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ABSTRACT

An experimental investigation of the characteristics of shallow turbulent wakes behind
bed-mounted cylinders in an open channel was carried out. Cylindrical objects of equal
diameter and four heights were tested under similar flow conditions on smooth and rough
beds producing four different levels of submergence. As a part of the systematic approach
followed in this study, properties of the undisturbed approach flow have been studied
first. The altered flow patterns in the upstream region surrounding the cylinders are
studied along with a study of the skewed turbulent boundary layer. In addition, flow
visualization and detailed measurements of the bed shear stress around the cylinders are
presented. The principal motivation for this study is to improve our understanding of the

flows around simple fish habitat structures.

Analysis of the flow field around the cylinders in terms of the theories of three-
dimensional turbulent boundary layers revealed that Perry and Joubert’s model is
sufficiently accurate to predict the deflected velