of the

cylinders, k' = 23, 46, 92 and the Gaussian spike, k =92, respectively [Fig. 3.26 (a)]. The

corresponding peak TKE (Iq-/Ur levels for the four cases are 7.5, 10.7, 15.6, and 11.3. In the case

of the smallest cylinder (kV = 23), the peak is above the element height due to the merging of the shear
layers that were forced over the top rather than that forced around the sides. In general, the TKE
diffuses outwards, in a radial manner, from locations of the maxima down its gradients. Although the
vectors are not normal to the contours, the gradient diffusion models could still roughly give the
direction of the diffusion of TKE. Close to a distance of about half the element width from the center
plane, as regards the highest cylinder and the Gaussian spike, and to a lesser distance as regards the
other two elements, large transport velocities are seen that indicate the outer edges of the RTVS which
is responsible for it. Here, the "bluntness" factor of the cylindrical elements is seen in the even spread
of diffusion as opposed to the "clustered" diffusion in the neighborhood of the spike top as seen in a
more "peaky" element, factors that relate to the shape of the element. This "peaky" nature of the
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Gaussian spike is also responsible for diffusion velocities that surpasses even those created by the
highest cylinder although the region of influence is smaller.

With the progress in streamwise distance (at x/d = 10), the RTVS diffuses the core of high
TKE levels away from the center plane and a larger region of elevated levels is seen when compared
with that for the previous location although with much lower magnitudes. These large regions of
elevated levels (when compared to the surrounding boundary layer fluid) extend from y' -10 to
beyond the element heights. The diffusion still does take place from regions of maximum TKE and
directed outward although their rates are drastically reduced as seen by the very low diffusion
velocities. The streamwise development of TKE is also presented in Fig 3.27 (a) as variations of

2U'2 ' with yU/v along the centerline at various streamwise locations, x/d. The same

development is also presented by means of contours in the y' - x/d plane along the centerline and

accompanied by diffusion velocity vectors, Uq/U, and Vq/U, [Fig 3.27 (b)], where U, -uq 2 /R . At

the first measurement location of x/d = 1.36, peaks of TKE are seen at the element height in the case
of the smallest cylinder and below the element heights in the cases of the other two cylinders [Fig 3.27
(a)]. At this location, large diffusion of TKE takes place from this peak location in the outward
direction, with large diffusion velocities directed downward below this location and directed upward,
even towards the element top, above it [Fig 3.27 (b)]. This behavior is consistent with the sweeping
motions below the element height and ejection motions in the neighborhood of the element height -
motions that are induced by the RTVS. With increase in distance [Fig 3.27 (a)], the peaks are located
further below the element heights and the peak TKE levels decay so much so that by x/d = 10, very

slight elevated levels over that for the smooth wall BL is only seen in the cases of the highest cylinder
and the Gaussian spike. Further downstream, the levels show a recovery towards those for the smooth
wall BL. Meanwhile, the diffusion velocities decay severely with distance and at further downstream
locations, only the near-wall regions exhibit significant diffusion velocities which of course is
expected from the near-wall regions of a boundary layer and is not due to the RTVS.

For a better understanding of the mechanisms that contribute to the generation of the high TKE
levels and its locations thereof, the production rate term ( PR ) of TKE is evaluated from the measured

data. The - -(U Ulay) is the dominant term in the contribution to the production (PR). Contours of

PR, normalized by v/U$, along the y' - z/d at the two streamwise locations, x/d = 2.75 and 10,

and along the y' - x/d plane at the centerline are presented in Figs. 3.28 (a), (b) and (c), respectively.
At the first y - z plane at x/d = 2.75, high levels of PR are seen at and below the element heights

for all the cases. These regions coincide with regions where high TKE levels are seen and also high
PR regions translate to high TKE levels downstream. Again, the highest cylinder shows the largest
PR levels leading to the most TKE levels as well. With the progress in streamwise distance [Figs.
3.28 (b)], the PR levels decay leading to lower TKE levels and here too there is a one to one
correspondence as to where significant PR is seen, it has led to significant TKE levels. A better
understanding of the relative distance between peak PR location and the peak TKE locations can be
had from Fig. 3.28 (c) where peak TKE levels are seen just aft of peak PR regions. This indicates the
turbulent diffusion occurs that leads to the distribution of TKE from regions where it is produced. For
a detailed understanding of the production and redistribution of TKE, a term by term evaluation of the
various terms in the transport-rate equations for the TKE was carried out, for the different streamwise
locations, and is described in the next section
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3.1.4.6.1 Transport-rate budget of turbulent kinetic energy (TKE)
The transport-rate equation for the TKE is as follows:

___ ___ ____ -_ ou -TaU, v- W -+UV u) - ( OW OU -+_ + - ]
Ox Oy Oz , ax Oy Oz ox ay ( Ox Oz ay Oz

Convection (C) Production (PR)

r_[_(0 (_ ( '] _

[Ox 2) a 2 Oz 2 Oxp Oyp ozp p

Turbulent Pressure
Diffusion (TD) D~ifsion (PD)

+ VA0 aOx, Ox,
Viscous
Diffusion (VD) Dissipation(E)

(3.5)
All the velocity fluctuation terms are point dependent except pressure diffusion (PD) which is a
function of space. From the measurements, calculations of the convection (C), production (PR),
turbulent diffusion (TD) and the viscous diffusion (VD) terms are straightforward. The pressure-
diffusion term is estimated using Lumley's approximation (Lumley, 1978). Then the dissipation rate
(e ) of TKE is extracted by balancing the TKE equation. More details on the calculation of various
terms are presented in section 4.1.4.1 .1.

For the sake of comparison, the transport-rate budget carried out by 1l9men and Simpson
(1996) for the same 2-D smooth wall is shown in Fig. 3.29 which presents the variation of transport-

rate budget of TKE, q2/2, normalized by U /v, with yU, Iv. The same variation is presented for

the cases of the cylinders in Fig. 3.30 (a). At the first streamwise location of x/d = 1.36, the flow has
reattached only in the case of the smallest cylinder. In this case, production and dissipation are in
equilibrium throughout the boundary layer, with peaks very close to the element height. The levels are
much higher than those in the smooth wall BL (Fig. 3.29), by about 10 times. Turbulent diffusion is
important too, from the wall to about 2 element heights [Fig. 3.30 (a)]. In the other two cases of the
cylinder, production and dissipation are close to each other in magnitudes except in neighborhood of
the location where the values display a peak which is at y -35 in the case of the intermediate

cylinder and at y* - 57 in the case of the highest cylinder. At this peak location, dissipation trails
production in magnitude. Convection is important throughout the BL and reaches maximum values
close to the element heights. The turbulent diffusion also reach a maximum close to the locations
where PR peaks indicating a diffusion of turbulence away from it. Again these two elements produce
about 30 times TKE of that which is produced in a 2-D smooth wall BL. Among the individual terms

that contribute significantly to PR are - -(OU/Oy), - v2 OV/Oy, - u2(O U/Ox) and - w2(OW/Oz).

However, their influences are not in the same regions along the boundary layer although at the peak
PR location, all four terms contribute significantly to PR. While the former two make large positive
contributions to PR, the latter two make smaller negative contributions. As mentioned previously,
- -(OU/Oy) is the dominant term thereby indicating the significance of the distortion of the

turbulence field by the mean velocity gradient (aUloy) which has lead to a large generation of TKE.

Also of significance is the large downwash due to the RTVS that is responsible for the large (a V/Oy)
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gradients. Flow acceleration immediately downstream of the element is a reason behind the negative

contribution by the - u-(OU/ax) term.

As the flow proceeds downstream, x/d = 2.75 [Fig. 3.30 (b)], each of the terms decrease in
magnitudes, although still substantially higher than those generated in the 2-D smooth wall BL. The
PR peaks occur at the element heights in the cases of the smallest and the intermediate cylinders and
below the element heights as regards the other two cases. Significant turbulent diffusion occurs that
transports fluctuations away from the peak PR locations. Substantial levels of negative C occur in
the near-wall regions so much so that dissipation exceeds production as regards the intermediate and
the highest cylinder. For the case of the Gaussian spike, the largest term close to the element height is
the TD and not the PR or the e . This is the consistent with the large diffusion velocities that are
seen near the spike top that are seen to diffuse TKE away from regions of high TKE. In the case of
the smallest cylinder, the peak values of the PR, TD and the e are seen above the element heights
and throughout the boundary layers, PR is seen to be in local equilibrium with e. With the progress
in streamwise distance, the magnitudes of each term decay with distance and tend towards smooth
wall behavior [Figs. 3.30 (c)-(f)]. However, the magnitudes of the significant terms are still higher
than those for the 2-D smooth wall.

The elements considered in this study are small so much so that the smallest element does not
protrude beyond the buffer layer. Hence, the structures generated in the flow field are expected to be
of the order of the Kolmogorov scales. The profiles of E, estimated from the transport rate budget,
permitted the data to be extrapolated to yield the values of the e at the wall. This obtained value in
conjunction with that obtained at the closest measurement point, which is at y' = 3, is used in the

calculation of the Kolmogorov scale which is given by i- = ,31/e Y4. The values of i/, normalized by

v/U,, at the wall and at y' = 3 is plotted in Fig. 3.31 for the various streamwise distances. The

values of i/f, at the wall, range from 1.5 to 3, in general. The scale of the structures that the smallest
elements generate is a few times the Kolmogorov scale.

3.1.4.7 Structural parameters

The Townsend's structure parameter, A1, defined as equal to - (for 2-D flows) is a
measure of the correlation between the magnitude of the kinematic shear stress and the TKE. Figure
3.32 (a) shows the variation of A, with yU.,/v along the centerline, for the four cases. A fairly
constant value is not seen in the outer layers and the values seem to plateau at about 0.12 in the outer

region of the flow. A better constancy in the outer regions is seen when the variation of 1/S _ - -ý/V2

with yU, /v is presented [Fig. 3.32 (b)]. This parameter reaches a constancy of 0.6 in the outer layers
indicating that the roughness element does not affect this parameter. The constancy also implies that

similar motions contribute to both the shear stress, - uv, and the normal stress, v2 .

3.2 Conclusions
A study has been carried out to examine the mean flow and turbulence structure downstream of

three cylinders and a "Gaussian" shaped spike that were individually submerged in a 2-D turbulent
boundary layer. The three cylinders were of heights, k =0.38mm, 0.76mm and 1.52mm, and the
Gaussian shaped spike was of height, k =1.52mm, each with a base diameter of 1.98mm. All four
elements were within 4% of the boundary layer thickness, and the smallest cylinder (k =0.38mm) was
even confined within the buffer layers. Based on the results and its analysis, a schematic of the flow
past the cylinder is presented in Fig. 3.33. The schematic should be similar for the Gaussian spike too.

As the fully developed turbulent flow approaches the protuberance, the flow separates at the
top of the elements and the separated shear layers convect downstream as a pair of counter rotating
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vortices which is termed the roughness top vortex structure (RTVS). A vortex is also formed
upstream at the nose of the element, termed the junction horseshoe vortex structure (JHTS), which is,
however, short lived and does not seem to persist beyond 3-5 diameters. This behavior is attributed to
the wall proximity of the JHTS as it is seen to exist in the very near-wall region of the boundary layer.
Hence, most of the behavior of the mean flow and the turbulence structure in the downstream flow
field is attributed to the presence of the RTVS. The flow separates immediately aft of the elements too
and the RTVS induces large downwash velocities as it moves downstream. The convergence of mean
flow, forced over and around the elements, at the center plane in conjunction with the downwash
induced by the RTVS causes higher momentum fluid to be impinged on the wall leading to increased
wall shear that persists several tens of diameters downstream of the elements. The increased wall
shear was also confirmed using oil flow visualization as seen by the dark scoured out regions along the
center line which is also the downwash region of the vortex structure. This also demonstrated the
longevity of the RTVS in the downstream flow field. However, further away from the centerline, wall
shear decreases beneath the upwash regions as the vortex transports fluid away from the wall.

The downstream flow field was studied primarily from the data gathered along the streamwise
axis (with its origin at the element axis) and at two measurement planes (2.75 and 10 diameters
downstream) normal to the streamwise axis. The distortion of the mean flow field by the roughness
top vortex structure (RTVS) was examined from the magnitudes and extent of the streamwise vorticity
and the secondary flow due to the vortex. The movement of the vortices was determined from the
tabulations of the locations denoting the centers of rotation of the secondary flow and also from the
locations where the streamwise vorticity is the maximum. However, neither of these locations are the
true centers of the vortex. Immediately downstream of the elements, the circulation, around one half
of the flow domain, decays drastically. With the increase in streamwise distance, this decay becomes
gradual. The size of the elements determines the persistence and extent of the streamwise vorticity as
seen by the largest extent and magnitude of streamwise vorticity that was generated in the case of the
highest cylinder. An expression for the form drag due to the individual elements was derived. The
drag evaluated by this expression from the measured data showed that it is dependant on the projected
frontal area of the element. The vortex circulation was also dependent on the size of the element. Of
all the length scales considered, the square root of the projected frontal area of the elements was the
best in normalizing these quantities and hence, it is the most suitable candidate to quantify the "size"
of the element.

As regards the turbulence structure, the merging of the shear layers at the downstream center
plane, just aft of the element, in conjunction with the sweeping motions induced by the RTVS leads to
large enhancement in the levels of the Reynolds normal stresses, v2 and w2 , and the Reynolds shear
stresses, - uv. The transport of wall-normal fluctuations and spanwise fluctuations by the RTVS is

also responsible for creating large levels of shear stresses, - uw and - vw, that were comparable in
magnitude to the Reynolds shear stresses, - uv. Again the magnitudes and extent of the stresses were
dependent on the size of the elements. A large generation and transport of TKE also occurred just aft
of the elements, and for a better understanding of the source and redistribution of TKE, a transport-rate
budget was performed. This also enabled in determining the individual terms that contribute to the
production of TKE. The presence of the element severely distorts the mean velocity field in that large
streamwise velocity gradients are generated, and the presence of the RTVS by its downwash generates
large gradients in wall-normal velocity component as well. These gradients in conjunction with the
Reynolds stresses lead to large production of TKE just aft of the element which is diffused away in a
radial manner by the roughness top vortices which then lead to large TKE levels. One of the key
differences between the cylinders and the Gaussian spike is seen as regards the large magnitudes of the
diffusion velocities generated aft of the latter and this behavior is attributed to the latter's "peaky"
shape.

The information garnered from the present study is useful in conceptualizing rough-wall
boundary layers where individual elements such as these are distributed in a discrete manner.
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Table31l. Location and magnitude of maximum streamnwise vorticity associated with the junction
vortex structure at x~d = 2.75.

x~d - 2.75

Flow Case V +i,. ,ý

Single cylinder, 23 -1.94 -226.6 4.8 4.9 0.86 1.96

k = 0.38mmII

Single cylinder, 46 - 1.67 -194.4 6.2 6.3 3.34 5.38

k = 0.76amm

Single cylinder, 92 -2.21 -258.3 4.9 4.5 6.33 7.22

k = 1.52rmm

Gaussian spike, 92 - - --

k = 1.52mm I I I I I II

Table 3.2. Location and magnitude of maximum streamnwise vorticity associated with the roughness
top vortex structure (RTVS) at x/d = 2.75 and 10.

xld - 2.75 xld. 10

Flow Case _Fd tu, ld z+ tU, Uc

Single cylinder, 23 -0.54 -63.6 12.6 9.0 2.52 5.76

k = 0.38rmm

Single cylinder, 46 -0.56 -64.9 16.6 9.4 7.33 11.83 -0.84 -97.5 44.5 14.2 0.82 !.31

k = 0.76rmm

Single cylinder, 92 0-083 -97.1 13.0 8.3 10.08 11.49 -1.10 -128.8 45.2 13.5 2.13 2.43

k = 1.52rmm

Gaussian spike, 92 -0.55 -64.0 13.0 9.7 5.34 9.48 -0.84 -97.5 35.0 13.7 0.67 1.19-

k = 1.52mm

59



Table 3.3. Details of the secondary flow associated with the roughness top vortex structure (RTVS) at
x/d = 2.75 and 10.

x/d- 2.75 x/d- 10
FlowCase k +Zo/d z+ yo Uo V, /d zo/d o Yo U+ v0 0 + ++ U+ V+

Single cylinder, 23
k = 0.38mm -0.54 -62.9 16.7 10.1 0.16 210.4

Single cylinder, 46
k = 0.76mm -0.62 -72.6 24.4 10.4 0.80 51.0 -0.81 -94.5 65.1 15.1 0.08

Single cylinder, 92
k = 1.52mm -0.74 -86.2 28.8 10.1 1.96 24.0 -1.04 -121.3 79.6 14.9 0.49

Gaussian spike, 92
k = 1.52mm -0.75 -87.9 22.0 11.6 0.24 163.8 -1.03 -120.3 76.6 15.7 0.17

Table 3.4. Movement of the locations of f2 and center of rotation with the streamwise distance.

Flow Case Location of m Center of rotation

Az Ay, A A yO

Single cylinder,
k =0.76rmm 32.6 27.9 21.9 40.7
Single cylinder,
k =1.52mm 31.7 32.2 35.1 50.8
Gaussian spike,
k =1.52ammk_=________ 33.5 22.0 32.4 54.6

60



Table 3.5. Vortex circulation parameter, F[(U, 6 ).

Flow Case Vortex circulation parameter

x/d- 1.36 x/d- 2.75

Single cylinder,

k = 0.38mm
0.0011 0.0005

Single cylinder,
k = 0.76rmm 0.0040 0.0016

Single cylinder,
k = 1.52mm 0.0060 0.0056

Gaussian spike,

k = 1.52mm 0.0014

Table 3.6. Off-center values of fr0/-r. at x/d=20 and 40, for k = 0.38mm cylinder.

Locations z/d = -0.14 zld = 0 zld = 0.14

x/d = 20 0.99 0.95 1.01

x/d = 40 0.97 0.95 0.99
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Figures

0

5T4
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zld

5I~
0

0 5 10 15 20 25 30

Figure 3.1. Top-view of surface oil flow over isolated elements; from top, Gaussian spike , k =

1.52mm, circular cylinders, k = 1.52mm, 0.76mm, 0.38mm.
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Figure 3.8 (a). A perspective of the flow structure downstream of the cylinder at x/d = 2.75.
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Figure 3.8 (b). A perspective of the flow structure downstream of the cylinder at x/d = 10.
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x/d = 2.75
3.5 _

E) circular cylinders
3 -b-- Gaussian spike

2.5

2

0.5

03030 40 50 60 70 80 90 100 110

U v(A/v

Figure 3.9 (a). Variation of Circulation, r/(4v174) with normalized length scale, UiA4/v at

x/d =2.75.
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Figure 3.9 (b). Variation of F/', with (IA+ ), at x/d=2.75.
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1.7 - - single cylinder, k=0.38 mm
A single cylinder, k=0.76 mm

1.6 v single cylinder, k=1.52 mm

1.5 - - Gaussian spike, k-I.52 mm

1.4

1.3

.1

1... .... ....................... ..................

0.9

0.8 x/d = 2.75
0.7

0.6
0.5I . . . . 1 ,, I-Ii0 -1 -2 -3

z/d
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0.7 x/d =10
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Figure 3.11 (a). Normalized wall shear (r. /,): Spanwise variation at x/d=2.75 and 10.
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1.6 E- single cylindrer, k =0.38 mm
-A- single cylinder, k =0.76 mm
-V single cylinder, k -1.52 mm

1.5 - Gaussian spike, k =1.52 mm

1.4
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1.1

1 - - - -. . . . . . . . . . . . . .

0.9

0.8

0.7 0 H I i i I i i I . I
0 10 20 30 40
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Figure 3.11 (b). Normalized wall shear (-r/, 0 ): Centerline streamwise variation
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Figure 3.12. Normalized drag coefficient, Cd/Cf , of the cylinders and the Gaussian spike
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Chapter 4 Two-Dimensional Rough-Wall Turbulent

Boundary Layers

4.1 Results and Discussion
The data-set showed that the Reynolds streamwise shearing stress, - uv, are constant in the

"constant shear stress" layer which is also the semi-logarithmic region in the streamwise velocity
distribution. In each of the six 2-D rough-wall cases, profiles were made at 40-45 locations [Figs. 2.8
(a) and (b)], and for each case, the maximum of the spatial averages in the "constant shear stress"
regions of the 40-45 profiles was determined. This maximum was denoted as - uv,, and the square
root of this quantity was chosen to be the velocity scale (U,) or friction velocity (U.), i.e.,

U.J - -'-•Z. The values of this scaling velocity in conjunction with other boundary layer
parameters are presented in Table 4.1. The details of the smooth-wall boundary layer are also
provided for the sake of comparison. Please note that when mid plane is mentioned in the discussions
it refers to the streamwise mid plane. Spanwise mid plane would be the x- y plane located equi-

distant to elements.

4.1.1 Mean quantities - mean velocities
From the extensive measurements around the elements in the rough-wall layers, in different

planes normal to the streamwise direction, contours of various quantities can be plotted. Figures 4.1

(a)-(f) present contours of UIV:--., in the y/k - zid plane with secondary flow vectors,

V W/ and W/1-UmW at x/D = 0.295, 0.398, 0.5, 0.625, 0.75, 0.879, 1.008 and 1.137,
respectively. The latter three x/D are applicable to staggered cases only. At the very first

measurement location, x/D = 0.295, all three cases of straight orientation show that the flow is
separated at this location, with large regions of reverse flow that extend spanwise to about 0.3 to 0.4
diameters off the center plane and at about the element height in the vertical direction [Fig. 4.1 (a)].
There is a strong secondary flow directed spanwise towards the center plane from regions beyond the
element width and this flow curves upwards as the center plane is approached. At the center plane,
which is also the plane of symmetry, the flow is directed vertically upwards. Above the element
height, the secondary flow comes over the top of the element and is directed towards the wall and
away from the center plane. This indicates a nodal point close to the element height where the
secondary flow convergence is seen. The magnitude of the secondary flow in the separated flow
region is much higher than that above the element height. In the case of the staggered orientation, a
similar behavior is observed although with smaller regions of separated flow. However, the
magnitudes of the secondary flow are greater over those for the corresponding straight cases.

At the next measurement plane, x/D = 0.398, a similar behavior to that at the previous
location is observed [Fig. 4.1 (b)], although there is a reduction in area where the flow is separated.
There still exists a strong onrush of fluid from the sides of the element towards the separated flow
regions and the center plane which converges at the center plane forming an updraft where it meets the
faster moving fluid that has been forced over the upstream element. Also, the nodal point, where the
secondary flow converges, is located at a distance below the element, though further below than at the
previous location. At this measurement plane too, the separated flow regions in the staggered cases
are lower than those in the straight cases albeit with higher magnitudes of secondary flow.

As the flow proceeds downstream, at x/D = 0.5 [Fig. 4.1 (c)], only a weak updraft of
secondary flow is seen at the center plane in the four cases of k =0.38mm and 0.76mm height elements
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(straight and staggered) due to a strong center plane convergence of flow from the top as well as from
the sides. The regions of separation shrink and are present in the near-wall locations only. The
distribution of highest cylinders still shows sizable reverse flow regions with strong secondary flow in
the spanwise direction directed towards the center plane (which is also the plane of symmetry) where
the flow converges and moves up. This upward draft of flow meets the fast moving shear layers
rushing over the top and sides of the element. In general, the roughness elements create large back
flow regions which are continuously fed with the fluid from the gaps where faster fluid is available
since flow there is unimpeded. In the gaps the faster fluid impinging towards the wall branches
towards the downstream separated flow regions behind the elements and rises upward at the center
plane and meets the faster flow rushing over the top and sides of the element. While a symmetric
branching of the flow occurs at the spanwise mid plane, between the elements, as regards the straight
orientation, it is asymmetric as regards the staggered as the elements are placed in an alternate manner.
This is reflected in a slightly stronger secondary flow aft of the elements in the case of the staggered
elements.

With the progress in streamwise distance, at x/D = 0.625, in the cases with straight
orientation, the effects of the next downstream element becomes apparent as the faster fluid directed
towards the wall diverges upstream of it [Fig. 4.1 (d)]. Small regions of separated flow in the near-
wall regions in the cases of k =0.76mm and 1.52mm height elements are seen as the nose of the
downstream element approaches. Flow has reattached in the case of the k =0.38mm height elements.
As regards the staggered pattern flow, the flow has reattached in all the cases. This is so because the
next downstream element is located further away in the staggered orientation when compared to the

straight orientation, the distance of separation in the former case being NF2 times the latter. Also a
simultaneous convergence of fluid towards the wall and the center plane is observed at this location
which is also aft of the separated flow regions. At the next measurement location, x/D = 0.75 [Fig.
4.1 (e)], the straight orientation shows strong diverging secondary flow away from the center plane, an
indication of the faster wallward fluid going around the sides of the downstream element due to the
pressure field imposed by it. In the staggered cases, the presence of the downstream element is not felt
by the flow and the flow field still shows a simultaneous center plane and wallward convergence of
higher momentum fluid.

The presence of the downstream element in the staggered cases is only apparent at about x/D

= 1.008 where the diverging secondary flow is observed [Fig. 4.1 (f)]. At the last measurement, x/D
= 1.137, the flow separates (k =0.76mm and 1.52mm height elements) in the near-wall regions. Away
from the wall, flow shows an upward trajectory as it is being forced over and around the next element.
A different view of the flow reattachment and subsequent separation ahead of the next upstream

element is observed in Fig. 4.2 which presents contours of U/-maw in the y/k - x/D plane along

center line (zld = 0). Large flow gradients are seen in the neighborhood of the element height,
directly behind the elements and above the backflow regions. Each case shows large regions of
reverse flow aft of the elements. From this plot, locations of flow reattachment, on centerline, aft of
the element and subsequent separation ahead of the next element were determined are presented in
Table 4.3. In general, flow reattaches earlier for the staggered cases as faster fluid over and around the
elements constricts the regions of separated flow. This also leads to smaller separated regions aft of
the element as revealed from the examination of Figs. 4.1 (a)-(f). Similar analysis can also be made
from the determination of the areas occupied by the separated flow which is presented as a variation of
the ratio, Asp /A, with streamwise distance, x/D in Fig. 4.3, where A,,P is separated flow area and A

is projected frontal area of the element.
Figure 4.4 presents the mean velocity profiles U plotted in wall variables. In all cases, large

differences are seen between the two orientations in the very near-wall locations, and these differences
are confined within two element heights as regards the distribution with the k =0.38mm elements and
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within the element height in the other elements. However, in the log-law region, slight differences are
observed between the two orientations as regards the distributions of the higher two elements which is
due to the slightly larger Reynolds shear stresses in the staggered cases. A large log law region is seen
in all cases which are due to low k/6 values. The effect of roughness is seen in the decrement of the

log law intercept, AU*, which is also the roughness function, as dictated by Eq. 1.1. The magnitude
of this intercept increases with the increase in the height of the roughness elements. Mean velocity
plotted in the defect law coordinates seems to indicate that the outer part of the mean velocity
U profile is not directly affected by roughness. This supports conclusions drawn by Hama (1954) who
showed that the defect law is independent of roughness condition (Fig. 4.5).

4.1.1.2 Determination of roughness function and displacement of origin

The determination of AU* is done in conjunction with the determination of e. It maybe be
reiterated that r , the displacement surface, also referred to as zero-plane displacement, is the
displacement from the wall (y - 0) to the effective origin. The values of e and the roughness

function, AU* are determined the following way. Equation 1.12 is considered as a function to be
minimized while function variables, e, H , and AU* are iterated, K- and C are kept as constants and
have values of 0.40 and 5.1, respectively. The values of r, H1 and AU* thus obtained are included
in Table 4.2. Figure 4.4 has been redrawn with the corrected displaced surface and uses data only
from the apparent log layer and is presented in Fig. 4.6. The high values of wake parameter, I-I , tends
to increase due to roughness, a behavior also observed by Krogstad et al. (1992) in their case of mesh
roughness where this parameter had a value as high as 0.70.

The detailed measurements made within the rough-wall, in and around 3-D roughness
elements such as cylinders, also made possible the determination of the displacement of origin in an
alternate way, for the first time. E can also be considered as the average height of the displacement
surface due to the presence of the roughness elements and the separated flow volume. It can defined
as: E - d• Ifa, where d, is the sum of the volume of the roughness elements plus the volume of

separated flow and fa. is the projected area. From this definition, e/k = dlf, where f, is the
flow volume without the roughness. From the measurements of separated flow regions (Fig. 4.3), the
numerator is calculated and the ratio, E/k, from the displacement volume analysis is presented in
Table 4.4. The values presented are within 18% of each other thereby confirming that E is indeed the
displaced wall surface that the flow "sees," and satisfies the continuity equation.

4.1.1.3 Effects of height and roughness density on roughness function
This section examines the effects of the element height (k ) and roughness density (A) on the

roughness function, AU'. This is an important as it is a measure of the wall shear and it would be
very useful if one can determine this just from the roughness height and density. Several correlations
have been proposed and tested by various researchers to determine the roughness function, AU*, or
the equivalent sand grain roughness, k,. For a general case, after estimating A or A. from surface

geometry, f(A,) or f(A,) can be determined from the correlations and then one can use Eq. 1.4 to
determine the roughness function. Several correlations are listed in section 1.2.1.1 and several of the
correlations were tested using the present data-set. The six cases of rough-wall boundary layers yield
six data points. Other data sets pertaining to two-dimensional rough-wall BL on sparsely distributed
roughness elements such as cylinders, cones, cubes, pebbles, hemispheres and spheres are included for
the sake of comparison and the validity of the existing correlations.

The different correlations tested are those attributed to Simpson (1973), Sigal and Danberg
(1990) and van Rij et al. (2002). Sigal and Danberg (1990) modified Simpson's version of roughness
density (A) to account for the shape of the individual element to define a new roughness density
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parameter (A, ), while van Rij et al. (2002) introduced a new correlation with the same definition of
roughness density, A,, as Sigal and Danberg (1990). Their definitions are listed in the same section.
While Simpson's correlation is presented in Fig. 4.7 (a) and the latter two are presented in Fig. 4.7 (b).
It appears that Simpson's correlation is a better fit for the current data-set than the newer correlations
even though the newer ones were designed to be an improvement as it included a shape factor to
account for the element shape.

Implicit in all these correlations is the assumption that the flow is fully rough. As mentioned
previously, for fully rough cases, the RHS of Eq. 1.3 becomes independent of viscosity. Hence, the
correlations for f((A) or f(AJ) are not valid for transitional rough-wall cases. For transitional rough-
wall flows, a novel modification for f (.) is introduced here. For a smooth-wall TBL, Spalding
(1961) derived a continuous closed form of "law of the wall" that described the three parts of the inner
regions of the TBL, viz., the viscous sublayer, the buffer layer and the semi-logarithmic layer. This
equation is given by

Y + =U+ + {exc- I+U++ //+ (4.1)

where, K and C are the smooth wall constants and are equal to 0.40 and 5.1, respectively. The same
functional form of an equation is needed to describe the smooth, transitionally rough and fully rough
AU. = fQ.,k÷ ) in Eq. 1.3 The modified expression for f((A) to describe transitional roughness is
then given by

V -kJ =AU*+ 1C leKAU- [ A2 ' + (4.2)k+k=A÷e -f AT I2!U 3!

where, ko is the thickness of the viscous sublayer which is 5. For a given roughness function, AU+,
the only unknown in the above equation is f(A). This equation was applied to both orientations of 2-
D rough-wall TBL involving the smallest elements, k=-0.38mm (k =26, X =0.025). The results, thus
obtained, are presented in Fig. 4.7 (a) and they provide excellent agreement with Simpson's
correlation.

In the subsequent sections, results are presented mostly for the y - z plane at x/D = 0.5 and

the plane along the x - axis (z - 0). Profiles would be restricted to the location at x/D - 0.5, z - 0.

4.1.1.4 Wall-normal velocity

One of the main differences between the single elements and the 2-D rough-wall BL as
regards mean flow structure is the region below the element height downstream of it. As regards the
single element, there is a strong downwash induced by the RTVS that is felt all the way to wall,
whereas in the distributed case the downwash is limited by the upward moving fluid in the back flow
region. This is seen in the distribution of the wall-normal component of the velocity depicted as

contours of V/-mUS--- in the y/k - zid plane at x/D = 0.5 in Fig. 4.8 (a). Flow is directed
towards the wall as the faster fluid is forced over the element where it meets the upwash due to the
strong secondary flow which is attributed to the faster fluid that has moved through the gaps and feeds
this region of backflow. The wallward motion of fluid over the top of the elements is also seen in the

contours of V/1--W- in the x/D - y/k plane along the centerline [Fig. 4.8 (b)]. In the straight
orientation, flow is seen to impinge at the junction of the subsequent element while in the staggered
case flow is directed over the top of the subsequent element. This also contributes to the lesser
separated areas seen aft of the downstream elements in the cases with staggered orientation.
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4.1.2 Vorticity
One of the key features in the flow downstream of the individual elements (Fig. 3.33) was the

generation of RTVS that was associated with large magnitudes of streamwise vorticity. As regards a
distribution of such elements the important feature is its ability to generate significant magnitudes of
wall-normal vorticity, QY. Hence all components of the mean vorticity vector were calculated. The

streamwise mean vorticity plotted as contours of streamwise vorticity, Q. - UVm 1, along with

secondary velocity vectors, V/• and Wi --zw,, are presented for the y/k - z/d plane at
x/D = 0.295, 0.5 and 0.75 in Figs. 4.9 (a)-(c). At the first measurements plane, a distinct region of
negative vorticity is seen at the element height which is the location where the back flow meets the
faster fluid directed towards the wall. The merging of the back flow with the faster fluid overwhelms
the separated shear layers emanating from the top of the elements as seen in the absence of positive
vorticity that would be due to the RTVS. At x/D = 0.5, the regions of negative vorticity, due to the

backflow, diffuses to yield larger regions with lower magnitudes. At x/D = 0.75, as the nose region
of the subsequent element (straight orientation), the faster fluid impinging towards the wall curves
around this region and regions of positive vorticity are seen which is attributed to that generated by the
secondary flow. A similar feature is seen in the staggered cases at x/D = 1.137 which is the location
close to the subsequent element in that case. The faster fluid moving in the gaps of the rough-wall
constantly feed the back flow regions creating a recirculation motion in the x - z plane too as seen on

the presentation of the flow vectors, U and W1 - u , along with 92Y at constant

vertical heights, viz., at y/k=0.3 and 0.5 [Fig. 4.10 (a)], and 0.8 and 1.1 [Fig. 4.10 (b)]. Significant
magnitudes are seen below the element heights. As regards the spanwise vorticity, Q. , large
magnitudes are generated aft of the element, in the neighborhood of the element heights, where large
streamwise velocity gradients are generated, as seen in Fig. 4.11 where it is presented in conjunction

with velocity vectors, U11- Z.,and V/14 --.F.. Fluid separating at the nose of the subsequent
element (staggered cases) also generates large spanwise vorticity. One of the key differences between
the straight and the staggered case is the magnitude of the velocity and its gradient hitting the top of
the subsequent element. The latter has larger magnitudes of both as it offers a longer distance for flow
to reattach.

4.1.3 Turbulent stresses
Modification to the turbulence structure by the roughness elements is analyzed by examining

the behavior of the Reynolds stresses. While measurements have been made at different planes, only a
few representative cases are presented.

Contours of streamwise Reynolds normal stress, u2/-uv,,, in the y/k - z/d plane at x/D =

0.5 are presented in Fig. 4.12 (a). Large magnitudes are seen at the element height above the element
height where large velocity gradients are present. This is also the region where the higher speed fluid
is moving towards the wall and entrains the low momentum fluid from the back flow region. The
merging of these layers results in high stresses. Contours of the same quantity in the y/k - zid plane
[Fig. 4.12 (b)] shows high magnitudes above the element height being diffused in the streamwise
direction by ejections motions above the element height seen at locations of x/D=0.5 and beyond.

Quadrant contributions to the Reynolds normal stress, u2 , along the centerline is shown in Fig. 4. 13
(a) as a variation streamwise distance, x/D. The figure clearly reveals that ejection/sweep
mechanisms are disrupted by the roughness elements with the sweeping motion dominating ejection
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motions below the element height as the effects of the inrush of faster fluid is felt closer to the wall
than at previous locations. At the very first measurement location, it is the ejection motions emanating
from the backflow regions that dominate the near wall regions while sweeps dominate the regions in
the neighborhood of the element height, as revealed in Fig. 4.13 (b) where the ratio of sweeps to
ejections as a variation with y/k, at various streamwise locations, x/D, is presented. The profiles of
u12/- uvm, collapse in the outer regions of the boundary layers as observed in the variation of the

streamwise Reynolds normal stresses, U2/- uvm., with y/6 at x/D = 0.5 along the centerline (Fig.

4.14). Also the peak u-./-.m• levels decrease with increase in roughness height owing to increased
wall shear which decreases this normalized quantity.

The effect of roughness is most prominent on the stresses involving the v fluctuations with

one of them being the Reynolds wall-normal stress, v-/. U•,,, which is presented as in the

y/k - zid plane at x/D = 0.5 [Fig. 4.15 (a)]. Very large magnitudes are seen at and slightly below
the element heights. This is again due to the interaction of low momentum fluid, ejected from the
back flow regions, with the faster flow rushing over the elements directed in the wallward direction.
Contours presented along the centerline [Fig. 4.15 (b)] indicate a diffusion of stresses away from the
maxima locations. The examination of quadrant contributions and the sweep to ejection ratio [Fig.
4.16 (a) and (b)] show that sweeps dominate in regions close to the element height and below where
the peak levels in the stresses are seen. Also these peak levels are seen along the centerline where the
ejected fluid from the back flow regions rises vertically to meet with inrushing faster flow. The

presentation of v/-m, as a variation with y/6 for the x/D = 0.5 location (Fig. 4.17) shows that
roughness has a pronounced effect on this quantity. While the outer regions show a collapse, much
enhanced levels over those for the smooth wall are seen in all cases

While the previous two stresses show peak levels at or slightly below the element height, it is
not so in the case of the spanwise Reynolds normal stresses. Contours of spanwise Reynolds normal

stresses, w2/- uvm, in the y/k - z/d plane at x/D = 0.5 are presented in Fig. 4.18 (a). At this
location, high magnitude of stresses seen much below the element heights is mainly due to the
confluence at the center plane of fluid rushing from the sides of the elements and the gaps which carry
with it strong spanwise fluctuations. On the examination of the contours in x/D - y/k plane [Fig.
4.18 (b)], the regions where high magnitudes are generated seem to differ as regards the straight and
staggered orientation. In the staggered case, the peak levels seem to be generated just as described,
whereas in the straight case, high magnitudes are seen in the nose region of the subsequent element

where the faster fluid directed towards the wall diverges. The variation of w2/- uvm, with y/ 6 at

the x/D = 0.5 location (Fig. 4.19) does not show a collapse in the profiles at the outer regions of the
BL. Further, the peak levels, located below the element height, increase with roughness height as

opposed to the behavior seen in the /- UVmX stresses.

The behavior of the streamwise Reynolds shearing stress, -uv-Mm- , is very similar to that

exhibited by the v2/-uv,• stresses. Contours of the streamwise Reynolds shearing stresses,

-uv/- UVmax, in the y/k - zid plane at x/D = 0.5 are presented in Fig. 4.20 (a) and for the

x/D - y/k plane in Fig 4.20 (b). The similarity in the flow structure indicates that similar motions
govern the behavior of these two stresses. Both stresses are dominated by the sweeping motions
below the element height and ejection motions above it (Fig. 4.21). The sweeping motions are due to
the faster fluid rushing over the elements in the wall direction and the ejection motions are due to the
low speed fluid that have been pushed away from the wall. With the progress in distance the mixing
of these fluids take place further away from the wall and is spread over larger regions in the BL.
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Similar to the -/- UVm.x stresses, much elevated peak values over those for the smooth wall are seen

in the neighborhood of the roughness height. The profiles of - uv/UVmrx versus y/b at x/D = 0.5,
z = 0 (Fig. 4.22) show a distinctly constant stress region which is also the over lap region between the
inner layers and the outer layers as seen in the semi-logarithmic region in the streamwise mean
velocity profile (Fig. 4.4). Further, a clear collapse in the profiles is seen in the outer layer regions. It
should also be noted that, as regards the streamwise mean velocity and the Reynolds stresses, the
effect of the roughness is limited to about 3 roughness heights. Except in the case of the spanwise
Reynolds normal stresses, all other stresses seem to collapse in the outer regions.

4.1.4 Turbulent kinetic energy (TKE)
The interaction of shear stresses with the large velocity gradients aft of the elements lead to

large levels of turbulent kinetic energy (TKE). Figure 4.23 (a) presents the contours of turbulent

kinetic energy, V/2ý- muv , along with diffusion velocity vectors, V, vi and

Wq, / -w.. , in the ylk - z/d plane at x/D = 0.5. Large levels of TKE are generated at regions

about the element height for the k =0.38mm elements (both cases) and at regions about the element
height and below as regards the other four cases. These high levels are generated at regions where the
low speed ejected fluid from the back flow regions meet with strong wallward rush of high speed
fluid. There is a strong entrainment at these locations leading large mixing of shear layers and
sweep/ejection motions carry TKE levels away from the regions where it is produced in a direction as
indicated by the diffusion velocity vectors. In general, TKE flows down the gradients of TKE. In the
straight cases, large diffusion of TKE is seen about half a diameter from the center plane due to large
values of w3 which is the transport of w2 by the w fluctuations. Much of the spanwise fluctuations
are due to the strong draft of flow from the gaps of the elements into the regions of back flow aft of the
elements. For the development of TKE along the streamwise direction, contours are presented in the

plane along the centerline in conjunction with the diffusion velocity vectors, Uq/J[--w.. and

Vq/_-U ,and is shown in Fig. 4.23 (b). Here too, the peak levels are seen in the neighborhood of

the element height from where it is convected and diffused away from it. The variation of TKE with
y/ 6 for the x/D = 0.5 location is shown in Fig. 4.24. The effect of the roughness is seen in
enhanced peak levels, compared to the smooth wall case, in the neighborhood of the element heights.

A collapse of the profiles is not seen in the outer regions similar to that seen in the w2 stresses.
The transport equation for TKE shows that all of the production of TKE is due to the

interaction of the Reynolds stresses with the mean flow gradients. The term that contributes to the

production of TKE is plotted normalized as (TKE Prod\I74() in the y/k - zid plane at

x/D = 0.5 [Fig. 4.25 (a)] and along the x/D - y/k plane [Fig. 4.25 (b)]. The major contributors to

the production of TKE are for the 2-D rough-wall layers are - uvaUlay, - u2,U/eOx, - v2, V/ay,

and -w 2aW/az. Among them the most dominant term is the -uvaUlay term. This term in

conjunction with -v 2 aV/Oy are important in the vicinity of the element heights while the influences
of the other two terms are felt in regions much below the element height. Figure 4.25 (a) shows that
same regions that show high TKE also show high production rates which is of course obvious. The
differences between the respective regions are perceptible only when seen in the contours presented in
the x/D - y/k plane. The plots reveal a maxima in the TKE which is seen aft of that seen in the
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production rates. This implies that the convection and diffusion processes are responsible for the
transport of TKE.

4.1.4.1 Transport-rate budget of turbulent kinetic energy (TKE)

In order to further examine the relative importance of the different terms that contribute to the
transport of TKE (Eq. 3.5), an energy balance was carried out. The transport-rate equation for the
TKE is presented again and is as follows:

2 W -(aV + 2W -a au+- +Vw +-~

____ aU -V [+O2 2W L O+ V U -(W +-U) -~ +w o
Ox Oy Oz O a , x ay ) x -+ Ox +z Oy -z

Convection (C) Production (PR)

v q 2 + a ( w ý q 7~ a V P o ~ I a P_+ J _ a _- __ + _

ax •2J Oz 2 )] I Ox p Oyp Oz p

Turbulent Pressure
Diffusion (TO) Diffusion (PD)

+ VV2 -"£ - au a~ U...2j
ax, Ox,

Viscous
Diffusion (VD) Dissipation(e)

(4.1)

4.1.4.1.1 General strategy for estimating the various terms in the transport-rate
budget of turbulent kinetic energy (TKE)

From the experimental point of view, derivatives of any quantity cannot be measured directly.
Approximations are made by using either a Taylor series expansion or fitting a function to the data and
calculating the derivatives of this function at the point of interest. The fine grid of measurement
locations permits the calculation of x, y and z derivatives and they are calculated either with a

second or first order accurate in space finite difference approximation using the data. Thus,
calculations of the "convection", "production", "turbulent diffusion" and the "viscous diffusion" terms
are straightforward. A substantial list of uncertainties for the various terms is provided by Ol69men and
Simpson, (1996).

The pressure-diffusion term for each of the transport rate budgets in all the four cases is
estimated using Lumley's approximation (Lumley, 1978). Considering the TKE balance, since the
pressure-strain term in the TKE equation equals zero due to continuity, the dissipation of TKE is
extracted by balancing the TKE equation. For the rough-wall cases, as regards the individual stresses,
a balance is not carried out and instead, four of the major terms in transport rate budgets are evaluated
- terms that are point dependent, viz., C, PR, TD and VD.

4.1.4.1.2 Transport-rate budget of turbulent kinetic energy (TKE)

Figure 4.26 presents the variation of transport-rate budget of TKE, q-/2, normalized by

)v/v, with yJ- v for the 2-D smooth wall BL as performed by Ol69men and

Simpson (1996). This is presented for the sake of comparison. For the six cases of rough-wall BL,

Fig. 4.27 presents the variation of transport-rate budget of TKE, q-/2, normalized by

()'/v , with y at x/D = 0.5 at the centerline. Throughout the region, from
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near-wall to about 2 element heights, a large amount of TKE is produced. Since a large amount is
produced, there needs to be a transport of TKE. This transport is carried out by the velocity
fluctuations and consequently large values of turbulent diffusion occur that transport TKE from
regions of high TKE regions to lower TKE regions. The dissipation of TKE is important in the near-
wall regions and in regions close to the element height. Further, the dissipation rates are comparable
in magnitudes with that for the TD albeit with an opposite sign. Also, the distribution for dissipation
is similar to that for the production (PR) to the TKE, indicating that portions of TKE dissipated is
proportional to that being generated. The pressure diffusion term, PD, is small in magnitude and is of
significance in regions slightly below the element height in the 2-D rough-wall layers. The behavior
of production and dissipation are similar in 2-D rough-wall BL and the smooth wall BL but with much
higher levels in the former case. Also the effects of roughness on the transport processes are confined
within 3 roughness heights.

4.1.5 Structural parameters

Figures 4.28 (a) and (b) show the variations of the structure parameter A, (=-uv/1q, where

q- u2 + v2 + w2 ) and Y, (- -u/v2) respectively with y/ 6 . The different rough boundary layers

show no variation of kV on either of these parameters in the outer region of the boundary layer. The
structure parameter A1 shows a value of 0.12 in the outer regions close to the accepted values of 0.15
for the smooth wall boundary layers. At the outer part of the boundary layers in all cases, the values
of the structure parameter are very close to each other indicating that the shear stresses and the
turbulent kinetic energy change in the same manner. Further, this also implies that the turbulence
structure in all these cases is similar and independent of the wall condition. Similar statement can be

applied to the Y' parameter too which does not come as a surprise, since both -uv and v2 had

shown strong sensitivity to roughness and also affected by the similar motions.

4.2 Conclusions
The present study has provided a detailed analysis on the effects of a sparse and uniform

distribution of three-dimensional roughness elements on two-dimensional boundary layers. Six cases
of rough-wall were studied: cylindrical elements of 0.38mm, 0.76mm and 1.52mm height (k) were
used in square and diagonal patterns to yield six different roughness geometries, thus six cases of 2-D
rough-wall boundary layers. Each wall uses the roughness of same height.

These studies were performed by the measurements of mean velocities and fluctuating
quantities (Reynolds stresses and the triple products) using a special fine-measurement-volume (30
microns diameter) three-velocity-component fiber-optic Laser Doppler Velocimeter (LDV) system,
which views the flow through the transparent glass wall. Measurements of mean velocity U confirm
the well-known fact that the velocity-defect law is similar for both smooth and rough surfaces, and the
semi-logarithmic velocity-distribution curve is shifted by an amount AU' depending on the height of
the roughness element showing that AU* is a function of kV. The magnitude of this intercept, AU*,
also known as the roughness function, increases with the increase in the roughness. AU' was
determined iteratively using the "displacement of origin" method which fits the data in the apparent
log-law regions of the boundary layer. The error of origin, E, is the distance from the wall to
effective wall origin as seen by the flow. That it is also a displacement surface is verified by a simple
analysis which takes into account the volume of fluid displaced due to flow separation by the elements
and the volume occupied by the elements themselves. The values of e determined by the two
methods were within 18% of each other. The values of the roughness function, AU', were compared
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with other data sets and different correlations that are used to correlate roughness density effects on it.
The correlations of Simpson (1973) were found to fit the experimental data better than the newer
correlations.

As regards the mean flow structure, the roughness elements in the distribution create regions of
large back flow behind them that is continuously fed by the fast moving fluid moving through the gaps
in the rough-wall. The fluid moves up within the back flow regions where it meets the high speed
fluid forced over the elements that is rushing towards the wall. This collision of in-rushing high speed
flow with the low speed ejections leads to a mixing of shear layers that contribute to large magnitudes
of stresses, which is also seen in the generation of large levels of TKE in the vicinity of the element
height. The sweeps of fluid are sources of large momentum and quadrant analysis reveals that the
sweeps penetrate all the way to the wall. Figure 4.29 presents a schematic of the flow features gleaned
from the measured results. One of the key differences between the flow aft of the single elements and
the distributed elements is the lack of persistence of the roughness top vortex structure in the latter
case. Surely flow does separate at the roughness top whose shear layers convect as vortical pair.
However, in this case, these structures are overwhelmed by the intense mixing that occurs at the
confluence of the high speed fluid with the ejecting fluid from the back flow regions. Also, the
ejecting fluid is seen as an upwash of fluid as opposed to the strong downwash due to the RTVS as
seen in the case of the single elements. Further, the upwash of fluid in the case of the distributed
roughness is seen to generate regions of negative streamwise vorticity aft of the elements contrary to
the positive streamwise seen in the case of the single elements that were attributed to the RTVS. Also,
significant amounts of wall-normal vorticity are generated within the rough wall.

As regards the orientation effects, slightly higher averaged Reynolds stresses occur in the
staggered cases when compared with the straight cases. This leads to lower mean velocities, greater
displacement and momentum thicknesses in the former case which also implies a greater exchange of
momentum between the flow down in the roughness elements and the flow above them. Further,
staggered cases also offer a longer streamwise length for the flow to re-attach and consequently higher
velocities are seen to hit the top of the elements.

As regards the turbulence structure, the effects of roughness are more pronounced on the v2 ,

w2 and - uv stresses than on u2 stresses, with significant enhancement in the peak levels over those
for the smooth wall BL. The sweeping motions associated with the high speed fluid and the ejection
motions due to the low speed fluid ejected from the back flow regions are responsible for the high

levels of stresses as regards the v2 and - uv stresses. A quadrant analysis of the different stresses
revealed that, in general, sweeps dominate the near-wall regions below the element heights and

ejections dominate region at the element height and above. The enhancement in the w2 stresses is due
to the large spanwise fluctuations associated with the fast moving spanwise fluid that is seen to rush
from the sides of the elements and from the gaps in the rough-wall towards the regions of back flow.

The distributions of u2 , v2 and -uv stresses in both the smooth wall BL and the rough-wall
boundary layers collapse in the outer regions thereby implying that the outer regions are independent
of wall conditions. Further the effects of roughness are limited to three roughness heights as regards
both the mean velocities and the Reynolds stresses. An energy balance of the TKE was carried out in
all the six rough-wall cases. It showed considerable levels of production and dissipation right from the
near-wall regions to about 3 element heights with the peak levels in the vicinity of the element height.
At distances below the element height, the only other quantity that is of importance is the turbulent
diffusion. Convection is negligible except for regions in the neighborhood of the element heights and
slightly below it. Above 3 element heights, the normalized terms behave similar to the smooth wall
BL.
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Table 4.3. Ratios of E/k and dl,/f,1 in 2-D rough-wall turbulent boundary layers.

Cases Element height (k) Orientation e/k, from fitting the e/k, from the displaced

mean velocity data volume analysis

1 0.38mm straight 0.538 0.519

2 0.38mm staggered 0.346 0.285

3 0.76mm straight 0.458 0.456

4 0.76mm staggered 0.317 0.291

5 1.52mm straight 0.469 0.420

6 1.52mm staggered 0.336 0.287
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11.'0 1 1.0
10.0 10.0
9.0 9.0
8.0 80
"07.0 87.0
6.0 8. 0
5 .0 5.'0
4.0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 0.0

-1.0 101-1.0
10 -2.0 10.2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k--1.52 mm, straight zid sa~ggered zid

Figure 4.1 (a). Semi-log contours of U UmX in the y/k - z/d plane at x/D =0.295 with

secondary flow vectors, V1 :;. and W1Il k -0.3 8mm (top row), k "0.76mm

(middle), k - 1.52mm (bottom)].
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x/D=0.398 n-itvector Contours of Uiv with x/D=0.398 k=0.38 mm

101 1 5.0 15.0
14.0 14.0
13.0 13.0

12.0 1 2.0
11.0 11.0
10.0 100.
.9.0 9.0
8 0 8.o
7.0 7,0
5.0 5.0

4.0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 0.0

-1.0 -1.0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k=-0.38 mm, straight z/d staggered zId

x/D=0.398 xID=0.398 k=0.76 mm

10 10115.0
14.'0 14.0
13.0 13.0

12.0 12.0
11.0 11.0
1000 10.0
9.0 9 0

%_ 8.0
7id e.0 

8 7.0
6.0

5.0 5.0
4.0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 0.0
-1.0 -1.'0

1'-2.0 101-2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0 0 -.
k=0.76 mm, straight zid IIstaggered z/d

xIDO0.398 xID=O.398 Wu.62 mm

101 15.0 101 15.0

14.0 14.0
13.0 13.0
12.0 12.0
11.0 11.0
10.0 10.0
9.0 9.0

7.0 7'0
6.0 6.'0
5.0 5.0
4.0 40O
3.0 3 *0
2.0 2.0
1.0 1.0
0.0 0.*0

10.1 -1.0 10.1 -1.0
1 -2.0 1 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k--1.52 mm, straight zld staggered z/d

Figure 4.1 (b). Semi-log contours of -u ~ in the y/k - z/d plane at x/D =0.398 with

secondary flow vectors, V/_liUZ and W UVmZ . [k-=0.38mm (top row), k -0.76mm

(middle), k - 1.52mm (bottom)].
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x/D=0.5 'i-iit vector Contours x/D=0.5 kO.38 mm

1 1500 1.0
14.0 14.0
13.0 110
12.0 12.0

.0 11.0
10.0 10.0
9.0 9.0
8.0 8.0
70 77..0
6.0 8.0
5.0 .
4.0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 0.0
-1.0 -1.0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k=0.38 mm, straight zid staggered z/d

x/D=0.5 x/D=0.5 k=0.76 mm

0 15.0 l -10 50
14.0 14 0
13.0 130
12.0 12.0
11.0 11.0
10.0 100
9.0 9.0
8.0 98.0

7.0 7.0

5.0 5.0
10-5 10-54.0 i 4.0

3.'0 3.0
2.0 2.0
1.'0 1.0
0.0 0.0

-1.0 -1.0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k=0.76 mm, straight zld staggered z/d

xiD=d.5 x-D=2.5 k-1.52 mm

¶01 101
15.0 15.0
14,0 14.0
13.0 13.0
12.0 1 2.0

1 1.0 11.0
10.0 10.0
9.0 9.0

498.0 8.0s
7.0 7.0
6.'0 6.0
5.0 5.0
4.0 4.0
3.'0 3.0
2.0 2.0
1.'0 1.'0
0.0 0.0

1 0- -1.0 10-1 -1.0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k-1 .52 mm, straight zid staggered z/d

Figure 4.1 (c). Semi-log contours of - U_ým_ in the y/k - zid plane at x/D = 0.5 with

secondary flow vectors, VII~ and W1 U-wSX [k-=0.38mm (top row), k -0.76mm

(middle), k = 1.52mm (bottom)].
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xJD=O.625 ýunt vector Contours of Ulvr'-W w xID=O.625 ku.0.38 mm

10 15.0 1 5.0
14.0 14.0
13.0 13.0
12.0 12.0

'OK11.0 11o
...... 10.0 10.

9.0 9.0
CE8.0 8.0

7.'0 7.0
6.0 5.0

4.0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.'0 0 '0

-1.0 -1 0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 02 0 -.
1k-0.38 mm, straight zid I taggered z/d

xID=O.625 xID=O.625 k=0.76 mm

101 15.0 101: 15.0
14.0 14.0
13.0 13.0
12.0 12.0
11.010
10.0 10.0

9. 80 99:0
7.07.

8.0 6.0
5.0 50

104.0 100 4'0
3.0 3 0
2.0 2.0
1.0 1 0
0.0 0 0

-1.0 -10
1 -2.0 -2'0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k-0.76 mm, straight zld staggered zId

xIDO0.625 xID=O.625 k=1.52 mm

101 101
1 5.0 15.0

14 0 1 4 *0
13.0 13.0

1 2.0 12.0
11.'0 11.0
10.0 10.0
9.0 9.0

8.0 8.0
to7.0 to70

6.0 6.0
5.0 5.0
4.0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 0.0

10.1 -1.0 101 -1.0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k--1.52 mm, straight zld staggered z/d

Figure 4.1 (d). Semi-log contours of U/sI--;I- in the y/k - z/d plane at x/D = 0.625 with

secondary flow vectors, -l w.. and wiV- U.m [k-=0.3 8mm (top row), k -0.76mm

(middle), k = 1.52mm (bottom)].
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xID-O.75 4iinit vector Contours of UIVC-W with x/DO0.75 k-0.38 mm
secondary flow vectors

1015' 0 1 5.0
14.0 14.0
13 '0 13.0

. ................ ..... 12.0 12.0
11.0 11.0
10.0 10.0

J99.0 9.0
'48.0 7. 0

7.'0 7.'0
6.0 6,0

4.0 4.0
3 0 3.0
2.0 2.0
1.0 1.'0
0.'0 0.*0
-1.0 -1.0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 02 0 -.

k=0.38 mm, straight zid _ _ staggered z/d

xID=O.75 xID=O.75 koO.76 mm

101 -15,0 101 15.0
14.0 14.0
130 13.0
12.0 12.0
11.0 11.0
100 10.0

9.0 9.0

.9 70 Ad8.0
70 7.0

104.0 100 5.0
4.0

3.0 3.0
2.0 2.0
1.0 1.0
0.0 0,0

-1.0 -10ý
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -08 -1 -1.2 -1.4 0.2 0 -0.2
k=0.76 mm, straight zid staggered zld

xID=O.75 xID=O.75 ku1.52 mm

101 101r
1 5.0 15.0
14.0 14.0
13.0 13.0

12.0 12.0
11.0 11.0
10.0 10.0

J99.0 9.0
8.0 498.0
7.0 7.0
6.'0 8.0
5.0 5.0
4.'0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 0.0

10.1 -1.0 10.1 -1.0
-2.0 -2.0

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
km1.52 mm, straight z/d staggered z/d

Figure 4.1 (e). Semi-log contours of UN -- UWm- in the y/k - z/d plane at x/D = 0.75 with

secondaly flow vectors, V ý . and W11 w- [m [k - 0.3 8mm (top row), k - 0.76mm

(middle), k -1.52mm (bottom)].
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Contours of U/V---5P with secondary flow vectors

xJD=0.879 kw0.38 mm xID=1.008 kn0.38 mm xID=1.137 k-0.38 mm
unit vector

15.0 1 10 15.0
14.0 14.0 14.0
13.0 13.0 13.0
12.0 12. 0 12.
11.0 11.0 11.0
10.0 10.0 10.0

9.0 9.0 9.0

8.0 
806

7.0 7.0 7.0
6. .0 6.0

5.0 5.05.0
4.0 4.0 4.0
3.0 3.0 3.0
2.0 2.0 20
1.0 10 1.0
0.0 0.0 0.0

-1.0 -1.0 -1.0
-2.0 -2.0 -2.0

staggered z/d staggered zid staggered z/d

x/D=0.879 k=0.76 mm x/D=1.008 k=0.76 mm x/D=1.137 k-0.76 mm

10' 150 101 15.0 101 15.0

140 
14.0 

14.0
13.0 13.0 13.0
12.0 12.0 12.0
11.0 11.0 11.0
10.0 10.0 10.0

9.0 9.0 9.0

'S70 7.0 .S 7.0 :hT
100 60 100 8.0 10O 6.0

5.0 5.0 &.0
4.0 4.0 4.0
3 0 3.0 3.0
2.0 2.0 2.0
1.0 1.'0 1.0
0.0 0.0 0.0

-1."0 -1.0 -1.0

10.1 -2010-1 -2010.1 1 _

0.2 0 -0.2 0.2 0 -0.2 0.2 0 -0.2
staggered z/d staggered z/d staggered zid

x(Dor.879 k0 r .52 mm xiD=1.008 Wtm .52 mm xD=1.137 k=1.52 mm

101 15.0 101 15.0 101 15.0
14.0 14.'0 14,0
13.0 13.0 130
120 12.0 12.0
11.0 11.0 11,0
10.0 10.'0 10.0

9.0 9.0 9.0
8 8.0 &0 8.0
70 to 7.0 to 7.0
80 8.0 "80

5. 5 6.0 5.0
4.0 4.'0 4.0
3.0 3*0 3.0
2.0 2.'0 20o
1.0 1.0 10
0.0 0.0 0.0

-1.0 -1.0 -1.0

0.2 0 -0.2 0. 0 -0.2 0.2 0 -0.2
1staggered rid staggered rid staggered rid

Figure 4.1 (f). Semi-log contours ofu VC in the y/k - zld plane at x/D =0.879, 1.008 and

1. 137 with secondary flow vectors, V/Cu . and WIC .[staggered cases only: k - 0.3 8mm

(top row), k - 0.76mm (middle), k = 1.52mm (bottomn)J.
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xID:O.5 Contours of VIVI m..a x/DzO.5 ko=0.38 mm

100.20 10 0.20
0.13 013
006 0.06
-0.01 -0.01
-0.08 -0 "08
-0.15 -0.15
-0.22 -0.22
-0.29 -0.29
-0,36 -0.36
0.44 -0.44

-0o . -0.51

-0.58 -0.58
-0.65 -0.165
-072 -0.72
-0.79 -079
-0.88 -0.86
-0.93 -0.93
-1.00 -1.00

0.2 0 -0.2 -04 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2

kO.38 mm, straight z/d stUggred z/d

xIDO0.5 xID=0.5 k-0.76 mm

101 0.20 101 0.20
0.13 -0. 13
0.06 0.06

-0.01 -0.01
-0.08 -0.08
-0.15 -0.15
-0.22 -0.22
-0.29 .9-0.29
-0.36 -0.36
-0.44 -0.44

100-0.51 -0.51

-0.65 05
-0-72 -0.'72
-0.79 -0.79

-0.93 -0.93
-1.00 -1.00

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 02 0 -.
k-0.76 mm, straight zld staggered zid

xID=0.5 x/D=O.5 k-I .52 mm

101 101:
0.20 0.20
0.13 0.13
0.06 0.06

41--0.01 -0.01
-0.08 -0.08
-0.15 -015
-0.22 -0.22
-0.29 J9-029
-0.36 -0.36
-0.44 -044
-0.51 -051
-0.58 -0.58
-0.65 -0.65
-0.72 -0.'72
-0.79 -0.79
-0.88 -0.86

10.1 -0.93 10. -0.93
-1.00 -1.00

02 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k--1.52 mm, straight zid staggered zid

Figure 4.8 (a). Semi-log contours of in the y/k - z/d plane at x/D = 0. 5 [k = 0.3 8mm

(top row), k - 0.76mm (middle), k - 1.52mm (bottomn)].
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xID=0.295 uin c.or Contours of Q vrl ,V'-_-U xID=0.295 k-o.38 mm
with secondary flow ve-'"ors1

4500 4.00

3 00 3.00
2.00 2.00

100 100
000 0 '00
1.100 -1.00

-2.00 -2.00
-3.00 -3 '00
-4.00 -400
-500 1 5*00
4600 400D

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k=0.38 mm, straight zid staggered z/d

x/D=0.295 x/D=0.295 k=0.76 mm

101 500 101 500
4 000 4 00
3'00 300
2 00 2.00
1OD 100
0 00 0.00
1.00 -100

it-2 00 .~-2.00

'%-3 00 -3.00
loJ-4 00 J-4.00

-5.00 100 -5.00
4800 4600

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k=-1.76 mm, straight zid staggered zid

v ,D0.29p xID= =.295 k=1.52 mm

101 101r
5 00 5.00
4 00 4.00
3 00 3.00
2 00 2.00
1 00 1.00
0 00 0 00

-1 00 -1 00
-2.00 -2.00"0-300 f -3.00
-4.00 -4.00
-5.00 -5.00
4600 4600

10.1 10.1

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k--1.52 mm, straight rid staggered rid

Figure 4.9 (a). Semi-log contours of streaxnwise vorticity, - U,.ý with secondary velocity

vectors, V4 w.and W 4 Z .in the y/k - z/'d plane at x/D = 0.295 [ k - 0.3 8mm (top
row), k - 0.76mm (middle), k = 1.52mm (bottom)].
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xID=0.5 -iit vector Contoure of 0 -I/A/N,/"u-v / D=O.6 k=0.38 mm
with secondarxy flow výfous

10 10
10700 107.00

a642 6.42
5.84 5.84
5.26 5.26
4.68 4.68
4.11 4.11
93.53 3.53
2.95 2.95
2.37 237
1.79 1. 79
1.21 1.21
0.63 10.63
0.05 0.05

-053 -0,53
-.1 1 -1.11
-1.68 -1.68
-2.26 -2.26
-2.*84 -2.84

1 -3.42 
-3.42

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1. -1.4 4.00 400

k=0.38 mm, straight zld staggered z/d

vaDh -.5 x/D= 0.5 k-O.76 mm

101 7.00 101 7.00
a = 42 6.42
5.84 584
5.26 5.26
4.68 4.68
4.11 4.11
3.53 35
2.95 2.95
2.37 2.37

1. 79 1.79
101.21 001.21

0.63 0 0.53
0.05 0.05
-0.53 -0.53
-1.11 -I'11
-1.68 -1.ee
-2.26 -2.26
-2.84 -2.84
-3.42 -3.42

.1 -4.00 -4.00
0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.41 0.2 0 -0.2

k-0.76 mm, straight zld Istaggered zid

xID=O.5 xID=O.5 knl.52 mm

101 1017
7.00 7.00
6.42 8.42
5.84 5.84
5.26 5.26
4.'68 4.68
4.11 4.11
3.53 3.53
2.95 2.95
2.37 2.37

1. 79 1.79
1.,21 1.21
0.63 0.63
0.05 0.05

-0 53 -OM3
.1.11 -1.11

-2.26 -2.26
101 -2.84 10-1 -2.84

-3.42 -3.42
-4.00 -400

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 0.2 0 -0.2
k=1.52 mm, straight zid staggered Zid

Figure 4.9 (b). Semi-log contours of streamnwise vorticity, Q i / -Um ,with secondary velocity

vectors, and w/-Iiand in the y/k - zid plane at x/D =0. 5 [ k - 0.3 8mmn (top row),
k - 0.76mm (middle), k = 1.52mm (bottom)].
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xID=O.75 __Contours of 9 N(/(W- xiDO0.75 k=0.38 mm
unit vector with secondaly flw 'FoS

1013.00 1013.00
11.84 11.84
10.88 10.as

8.53 9. 53
5.37 8.'37
7.21 7.21

J96.05 6.08
4.89 4.89
3.74 3.74
2.58 2.58
1.42 1.42

-0.89 -0.89
-2.05 -2.05
-3.21 -3.21
-4.37 -4.37

-5.53-5.53
-6.68-6.68
-7.84-7.84

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4[ 90 0.2 0 -0.2 -9.00

k-0.38 mm, straight zid staggenad z/d

xID=O.75 xID=O.75 k=0.76 mm

101 13.'00 1017 13 00
11.84 -11.84
10.88 10.68
9.53 9.53
8.37 8.37
7.21 7.'21
6.05 60D5

J94.89 J9 4.89
3.74 3.74
2.58 2.58
1.42 1.42

100.26 100 0.26
-0.89 -0.89
-2.05 -2.05
-3.21 -3.21
-4.'37-.3
-5.53-53
-6.6 -6.68
-7.84-78

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.41 90 0.2 0 -0.2 40

k--0.76 mm, straight zid I staggered zid

xIDO0.75 xID=O.75 k=1 .52 mm

10113.00 10 13.00
11.84 11.84
10.68 10.68

9.53 9.53
8.37 8.37
7.21 7.21
6.'05 8.05

41ý4.89 4.89
"03.74 "0 3.74
2.58 2.58
1.42 1.42
0.28 0.26

-0.89 -0.89
-2.05 -2.05
-3.21 -3.21

-4.37 4.37
.55 -5.53

10- -8'.68 10-1 -6'.68
-7.84 -7.84

0.2 0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 -. 0 0.2 0 -0.2 -M

k=1 .52 mm, straight zld staggered zld

Figure 4.9 (c). Semi-log contours of streamnwise vorticity, QAviAi/Nf iil-.Y, with secondary velocity

vectors, VII41Z-. and W/1 ZI in the y/k - z/d plane at x/D = 0.75 [ k = 0.38 mm (top
row), k - 0.76mm (middle), k = 1.52mm (bottom)].
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Figure 4.12 (a). Semi-log contours of u Iuv.. in the y/k - zid plane at x/D =0.5
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Figure 4.13 (b). Ratio of sweeps to ejections from quadrant contribution to the Reynolds normal
stress, u2 , along the centerline, varying with yv/k, at various streamwise locations, x/D.
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Figure 4.15 (a). Semi-log contours of VIu . in the y/k - z/d plane at x/D =0.5
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Figure 4.18 (a). Semi-log contours of ;; _uv.. in the y/k - zid plane at x/D =0.5
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xID=O.5 Cont~um of -OIMUv, xID=O.5 k=0.38 mm
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Figure 4.20 (a). Semi-log contours of - ýWV/u. Um in the y/k - z/d plane at x/D = 0.5
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Figure 4.2 1. Ratio of sweeps to ejections from quadrant contribution to the Reynolds shear stress,
- uv, along the centerline, varying with y/k, at various streamwise locations, x1D.
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xfD=0.5 <Contour of (q2/ xID=O.5 k=0.38 mm
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Figure 4.23 (a). Semi-log contours of turbulent kinetic energy (TKE), V2/2 -uv. Um , along with

diffusion velocity vectors, V,/ w..m~ and W, /~i Y in the y/k - z/d plane at x/D = 0.5
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'3

Figure 4.25 (a). Semi-log contours of production of TKE, (TKE Pr odY..IA(j- U;mX) in the

y/k - z/1d plane at x/D = 0.5
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Chapter 5 Three-Dimensional Rough-Wall
Turbulent Boundary Layers

This chapter presents measurements made at different stations in a rough-wall pressure-driven
turbulent boundary layer that was created by a wing-body junction flow. Measurements are carried
out at seven stations around the wing-body junction and a schematic of it is shown in Fig. 2.9 (a). The
measurement locations (Table 2.1) are such that they are outside the strong horseshoe vortex system
formed at the wing-body junction. At stations 1 to 3, strong streamnwise pressure gradients are present
and at subsequent stations significant spanwise gradients are present. At station 7, the flow shows
signs of relaxation.

5.1 Results and Discussions
For the purpose of scaling the data-set in wall variables, the velocity scale (U,,) is defined

as 4----m/P, where Tm,. is the maximum value of the total shear stresses [ 4(- +'-v I at the
overlap between the inner and outer regions of the boundary layers as indicated by the semi-
logarithmic region in the streamwise U profiles. The corresponding length scale is then v/U", , where
v is the kinematic viscosity. Table 5.1 shows the velocity scale for the smooth wall and the six cases
of rough-wall for each of the measurement stations. All the profiles in this chapter are in upstream or
wind tunnel coordinates, normalized with the velocity scale (U,)) and the length scale. The latter is
the boundary layer thickness, 6, where 6 is the distance from the wall where the streamwise velocity
is 0.995 Ue. The smooth wall 3-D boundary layers at the seven stations were also measured and are
shown in all the plots, for the sake of comparison. Table 5.2 (a)-(g) presents the values of U,,, U',
6, the strearnwise displacement thickness (6"), the streamwise momentum thickness (0), and
Reynolds number (Re,), based on Ue and 6, at all the seven stations for the six cases under

consideration. The boundary layer parameters, 6*and 0 are defined as 6 1= I- dy and

0 - (- . dk. Other parameters presented in the same table include k/6 and the Roughness

Reynolds number, kV, based on U,) and v.

5.1.1 Surface pressure gradients
The gradients of pressure in the streamwise and spanwise directions at the seven stations are

shown in Figs. 5.1 (a) and (b) as dCp/d(x/t) and d,,/d(z/t) respectively, with the maximum

thickness of wing (t) used for non-dimensionalization the lengths. The plots reveal that the pressure
gradients are unaffected by the roughness elements and the pressure imposed is mainly due to the
presence of the wing-body junction. Further, the three-dimensionality, as indicated by the streamwise
and spanwise pressure gradients, increases from station 1 through station 5 and then shows a
relaxation at the subsequent stations. The bounds of uncertainty, with 20:1 odds, in the values of both
dCX/d(x/t) and dCX/d(z/t) are same as ± 0.08.
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5.1.2 Mean velocities
Figure 5.2 shows the variation of streamwise velocity U/U., with yU,jv for all the seven

stations. Above the element heights, the rough wall profiles show a curve decrement relative to the
smooth wall with the decrements increasing with the height of the roughness element. All profiles
show a semi-log region indicating that there is a distinct overlap between the inner layers and the outer
region. At regions very close to the wall, most profiles, except the staggered k =0.38 mm and
0.76mm cases, show regions of reverse flow implying that flow has not re-attached behind the
element: Conversely, the flow has reattached behind the elements for these two staggered cases. At 3
roughness heights and above, the profiles do not show any orientation effects, i.e, little differences in
the U/Us, values between straight and staggered patterns.

The variation of the spanwise velocity WIU, with y/6 is shown in Fig. 5.3 for all the seven
stations. For each case, the profiles show similar behavior as those for the smooth wall above 3
element heights with profiles collapsing into one another. The regions of dissimilarity among the W
profiles are confined within the element heights at station 1 and these similarity regions propagate
above the elements but within 3 element heights. Further, the regions of dissimilarity increase
progressively from stations 1 through 7. Once again, no orientation effects are seen above 3 element
heights in all the six cases. The fact that the profiles collapse above 3 element heights seem to indicate
that the time-averaged streamwise vorticity at each station is the same; however, with different
vorticity fluxes from the wall - the different local fluxes owing to the varying pressure gradients and
contours of the roughness element. This behavior is mathematically expressed as:

4 a(___,fý__ (".
RCL U x - •p ,which is true for an incompressible flow over stationary surfaces with a

unit vector normal to the surface, en, where all vorticity (w) arises at the surface under the action of
pressure gradients.

5.1.3 Reynolds stresses
The line plots presented in this section and the next one are for all the seven stations for the six

cases of rough-wall geometry.

The variation of the streamwise turbulent normal stress u2/U,' with y/1 is shown in Fig.
5.4. The profiles are seen to collapse with each other and the respective 3-D smooth wall boundary
layers too in the outer regions except for the profiles at station 4 where only the rough-wall boundary
layer data collapse. The normalized peak intensities are below those for the smooth wall.

The variations of the wall-normal turbulent normal stresses v2-/U- and the spanwise normal

stresses, ;-Y/U-', with y/6 are shown in Figs. 5.5 and 5.6. The effects of roughness are more
pronounced in these quantities. All stations show increased levels throughout the boundary layer
relative to the smooth wall with peak levels located below the element heights. The increases in stress
levels in the outer region are qualitatively and quantitatively similar to 2-D rough wall boundary

layers. The increases in v2 and w2 levels are mainly due to the sweeping motions induced by the
inrush of faster moving fluid over and around the roughness elements. Also these quantities show a
collapse in the outer regions of the BL.

Figure 5.7 shows the variations of the streamwise Reynolds shearing stress, --u/U•, with
y/6. Stations 1 through 3 show constant shear stress values in the log law region and the outer
regions of the layers similar to those in the 2-D rough-wall boundary layers. At subsequent stations,
as three-dimensionality becomes more pronounced, the constant levels are replaced by gentle "dip"
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like regions. Large enhancements in the stresses are seen over those for the smooth wall BL, with

peaks located close to the element heights and a behavior similar to that exhibited by the v2 stresses.

Figure 5.8 shows the variation of the spanwise Reynolds shearing stress, - vw/U , with y/6.
Stations I through 3 display relatively low values of this shear stress when compared to those for the
subsequent stations. Considerably high peak levels are seen at Stations 5, with values relaxing as
Station 7 is approached. The levels of - vw is an indicator of the flow three-dimensionality. The
peak levels in - vw are comparable to the peak levels in the streamwise shearing stress, - uv. As

evidenced by the - vw profiles, the differences between the two orientations are confined within 3
roughness heights.

Figure 5.9 shows the variation of YSwith y/=, where 4 Y(- +(-w vt. A fairly

constant value of 0.6 is seen at the stations in the outer regions of the flow implying that three-
dimensionality does not affect this parameter. This parameter remains a constant in 2-D rough wall
boundary layers too, implying the effects of roughness on wall-normal stress and the total shear stress
are similar.

To further investigate the effects of mean flow three-dimensionality on the flow structure,
contours of different quantities are presented in tunnel coordinates. Values obtained in the
corresponding 2-D rough wall case are presented in the LHS for the sake of comparison. Fig. 5.10
presents the contours of U/U7) in the y/k - z/d plane at x/D = 0.5 with secondary flow vectors,
V/U,,, and W/U. . The contours are seen to be skewed due to the presence of cross flow. The
secondary flow vectors indicate a downwash away from the tunnel axis.

Contours of Reynolds stresses, u2/U_,, v2/U,2 , -2Y/U,2, -- u/U,2 and -vw/U., in the
y/k - z/d plane at x/D = 0.5 are presented in Figs. 5.11 (a)-(e). The contours presented are for the
quantities obtained at station 5 for the straight orientation (all three roughness heights). Each of the
stresses show skewness due to flow three-dimensionality with peak locations generally located in the
direction of the velocity vector. Since most of the high magnitudes are seen in the vicinity of the
element heights, it seems that the velocity vector hitting the top of the elements is the important factor
as regards the magnitudes and also its direction.

5.1.4 Turbulent kinetic energy (TKE)

Figure 5.12 presents the contours of TKE, V2-/2)U2, in the y/k - zid plane at x/D = 0.5
with diffusion velocity vectors, QU.o and *q/U7 ,. Much higher non-dimensional TKE levels are

seen behind the elements in the 3-D case as compared to the 2-D rough-wall cases. Also, much larger
diffusion is seen in the 3-D rough-wall cases. The largest diffusion is along the spanwise directions

and is attributed to large w3 which can also be considered as the transport of w2 by the w

fluctuations. Figure 5.13 shows the variations of the TKE, 2/2U , with y/6. A behavior similar
to that of the normal stress profiles occurs with a collapse in the values at the outer regions of the
TBL, implying that the motions in the outer regions are independent of the wall condition.

5.1.4.1 Transport-rate budget of turbulent kinetic energy (TKE)
For the transport rate budget of TKE in the case of the 3-D rough-wall TBL, only one case is

presented here - that for Station 5 of the rough-wall with straight orientation containing the elements
of the largest heights, k=-l.52mm (k* = kU,,/v =141). The profile at station 5 was taken at a distance
of D/2 from the center of the post (closest to station 5) at a direction given by the mean velocity
vector at 3 element heights, i.e., 3k [Fig. 2.9 (b)]. a is the angle the velocity vector makes with the
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tunnel axis at 3k height. The task of TKE balance was made possible by the extensive measurements
of mean velocities and fluctuating quantities (Reynolds stresses and the triple products) made on a fine
grid (5 x 25 x 10) of measurement points in a 3-D volume space, around the roughness elements, in
the 3-D TBL at station 5 (Fig. 2.10 and Table 2.1). The results for the 3-D rough-wall TBL (straight
orientation) at station 5 are compared with those obtained for the 2-D rough-wall TBL for the same

orientation and height (k* - kr-- •Vm =128). Further, the results for the rough-wall cases are
compared with those obtained for the smooth-wall cases (2-D TBL and 3-D TBL at stations 5 in the
wing/body junction flow). The transport-rate budget for the TKE in the 3-D case is carried out with
the same scheme as outlined in the 2-D case (section 4.1.4.1).

Figure 5.14 presents the variation of the transport-rate budget of TKE, (2/2' normalized by

Uo/V, with yU,,o/V. Throughout the regions, from the near-wall to about 2 element heights, a large

amount of TKE is produced in both 2-D and 3-D rough-wall layers. Since a large amount is produced
and transported by velocity fluctuations, large values of turbulent diffusion occur that transport TKE
from regions of high TKE regions to lower TKE regions. In the case of the 2-D rough-wall layers,
considerable dissipation of TKE takes place, notably in the near-wall regions and in regions close to
the element height. For 3-D rough-wall layers, however, high dissipation rates of TKE occur
throughout these regions, up to 3 element heights, with values larger than those for the 2-D rough-
wall. The same behavior holds true for the PR term. Further, the dissipation rates are comparable in
magnitudes with that for the TD although with an opposite sign. Also, the distribution for dissipation
rate is similar to that for the PR, indicating that the portion of TKE dissipated is proportional to that
being generated. The pressure diffusion term, PD, is small in magnitude and is of significance only
in regions slightly below the element height in the 2-D rough-wall layers. For the 3-D rough-wall
layers, this term is relatively higher throughout the regions that are below the element height with an
increase in levels as the element height is approached. However, these levels abruptly fall to zero
close to the element height.

To permit a better understanding the flow physics in 2-D and 3-D rough-wall boundary layers,
contour plots of TKE and its production rates are presented. As mentioned earlier, the planes chosen
for presentation for the 2-D rough-wall layers are the y - z plane along x/D = 0.5 and at x - y plane
along z/D= 0 which is also the axis of symmetry. For the 3-D rough-wall layers, the coordinate
system chosen for the 2-D rough-wall layers is rotated by a (counter clockwise about the y axis) to
obtain a new coordinate system, as mentioned previously. In this case, at station 5, a =28' which is
the angle the velocity vector makes with the tunnel axis at 3 element heights [Fig. 2.9 (b)]. Quantities
in the new coordinate system are indicated by a dash superscript.

The rationale behind this exercise was to find out if the 3-D rough-wall layers have an axis of
symmetry similar to that in the 2-D case. This also permits a better comparison between the two cases
of the rough-wall. Figure 5.15 (a) presents contours of TKE production rate normalized by Uno/v : in
the y - z plane along x/D =0.5 for the 2-D rough-wall, and in the y - z' plane along x'/D =0.5 for the
3-D rough-wall. In the case of the 2-D rough-wall, the plots reveal symmetric distribution about the z
axis, with peak levels seen at the element height. The 3-D case shows a form of symmetry about
z'/d =0.2. Again, peak levels are seen close to element height in this case too. The peak levels and the
extent of the TKE production rates are larger for the 3-D case when compared to those for the 2-D
case. Similar observations hold true for the planes perpendicular to this plane too as is seen in the
plots of the same quantity in the x-y plane along zlD=0 for the 2-D rough-wall, and in the x'-y

plane along z'ID =0 for the 3-D rough-wall [Fig. 5.15 (b)].
For both cases of rough-wall layers, the major contributors to the production of TKE are

-uvaUfay, -u 2 aU/ax, -v 2OV/Oy, and -w 2aW/az. This analysis is based on the plots of the
individual terms and the plots are not presented here. For both 2-D and 3-D rough-wall cases, the
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peak contributions of the latter three terms are at the regions below the element height and among

these three terms, only the -u 2 aU/ax term and the - w2 aW/az have a relatively larger extent of

influence. Among all the four terms, in general, only the -u 2 & U/Ox term subtracts from the total net
positive production rate, the exception being the net negative TKE production rate seen at the junction
of downstream element. This negative production is attributed to the large negative - w2 OW/Oz term.
On comparison between the two rough-wall cases, the TKE production rates for the 3-D case have
higher peak values and a larger extent compared to those for the 2-D cases. This behavior is attributed
to relatively larger values of - w2 OW/az and also due to the extra production term, - vwaW/Oy. In the
3-D rough-wall TBL, both these terms are comparable to each other in magnitudes.

In plots similar to Fig. 5.15 (a) and (b), the TKE levels and its diffusion (by means of
diffusion velocity vectors) are presented in Figs. 5.16 (a) and (b). The plots of TKE presented along
the x - y plane for the 2-D case and in the x'-y plane for the 3-D rough-wall show high TKE levels
aft of regions of high production rates. Clearly it is the transport of TKE by turbulent diffusion and
pressure diffusion that is responsible for the "spreading" of TKE aft of the same regions. Considering
these planes, the diffusion velocity vectors are comparable in magnitude when compared among the
two rough-wall cases. However, when considering transverse planes, y - z plane for the 2-D case and
along the y - z' plane for the 3-D case, slightly larger magnitudes of the diffusion velocity vectors are
seen in the latter, when compared to those for the former. Considering the totality of the flow by
considering the planar data, the diffusion terms of comparable magnitudes and the terms common to
both cases are - Ova/ay, - w2/ay,, and - a-/Iaz. There are no extra diffusion terms for the 3-D case
and the very slightly elevated diffusion levels when compared to those for the 2-D case are not due to
any extra contributing terms, but rather due to a combined effect of the different terms. The TKE
contours for the 3-D rough-wall case seem to have a form of symmetry about z'ld =0.2.

5.1.5 Check of "flow symmetry" in 3-D rough-wall TBL
The previous section showed a measure of flow symmetry about z'/d =0.2 when the TKE was

presented in a coordinate system rotated by a which is the angle the velocity vector makes with the
tunnel axis at 3 element heights. In the case of 3-D rough-wall flow, k=-1.52mm, straight pattern,
station 5, this angle, a, is 280. The plots reveal that to achieve "flow symmetry" the coordinate
system needs to be rotated by about 190 instead of 280. Hence, results for the shear stress and TKE
quantities are presented in a coordinate system rotated by P3 =19' about the tunnel axis for this case of
3-D rough-wall TBL. Therefore, fP can be defined as the angle through which the coordinate system
needs to be rotated to obtain a "flow symmetry" in the quantities. Note that only the TKE is
coordinate invariant. To check if a similar behavior of "flow symmetry" is seen in the cases of the
other two heights, the same exercise is undertaken for the other two heights (straight pattern, Station 5)
too. For these two cases of Station 5 and straight pattern, k=0.38mm and k=0.76mm, the coordinate
system needed to be rotated by P3 of 250 and 170, respectively. The quantities shown in the coordinate
system have had a transformation matrix applied to it and are indicated by a double dash superscript.

Figure 5.17 presents the contours of TKE, (2 /2)U. in a plane normal to the x"- axis, i.e.,
in y/k - z"/d plane at x"/D = 0.5 with diffusion velocities, Vq"'/U, and Wq"/U.,. For the sake of
comparison, the 2-D rough-wall cases are presented at the LHS of the figure, for the same heights and
orientation. The plots reveal high TKE levels in the neighborhood of the element heights with peak
levels located about z" = 0. Also, large amounts of TKE are diffused from the regions of high TKE
levels. Features similar to the distributions of TKE are seen in the distributions of the Reynolds shear
stress levels (in the transformed coordinates), - UV"/U2 , which is presented in Fig. 5.18. Though all
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three cases of 3-D rough-wall show peak levels at z" = 0, in the case of the smallest heights,
k=0.38mm, a skewness in the distribution is seen while the other two cases show a form of symmetry
about z" = 0. These results seem to imply that the structures created aft of the elements are strongly
dependant on the angle at which flow hits the top of the elements since the values of the angle, f1, for

these three cases are close to the angle the velocity vector makes at the element heights.

5.2 Conclusions
A series of experiments have been conducted in three-dimensional boundary layers fully

developed over a fetch of roughness elements distributed sparsely around a wing-body junction. Very
uniform circular cylindrical roughness elements of 0.38 mm, 0.76 mm and 1.52 mm height are used in
square and diagonal patterns to yield six different cases of rough-wall. Based on the results, a
schematic of a 3-D rough-wall TBL is presented in Fig. 5.19.

The data reveal that pressure gradient is not strongly influenced by the roughness elements.
The effects of the spanwise pressure gradients imposed on the rough-wall boundary layers are seen in
the significant mean flow skewing, close to the wall, within the elements and in the spanwise
Reynolds shearing stresses, with peak levels being comparable to those for the streamwise shearing
stresses. Considerable skewing is also seen in the profiles of Reynolds normal stresses and the TKE.
The fact that WIUe versus y/6 profiles, for both smooth as well as rough-wall layers, are the same

above 3 element heights seems to indicate that the time-averaged mean vorticity at each station is the
same, albeit with different vorticity fluxes from the wall. The higher the roughness element height,
the faster is the diffusion of turbulence from wall to the outer layers. The effect of roughness pattern
orientation is seen in the mean flow and turbulence structure only up to 3 roughness heights from the
wall. The effect of the flow three-dimensionality is seen in the much higher transport of the turbulent
kinetic energy by the w fluctuations as compared to that by the v fluctuations. The collapse, in
general, of the scaled (with U..) profiles of stresses and the TKE in the outer regions of the BL seem

to indicate that the motions in these regions are independent of wall condition, a behavior similar to
that seen in the case of the 2-D rough-wall TBL.

The term by term evaluation reveals that the major contributors to the transport rate of TKE
are production and diffusion. The TKE balance also reveals that dissipation is an important term in
rough-wall layers too. In general, high production rates occur behind the elements and the quantities
produced are transported away from these regions by the velocity fluctuations. The regions of high
TKE levels are located close to the element height. The velocity fluctuations and the pressure
fluctuations, to a much lesser extent, transport TKE from these regions directed radially outward.
Also, the general propagation of regions of high TKE production seems to occur in the direction of the
local velocity vector at the element height. From these results, one can also conclude that it is the
velocity hitting the top of the element which is responsible for all the structures seen behind. At
distances downstream of the elements, this also reveals a possibility for the 3-D rough walls to display
symmetric or anti-symmetric behavior (as the case maybe), as regards various quantities, about a
coordinate system aligned with the velocity vector at the element height, as is seen behind the element
about its axis of symmetry in the case of the 2-D rough-wall.
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Table 5.1. Values of the velocity scale, U,., (in mis) for the smooth wall and the six cases of 3-D

rough-wall turbulent boundary layers at the seven stations.

Stations Smooth k - 0.38mm k - 0.38mm k - 0.76mm k - 0.76mm k - 1.52mm k - 1.52mm
wall straight staggered straight staggered straight staggered

1 0.995 1.145 1.143 1.274 1.263 1.439 1.436
2 0.997 1.160 1.143 1.315 1.284 1.472 1.452
3 1.011 1.166 1.151 1.349 1.306 1.509 1.491
4 1.006 1.234 1.223 1.337 1.344 1.560 1.500
5 1.063 1.204 1.197 1.329 1.344 1.535 1.496
6 1.048 1.149 1.182 1.288 1.299 1.433 1.440
7 1.022 1.130 1.119 1.255 1.234 1.539 1.458

Table 5.2 (a). Boundary layer parameters for the smooth wall.

Stations U, 6, mm 6%, mm , mm Re.

1 25.73 40.25 7.08 4.93 7666
2 25.46 39.96 7.14 4.93 7578
3 25.88 39.57 6.93 4.81 7523
4 28.13 39.82 6.12 4.48 7613
5 29.75 39.98 5.58 4.24 7615
6 31.06 40.16 5.10 3.99 7487
7 31.67 39.92 4.95 3.92 7504

Table 5.2 (b). Boundary layer parameters for k = 0.38mm, straight orientation.

Stations U, 65, mm 6", mm 6, mm Re. k+ k/6

1 25.70 50.72 10.11 6.44 9999 26.3 0.0075
2 25.15 50.20 9.97 6.39 9706 26.6 0.0076
3 25.93 51.97 10.00 6.41 10041 26.8 0.0073
4 27.80 50.14 8.59 5.84 9813 28.3 0.0076
5 30.04 51.56 8.04 5.61 10179 27.6 0.0074
6 30.72 52.41 7.52 5.44 10098 26.4 0.0073
7 30.93 53.09 7.47 5.46 10201 25.9 0.0072

Table 5.2 (c). Boundary layer parameters for k = 0.38mm, staggered orientation.

Stations U, 16, mm 5*, mm 1 , mm Re. k+ k/6

4 27.46 48.96 8.78 5.95 9867 26.2 0.0078
5 30.24 47.82 7.69 5.44 9926 26.2 0.0079
6 30.78 51.31 7.57 5.54 10290 26.4 0.0074

For stations 1, 2, 3, and 7 the measurements where made up to a distance of 30 mm from the wall and
not any further.
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Table 5.2 (d). Boundary layer parameters for k = 0.76mm, straight orientation.

Stations U, 6, mm 6", mm 0, mm Ree k+ k/6

1 25.98 58.565 12.70 7.65 11997 58.5 0.0130
2 25.36 54.56 12.65 7.52 11518 60.4 0.0139
3 25.82 55.13 12.39 7.38 11503 61.9 0.0138
4 27.30 55.96 10.63 6.86 11310 61.4 0.0136
5 29.52 57.11 9.79 6.65 11859 61.0 0.0133
6 30.68 58.16 9.37 6.55 12132 59.1 0.0131
7 31.39 60.33 9.30 6.57 12452 57.6 0.0126

Table 5.2 (e). Boundary layer parameters for k = 0.76mm, staggered orientation.

Stations Ue 6, mm 6", mm 9, mm Re. k+ k/6

1 26.22 56.36 12.77 7.77 12309 58.0 0.0135
2 25.47 54.93 12.60 7.63 11743 58.9 0.0138
3 25.79 54.19 12.19 7.36 11470 59.9 0.0140
4 27.5 56.06 10.96 7.07 11738 61.7 0.0136
5 29.75 58.38 10.10 6.86 12328 61.7 0.0130
6 30.87 59.74 9.59 6.82 12716 59.6 0.0127
7 31.09 61.01 9.47 6.72 12614 56.6 0.0125

Table 5.2 (f). Boundary layer parameters for k =1.52mm, straight orientation.

Stations U, 6, mm 6", mm 9, mm Re. k+ k/6

1 26.04 61.48 15.47 8.51 13380 132.1 0.0247
2 25.76 61.57 15.44 8.46 13158 135.1 0.0247
3 25.82 60.25 14.73 8.12 12659 138.6 0.0252
4 27.84 61.11 13.58 7.96 13386 143.3 0.0249
5 29.25 64.25 12.87 8.09 14287 140.9 0.0237
6 30.94 69.69 12.37 8.11 15159 131.6 0.0218
7 31.11 70.1 12.14 8.08 15181 141.3 0.0217

Table 5.2 (g). Boundary layer parameters for k - 1.52mm, staggered orientation.

Stations U, 6, mm 6*, mm 8, mm Re. V k/6

1 25.82 67.08 16.27 9.24 14405 131.8 0.0227
2 25.42 64.61 16.11 9.07 13922 133.3 0.0235
3 25.80 63.21 15.14 8.65 13484 136.9 0.0240
4 27.91 68.78 14.52 8.74 14731 137.7 0.0221
5 29.00 69.51 13.82 8.72 15267 137.3 0.0219
6 30.81 72.55 13.51 8.94 16642 132.2 0.0210
7 31.00 72.57 13.09 8.78 16446 133.9 0.0209
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Chapter 6 Comparison of the three flow cases:
Single elements, 2-D TBL and 3-D TBL

While there are similarities in the flow structure as regards these three cases, there are a few
notable differences too. This chapter deals with these aspects and aims to put them in the proper
perspective. The discussions will draw from the figures and plots presented in the previous chapters.

As an upstream boundary layer approaches an individual roughness element, a roughness top
vortex structure (RTVS) is formed at the top of roughness element and its trailing legs pass around the
sides of the element, forming a pair of stream-wise vortices. The dimensions of the vortex trailing
legs are of the order of the height and diameter of the roughness element, as also evidenced by the
regions of distinctly large streamwise vorticity [Fig. 3.7 (a)]. The measurements on single roughness
elements reveal that the RTVS causes an increased downwash behind the element, with greater
momentum fluid being brought down closer to the wall behind the element. This greater momentum
near the wall results in greater skin-friction drag. Large levels of stresses and TKE are produced in the
neighborhood of the element height with peak levels located at the centerline, which is also the axis of
flow symmetry. These high levels are generated at the confluence of the high speed shear layers
emanating from the top and sides of the elements. The separated shear layers emanating from the top
of the elements form a vortex pair which is responsible for the diffusion of the turbulence from the
regions of high TKE production to rest of the boundary layers. The entire dynamics of the flow
behind the single elements can be attributed to the roughness top vortex structure (RTVS) [Fig. 3.33].

While the flow structure in the case of the single elements can be explained by this vortex
structure, the flow past a rough-wall is rather complex and different. Considerable streamwise
vorticity behind the elements is produced just behind the elements where low speed ejecting fluid
meets the fast moving sweeping fluid that is rushing over the elements (Fig. 4.9). This confluence
occurs at the neighborhood of the element height and the streamwise vorticity produced in the trailing
legs is of opposite sign to that generated by the single element RTVS. At locations closer to the mid-
plane, considerably larger amounts of positive streamwise vorticity are generated as the high speed
fluid is directed wallward and impinges on the subsequent element in the streamwise direction. The
magnitudes of the streamwise vorticity in both the single elements and the 2-D rough-wall cases are
comparable to each other. Unique to the distributed roughness elements (both 2-D and 3-D) is the
generation of wall-normal mean vorticity which does not occur in the case of the single elements. The
wall-normal vorticity also has magnitudes comparable to those for the streamwise mean vorticity (Fig.
4.10).

As regards the generation of the shear stresses and TKE, for both single elements and the 2-D
rough-wall, large amounts are produced in the neighborhood of the element height with peak levels
seen at the axis of flow symmetry which is the streamwise axis. For the 3-D rough-wall case, the peak
levels are located at the axis where a "form of symmetry" is seen. While the locations for the large
levels are the same for both the single elements and the rough-wall, the dynamics behind their
generation are entirely different. In the case of the single elements, high levels are created at the
element height at the confluence of the separated shear layers emanating from the top of the elements.
This in combination with transport of turbulence towards the centerline by the convecting vortex pair
is responsible for the production of Reynolds stresses and the TKE. Further, the same vortex pair is
responsible for the diffusion of turbulence from the regions of high levels as it convects downstream.

As regards the rough-wall cases, the roughness elements create a large region of back flow
behind them which is continuously fed by faster moving fluid flowing through the gaps in the rough-
wall (Fig. 4.29). The fluid in the back flow region moves upward as low speed ejections where it
collides with the inrushing high speed flow, thus, leading to a strong mixing of shear layers. This is
responsible for the generation of large levels of Reynolds stresses and turbulent kinetic energy (TKE)
in the vicinity of the element height which is transported, primarily, by turbulent diffusion and to a
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lesser extent by convection. Quadrant contributions to the Reynolds stresses reveal that the individual
motions that contribute to their generations are similar as regards both single elements and 2-D rough-
wall TBL. For both cases, the near-wall regions are dominated by sweeping motions while in the
regions at the element height and beyond (into the outer layers), the ejection motions are predominant.

When the effect of flow three-dimensionality is imposed on the distribution of roughness
elements, stark differences between the 2-D and 3-D cases are noted. There is a total absence of flow
symmetry about the tunnel axis as is the case in the 2-D flows. The mean velocities, Reynolds stresses
show obvious signs of skewing due to the imposition of spanwise pressure gradients and cross flow.
Considerable levels of spanwise shear stresses are generated due to the significant gradients in the
spanwise mean velocity profiles. The dynamics behind the generation and transport of Reynolds
stresses and the TKE are the same in both cases. However, the direction of the propagation of regions
of high production rates is different. In the case of the 2-D rough-wall, the direction is along the
streamwise (tunnel) axis while in the case of the 3-D rough-wall, it is along the local mean velocity
vector. This statement is especially true in the neighborhood of the element heights where large
production rates are seen, with peak levels located along the direction of the velocity vector at the
element height. The extent and magnitudes of the TKE generated aft of the elements is much more in
the 3-D rough-wall TBL when compared to the 2-D case owing to the extra production term,
-vwow/ay. A notable similarity in the behavior of the two rough-wall cases is the independence of
the wall condition in the governance of the turbulence motions in the outer layers, as evidenced by the
collapse of the profiles of Reynolds stresses and TKE in this region.
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Chapter 7 Conclusions
A thorough study of the mean flow and turbulence structure in two-dimensional and three-

dimensional rough-wall turbulent boundary layers (TBL) has been carried out. The rough surface was
generated using a uniform distribution of cylinders. This study was achieved in three parts: Part 1
dealt with the cylinders when placed individually in the turbulent boundary layers, Part 2 considered
the effects when the same individual elements were placed in a sparse and regular distribution and in
Part 3 the distributions were subjected to a 3-D turbulent boundary layer and the effects analyzed. In
the first part, the individual elements were three cylinders of heights, k =0.38 mm, 0.76 mm and
1.52 mm, each with a base diameter of 1.98 mm. In the second part on 2-D rough-wall turbulent
boundary layers, the fetch for the rough-wall is generated by using these cylinders in square and
diagonal patterns to yield six different roughness geometries, thus six cases of 2-D rough-wall
boundary layers, with each distribution using cylinders of the same height. In the last part, the effect
of mean flow three dimensionality on roughness is studied by subjecting the six cases of rough
surfaces to a wing/body junction flow. Only some key conclusions are reviewed in this chapter as
each of the chapters on the three-part study have a section detailing the individual conclusions.

The study on single elements revealed that the separated shear layers emanating from the top of
the elements form a pair of counter rotating vortices that dominate the downstream flow structure.
These vortices, termed as the roughness top vortex structure (RTVS), in conjunction with mean flow,
forced over and around the elements, are responsible for the production of large Reynolds stresses in
the neighborhood of the element height aft of the elements. The motions associated with the RTVS
are responsible for the transport and diffusion of these large stress levels away from where it is
produced. As measurements on single roughness elements have shown, this RTVS causes an
increased downwash behind the element, with greater momentum fluid being brought down closer to
the wall behind the element. This greater momentum near the wall results in greater skin-friction drag.

When the elements are placed in a distribution, the effects of RTVS are not apparent. The
roughness elements create a region of separated back flow behind them which is continuously fed by
faster moving fluid flowing over the elements. The fluid in the back flow region moves upward
forming low speed ejections where it collides with the inrushing high speed flow, leading to a strong
mixing of shear layers. This is responsible for the generation of large levels of TKE in the vicinity of
the element height. The sweeps of fluid are sources of large momentum and a quadrant analysis
reveals that the sweeps penetrate all the way to the wall. This behavior is consistent with the prior
studies on rough-wall TBL (Grass, 1971, Tomkins, 2001).

One of the key differences between the flow aft of the single elements and the distributed
elements is the structure of the roughness top vortex. The flow separates at the top of the roughness
elements with shear layers that convect as a vortical pair. However, in the case of the distributed
elements, these vortical structures are overwhelmed by the intense mixing that occurs at the
confluence of the high speed fluid over the top with the ejecting fluid from the back flow regions.
Another difference is that the ejecting fluid is seen as an upwash of fluid as opposed to the strong
downwash due to the RTVS as in the case of the single elements. Further, the upwash of fluid in the
case of the distributed roughness is seen to generate regions of negative streamwise vorticity aft of the
elements as opposed to the positive streamwise vorticity seen in the case of the single elements. Also,
of significance is the ability of the distributed wall to generate large amounts of wall-normal vorticity.

Further, for the 2-D rough-wall TBL, the measurements of mean velocity U confirm the well-
known fact that the velocity-defect law is similar for both smooth and rough surfaces, and the semi-
logarithmic velocity-distribution curve is shifted by an amount AU' depending on the height of the
roughness element showing that AU÷ is a function of kV and roughness density parameter, A. The
magnitude of this intercept, AU', also known as the roughness function, increases with the increase in
the roughness height. Several correlations that relate the roughness function to height and roughness
density were tested with the present data-set. The correlations of Simpson (1973) were found to fit the
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experimental data better than the newer correlations. A novel modification was introduced to
determine the law of the wall intercept for transitionally rough flows and this leads to a better
comparison with the Simpson correlation.

As regards the 3-D rough-wall layers, the spanwise pressure gradients imposed by the flow lead
to large skewing of the mean flow and turbulence stresses. The fact that W/U, versus y/6 profiles,
for both smooth as well as rough-wall layers, are the same above 3 element heights seems to indicate
that the time-averaged mean vorticity at each station is the same albeit with different vorticity fluxes
from the wall. The higher the roughness elements' height the faster is the diffusion of turbulence from
wall to the outer layers. The effect of roughness pattern orientation is seen in the mean flow and
turbulence structure only up to 3 roughness heights from the wall in both 2-D as well as 3-D boundary
layers. The transport rate budget of TKE brings out the relative importance of the various terms (that
contribute to it) in the different regions of the TBL. The budgets for 2-D and 3-D TBL reveal that the
dominant terms are production, diffusion and dissipation. Most of the TKE is produced in the
neighborhood of the element height and is transported away from this region by the fluctuations.
While the transport of TKE below the element height is primarily governed by sweep motions, that
above the element height and beyond into the outer layers is governed by ejection motions.

From the results on the single elements and their distributions, it is possible to conceptualize an
arbitrary rough-wall as a superposition of individual roughness elements, at least for sparse
distributions. The elements forming this arbitrary rough-wall would generally be "peaky" in shapes as
shown in Fig. 7.1. Since it is the larger elements in the rough-wall that dominate the flow structure,
one can use a filtering technique to smooth out elements that are of the order of the Kolmogorov scales
and only retain the remaining elements. One can then approximate the remaining elements as a
discrete and sparse distribution and use the results obtained from the present study to analyze its
effects a priori. The effects of the elements on the mean and turbulent structure, displayed in this
figure, are based on the results garnered from the present study.

The issue of roughness has several parameters that govern the flow structure and several
empirical correlations for determining the roughness functions are in vogue. A better correlation
needs to be derived to correlate roughness functions with the various parameters with the help of the
existing data-sets. The parameters must include the roughness height, shape, density and the manner
of distribution of the roughness elements. While the present study has satisfied the dearth of a
systematic study that examines the flow physics of rough-wall TBL with sparse distributions and low
k/6 values, there still remain vast areas where an improved understanding of the flow structure is
needed. Future directions should invoke research on rough-wall layers with denser distributions and
higher k/6 values. There is a need for studies on rough-walls containing different shapes of 3-D
objects distributed in different configurations thus providing various regimes of roughness density and
kV. Denser geometries would promote a greater flow interaction between the roughness elements and
would lead to a different flow structure too. Sufficiently higher elements could even lead to an
absence of a semi-logarithmic mean velocity region and this would imply a different flow aspect. As
regards the individual element shape in a distribution, a 3-D roughness element with a Gaussian shape
profile would be a good representative element to perform these suggested studies in the future.
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Appendix A Method to approximate the vortex streamwise
wavelength

(i) Consider the secondary flow field in the y - z plane and find the location where V and
W are zero. This is the center of rotation of the secondary flow where the radius of the
vortex is zero and is denoted ro. The subscript "0" denotes values at center of rotation.

(ii) Therefore, ro=Iz0I

(iii) The circumferential velocity of the vortex, V,, is V at yo and z = 0 (centerline).

(iv) Then, the time of rotation for one revolution of the vortex, To, is equal to 2-rr°
V,

(v) If r0 is the streamwise velocity at y0 , zo then the streamwise wavelength, A, is given by

A -/ _20
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Appendix B Computing the total drag due to the single element

The drag due to the single elements can be subdivided into a form pressure drag component
and a skin friction component. The expression for the pressure drag is obtained through a rigorous
analysis using a momentum balance involving the mean velocities and the Reynolds stresses. The skin
friction component is obtained through a simplified approximation. Section B.1 contains the
derivation for the form drag component and the section B.2 gives an approximation for the skin
friction component. This component is due to the drastic change in the wall shear directly aft of the
elements due to flow separation.

B.1 Form drag
The expression for the form drag due to the element is derived in the following manner. First,

the conservations laws are applied to a control volume (CV) enclosing one-half of the element and
then they are applied to the same control volume without the half element (see Fig. B. 1). The former
case is indicated by a subscript 'E ' and the latter case by a subscript 'NE'. The differences in the
"form drag" terms between the two cases yield the form drag due to the element. The CV is chosen
such that that the upstream conditions on Face 1 remain the same for both the cases and one of the
faces (Face 4) of this rectangular CV is chosen such that it, simultaneously, divides the element and
also coincides with the plane of flow symmetry. Therefore, the spanwise velocity component (W)

becomes zero on this face, thus yielding V.n- = 0 everywhere on it, where, V , the velocity vector is

(U + u)i + (V + v)j + (W + w)k. Face 2 is at 2.75 diameters (d) downstream of the axis of the
element where a full pressure recovery has taken place. Hence pressure is a constant everywhere on
the sides of the CV. Face 3 is located at a spanwise distance of 'z,' from the x-axis and is
sufficiently away from the element such that both the mean and turbulent profiles do not exhibit the
presence of the element but rather display undisturbed smooth wall features. The top face is located
sufficiently away from the wall such that the U and V values remain the same for both the cases.
Thus, the length, width and height of the rectangular CV are 7.75d, z. and y,,, respectively.

Applying the conservation of mass to the control volume (CV) yields

ffp (V.n)d = 0 (B.l)

After time-averaging, the above equation becomes:

With element:
Y" -z. Ylop -z, 275d Ytop 2.75d -,

- f fpU~dydz + f fPUIdydz + f f pwldxdy + f f PV,q,,pdxd - 0
0 0 Fmel 0 0 E,Face2 -Sd 0 EFace3 -5d 0 E, TopFace

(B.2)
Without the element:

Yip -Z. Yop -Zu 2.75d Yop 2.75d -z.

-f fpUldydz + f fpU~cdydz + f f pwdxdyv + f f pV,.?,dxdz -0
o o NEFacel1 0 0 NE,Face2 -5d 0 NE, Face 3 -Sd 0 NETop Fa"e

(B.3)

Applying the conservation of momentum to the control volume to get the x-component of forces
acting on it yields

= dp(B)
ffp(V.i)(V.n)dA =-fff-d - Dý (B.4)
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where, dA and dcr are the elemental area and volume, respectively; and, D, is the x -component of
the drag acting on the CV. This equation further leads to:
with the element:

YP-7 . hop+yd +7 . 1 75d- 2 +(2f +f f f+ +2 U +(Puw))30 0 E,Facel 0 0 E,Face2 -5d 0 E,Face3

+ 2
.7 u5()ld - - p(Vol.) -D

-5d 0 E,Top Face E

(B.5)

where, Vol. is the volume of the CV, and
without the element:

(f 2 U+u 2dz 2 + 2d+ 2 23•+ 3-f +Iff-(
0 0 NE,Facel 0 0 NE,Face2 -Sd 0 , Face3

+ f~ k , , + (p uv),,,, lxdz - - (Vol.) -. A

-5d 0 NE.,TopFace

(B.6)
Subtracting (6) from (5), gives

Y mp -z . Y "2 -z I V 2 2.75d Ytop .,¢

f3NE (P 3 E f f NE -NE f JPE&'sI E L UaI dWdz

-5d 0 -5d 0

-5d 0

(B.7)
Please note that the streamwise mean velocity U profiles and streamwise normal stresses u2 profiles
on Face I are the same for the two cases. The streamwise pressure gradient is nominally zero and
remains the same for both cases and hence these terms cancel each other.

Multiplying each of the terms in Eqs. B.2 and B.3 with their respective streamwise velocity at the top
face, U,,p, and then rearranging yields:

275d -z. YIoP Z Y&op -Z 2.75d Ytrpu ff ,o,,dfz f u1 4 , f fpUldz -U IE fC fpU'dy -dU f pw'i.#
- 0 E, TopFace 0 0 Facel E,Face2 -5d 0 E, Face3

2.75d -. YOp -9.yp 2 ,1dY2 -S Zr tp Z Yfop -z 2 75d Ytop

UopE f fpVo,,dxd -u,, I,, f fpUdyd -up I, NE f fpoUy•2 Yd -u E , f fpWdxdy
-Sd 0 NETopFace 0 0 NE,Facel 0 NE,Face2 -5d NE, Fac'

Substituting the above two equations in the fifth term in the LHS of equation B.5 gives,
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-f So , 2 dydz - f f U PJU2 dydz
0 0 E Face2

2

2.75d YA* 2,75d Y, p

Faf eP(jNEW3jNEU3IEW 3IEF 3dxdy - 0 0 PINE 0 (P3e )ET
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(B.8)
For large spanwise distances away from the centerline (x -axis), on Face 3, terms 3, 4 and 7 reduce to
zero. Term 5 too vanishes since the U, profiles are the same for both cases of with and without the

element. Term 6 can be further simplified since at the top edge of Face 2, the U values remain

constant with z -direction and are the same for both cases, i.e., U, . - U, IE on Face 2. These

observations stem from the U data on the single elements at the top edges of Face 2 [see Fig. 3.4 (a)],
edges that are also the top edges of the CV and are located, away from the wall. Thee top edges are at:
7 k for the smallest cylinder, 4.5 k for the intermediate cylinder and 3 k for the highest cylinder and
the Gaussian spike, where k is the height of the single element. Face 3 of the CV for all the four
single elements was located parallel to the x -axis at a spanwise distance of 4d from it. If the normal

distance from the wall is large enough, values of (-puv)•, N tend towards those of (-p-uv),, I, which

is the case at the top faces of the CV [see Fig. 3.20 (a)], and hence term 8 reduces to zero too. Also,
-ADe,,,.,,, - -D,,E + D,.,, where AD,,,,,,, is the form drag due to the element which can be expressed

as

ADee,..ent - Pf fo4- 2INE UZIE(J 2INE +U2IE --UtpI )y + p f fo L -p E 2 yZ (B.9)

and is evaluated on Face 2 of the CV. This equation can be further simplified from the knowledge that

at the furthest spanwise location on this face, i.e., at z - -z,, the U and u2 profiles considering the

case with the element are same as those without the element. This leads to U2INF - U2 IE,.

S- U' , and UN2 - <E, . Hence this expression, evaluated on Face 2, becom es:

AD,,ement - pT f f'2I... -U,2E U2IE.... +U2IE -UtOI E ).dYd+ f f -U

(B.10)
Please note that Face 2 is located at x/ d =2.75 for all the four elements. In summary, to calculate the

form drag due to the element all one needs to do is to measure the U and u2 profiles on Face 2. As
mentioned previously, y,0 , = 7 k for the smallest cylinder, 4.5 k for the intermediate cylinder and 3 k

for the highest cylinder and the Gaussian spike and z. - 4d for all the four elements. Since only half
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of the element or half of flow domain is considered in the above analysis, the total form drag due to
the element would twice of that obtained from equation (8).

A form drag coefficient, Cdf, expressed in terms of the free-stream dynamic pressure, can

be given as, Y )}
2AD 2p pf f U2 1, k '2 lE,z--... + U2 1E - U "O E ~ E.z -.Z.-7 )}d dlU22

Cd, ~PUA jp UA
(B.l 1)

where, the denominator is the free-stream dynamic pressure times the frontal projected area of the
element (A ).

B.2 Skin friction drag
This component of drag is due to the fact that the wall shear aft of the elements is not the same

as the smooth wall values. The separated flow regions behind the elements have drastically different
wall shear values and are much different from those away from the centerline and at the far spanwise
locations. This aspect is taken into account using a simple approximation. The entire separated region
from the elements to the downstream edge (x/d=2.75) at the wall is approximated as a triangular
section. Thus, the triangular section has the element diameter as the base with its apex at the
downstream edge on the center line, i.e., at x/d=2.75, z =0. The area of this triangular section where
the wake influence is felt is denoted as A,•,. An average skin friction coefficient for this area is
calculated and is denoted as C ,",,.. If no value is available, then the value of the skin friction

coefficient at the apex is assigned to it. The rest of the floor area in the control volume (CV1) is
denoted as A.,,, and the smooth wall skin friction coefficient value is assigned to it and this is denoted
as Cf. ter" Please note that the control volume (CVI) has width extending from - z. to z.. Hence,

CVI is twice as large as CV. The expression for the skin friction component of the drag, Cd,.,f, is

given by
-- 1 '2 + C f , .

Cd'shn - : 2'2 p )r r J
-pU,2A

(B. 12)

Hence, the drag coefficient, Cd, is given by

C df + Cd,.k (B. 13)
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Figure B. 1: Views of the element with the control volume enclosing one-half of the flow domain.
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Appendix C Uncertainty analysis on the data

This section gives the bounds of uncertainties in the measured and inferred quantities. It also
contains, in detail, several corrections that are applicable to the data acquired by the LDV system. The
uncertainties in the quantities are discussed and presented in the following order:

C. 1. Corrections applicable to the acquired LDV data

C.2. Friction/Scale velocity

C.3. Wall location, mean velocities and turbulence quantities

C.4. Drag due to single elements

C.5. Circulation

C.6. Mean Vorticity

C.1 Corrections applicable to the acquired LDV data
There are several factors that introduce errors and distort the true value of the measurements and they
are listed below. Each of them is discussed in detail and the corrections were made to the acquired
data. Further, the effect of each correction is presented at the end of the sub-section.

1. Velocity bias effects
2. Angular bias effects
3. Fringe bias and geometric bias effects.
4. Broadening effects :

(a) Velocity gradient broadening
(b) Finite transit time broadening
(c) Instrument broadening

C.1.1 Velocity bias effects
McLaughlin and Tiedermann (1973) noticed that their mean velocity measurements of a

turbulent boundary layer were consistently higher than the predicted theory. They reasoned that a
uniformly seeded volume would yield a greater number of particle passages per unit time through the
sample volume as the velocity increased. Since the number of measurements of the higher velocities
would be greater than the number from lower velocities, the statistical velocity mean would be
weighted towards the higher velocities leading to a "velocity bias" in the measurements. Applying a
weighting function of inverse velocity to the statistical calculations would yield measurements much
closer to the theory.

In order to determine if a velocity bias exists in the measurements, one needs to calculate a
correlation coefficient (C ) between the data rate fluctuations and the fluctuations in the magnitudes of
velocity which is defined as

C (, lVi -111, I) OR - d',)I

where, V is the statistical mean velocity from the selected measurement ensemble and vi is the ith
velocity during the shortest period of time considered to be independent from the other times. DR is
defined as the statistical mean data rate of the data rate fluctuations, dr, , during the id flow correlation

time. or, and or. denote the standard deviations in the velocity fluctuations and the data rate
fluctuations, respectively.
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For the present data set, the correlation coefficient was found to be the order of 10-' or less
thus demonstrating the absence of any effects of "velocity bias."

C.1.2 Angular bias effects
For three-component laser velocimeter systems, the change in projected area of the coincident

measurement volume for different flow directions will introduce an "angular" bias in naturally
sampled data (Chen et al., 1996). For the present orthogonal system and nearly spherical probe
volume, there are only small variations in the projected areas of the measurement volume for the
various flow directions and hence it is concluded that negligible bias effects are present.

C.1.3 Fringe bias and geometric bias effects
Whiffen et al. (1979) have discussed this effect which is caused by the requirement that a

particle cross sufficiently many fringes as it transits the measurement volume. In our case, this effect
is not present since only particles passing through the coincident measurement volume are validated.
The geometric bias as identified by Brown (1989) is eliminated as a valid sample also obeys true
spatial coincidence in addition to the imposed temporal coincidence time window.

C.1.4 Broadening effects

(a) Velocity gradient broadening:
Corrections to the measurements need to be applied when the probe volume encounters

significant velocity gradients, e.g., at regions close to the wall. For the measurements made in a flow
with a velocity gradient, successive particles passing through the measurement volume may have
different velocities by virtue of its differing positions in the gradient. Hence, even if the flow is
completely steady, the LDV will measure a velocity fluctuation. This error may be corrected simply
by subtracting the extra variance from the measured value. For the mean velocity and turbulence
quantities, following expressions (Durst et al., 1992) are used to correct the measured data.

i Umeas - 32( dY2

2 
3d2  d

Ui _'- rg--- _

For correcting the present data-set of nine double products and ten triple products in the regular
Cartesian coordinates, the following extended derivations were used.

dU2
- U - d32 d22

V- V,,, 32 dy 2

u2"•'u="°•16 y )
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Due to the small nearly spherical probe volume which was about 30 microns in the diameter (d),

negligible changes occurred when the above corrections were applied.

(b) Finite transit time broadening
This error comes from the fact that, when processing a signal burst, one is trying to deduce a

frequency from a limited number of cycles. The fewer the number of fringes, the lesser the number of

240



cycles and thus the larger is the potential error. Differing errors on successive bursts from particles
traveling at the same speed give the impression of a velocity fluctuation when there is none. This error
may be corrected simply by subtracting the extra variance from the measured value. This broadening
relative to the mean frequency is expressed as

OrF I

CoD 24i2N0

where, N, fringes are found in a width o1 of the volume. The effects of finite transit time
broadening were found to be negligible.

(c) Instrument broadening
Investigations by Olmen et al. (2001) on the instrument broadening effect on the measured

frequency by the Macrodyne processors and found these effects to be negligible.

C.2 Friction/scale velocity
Different scaling velocities were used for the three flow cases. For the case of the single

elements, the velocity scale is the friction velocity (U.) of the undisturbed smooth wall TBL. Six
independent profiles of the smooth wall TBL, taken during different days, are used to arrive at the
uncertainty in this quantity with the aid of the student t distribution table. The uncertainty in the
friction velocity, 6 (U,), is then given by:

2.447a

where, a is the standard deviation of the mean for each n number of independent smooth-wall 2-D
TBL data-sets which in this case, n - 6. The number 2.447 is the value obtained from the student t
distribution table for 6 independent observations. Using the above equation, the uncertainty in the
friction velocity, 6(U,), is ± 3%.

As regards the scaling velocities for the rough-wall cases, 1",,a for the 2-D TBL and U,,

for the 3-D TBL, the uncertainties are calculated with the aid of Chauvenet's criterion. This criterion
is used to eliminate dubious data points where one first calculates the mean value and standard
deviation for all data points. For the present case where 5 independent profiles were used,
Chauvenet's criterion dictated that the limit of ratio of maximum acceptable deviation (dm. ) to the

standard deviation (ar), i.e., dm. /or be 1.65. Hence, all data points that lie beyond 1.65 a were

eliminated. After this process, the mean and standard deviation of the data sets were recalculated.
Then the uncertainty in the quantities with 20:1 odds was given by + 1.96 a. With this approach, the

uncertainties in N- m,, and Uo with 20:1 odds were found to be + 4% and ± 5%.

C.3 Measurement location, mean velocities and turbulence quantities

The uncertainties in the measurement locations along the x, y and z positions are ± 25 P, ± lOp
and ± 2 5g, respectively. Several corrections, as listed in section C.1, were applied to the data.
However, each of these corrections to the values of mean velocities and turbulence quantities were less
than an order of magnitude of the overall uncertainties and hence, these corrections were not applied to
the entire data-sets. The overall uncertainties in the mean velocities and the turbulence quantities,
acquired through the LDV, were determined using the same Chauvenet's criterion described in the
previous section. In this case too, 5 independent profiles were used.

To obtain the overall uncertainties in the non-dimensionalized values of mean velocities and
turbulence quantities, a scheme described by (Kline and McClintock, 1953, Holman, 2001) was used.
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This scheme states that, if, result R can be expressed as a function of independent quantities, x,, x2,
x, ..... x,, such that R-R(x1 ,x 2 .... x), and if w1, w2, w3, ... , w. be the uncertainties in the
independent quantities, then the uncertainty in the result, wR is given by

2R22 ") A2

If the uncertainties in the independent quantities are all given with same odds, then the uncertainty in
the results is given with the same odds as well. Using this scheme, the uncertainties in the non-
dimensionalized values of the mean velocities and turbulence quantities, with 20:1 odds, is presented
in Table C. 1.

Table C. 1. Uncertainty estimates of the measured quantities with odds 20:1 [Single Elements, 2-D
Rough-wall TBL and 3-D Rough-wall TBL].

Single Elements 2-D Rough-wall TBL 3-D Rough-wall TBL

Term Uncertainty Term Uncertainty Term Uncertainty

U/U. ± 0.28 U/11 w ± 0.28 U/UrO + 0.28

V/U. ± 0.05 V/N--4 m ± 0.05 V/UTO + 0.06

W/Ul ± 0.07 WN w--± 0.07 W/UTo ± 0.08

u/U. ± 0.20 t-'2 " ± 0.21 uUT- ± 0.22

v/U• -0.08 ±oM- o0.10 + 0.11
--W2/W2/ 21• -•U,2.

±/Ui -0.09 -±0.10 w/U±o -0.12

-v/U? - ±0.07 -Zv/UVmax ± 0.09 UV/U 0  ± 0.11

-±N2 +0.07 -UW/UVmax ±-0.09 ± 0.11

-VW/U2 ±-0.08 -"/-", ±+0.10 -- ±/Uo ±-0.12

(2 )U,2 ± 0.24 V2/2 Y-u'x ± 0.26 712/U7o ± 0.28

Uq, /U -± 0.56 Uq/- •m,, ± 0.58 Uq /Uo ± 0.61

V,/UT ±-0.30 V'/--.•max ±-0.35 Vq/UT° J .0.39

Wq UM ± 0.32 Wq/- -uVm - 10.36 Wq/U~o ± 0.40

C.4 Drag due to single elements
Since the drag is obtained by the integration of the flow quantities in a plane, a perturbation

(jitter) analysis was performed to arrive at the uncertainty in this quantity. This analysis is similar to
the one presented by Bennington (2004). The expression for the drag reveals that its uncertainty is
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primarily due to the individual uncertainties in the streamwise mean velocity, U, and the streamwise

Reynolds normal stresses, u2 . From the available uncertainties of these two quantities (Table C.1),
the standard deviation (or) is calculated as 6( )/1.96, where 6( ) is the uncertainty in the two

quantities. This is because the uncertainty was arrived in the previous section using ± 1.96 or. A set
of random numbers was generated that had a normal distribution with a mean of 0 and a standard
deviation of 1. This set of random numbers was multiplied by the standard deviations of the two
quantities to obtain a 'perturbation' vector. The respective perturbations were added to the original

quantities to yield the perturbed U and u2 . Using these perturbed quantities the drag was
recalculated. This process of perturbations is performed 10 times to obtain 10 values of drag and a
standard deviation is obtained which when multiplied by 1.96 yields the uncertainty in this quantity.
Since the measurement locations are relative to the centerline and the wall, the perturbations in the y
and z positions were considered negligible and hence neglected. From this analysis, the uncertainty in
drag coefficient, Cd, is found to be ± 5%.

C.5 Circulation
The circulation ( F ) aft of the single elements is obtained from a contour integral around a rectangular
plane enclosing the region of interest. Of the two horizontal edges of this rectangular plane (normal to
the streamwise axis) one is the wall and the other is a line parallel to the wall and also sufficiently far
from it such that W =0 on it. This implies that the uncertainty in circulation is primarily due to the
uncertainty in the wall-normal velocity, V. Since circulation is an integrated value, a perturbation
analysis was performed in this case too, similar to the scheme described in the previous section. In
this case the VIU, velocity profiles were perturbed and the perturbations in the y positions were

considered negligible. Using the perturbation analysis, the uncertainty in F/•J Ai is determined to
be ± 5%.

C.6 Mean vorticity

The normalized mean vorticity vector (6') can be considered as a function of independent
variables such as the velocity vector (P), position (9) and the friction/scale velocity (U. or

4_-Z_•=). Hence, following the scheme described by (Kline and McClintock, 1953, Holman, 2001),

the uncertainty in Q÷ is given by

2 •2 + Uo

Io.6 5 +( as- a (Uo ý_Ura) 6(U~r Um

From this analysis, the uncertainty in Qfvr /v mZ is - 0.15 for the single elements and the

uncertainties in Q,,/ Ui, , L_/ (_m, and • are ± 0.15, ± 0.3 and -

0.3, respectively, for the 2-D rough-wall TBL.
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Glossary
Roughness top vortex structure Roughness top vortex structure emanating from the top of the
RTVS individual protuberances or the single roughness element

BL Boundary layer

Fetch Uniform distribution of roughness elements (cylinders)

Roughness top vortex structure Roughness top vortex structure emanating from the top of the
RTVS individual protuberances or the single roughness element

Individual fluctuating motions that contribute to Reynolds stresses:
Sweeps belonging to quadrant 2 ( u > 0, v < 0 ) through quadrant analysis

Ejections Individual fluctuating motions that contribute to Reynolds stresses:
belonging to quadrant 4 ( u < 0, v > 0 ) through quadrant analysis
Wallward flow of high speed fluid, especially that which occur overInrush the top of the elements

Updraft Upward draft of low speed fluid in the back flow regions located
directly behind the elements

LDV Laser Doppler Velocimeter

TBL Turbulent Boundary Layer

TKE Turbulent kinetic energy, TKE, (q 2 /2), where, q-2 ý 2 
+ v + w 2

VG Vortex Generator
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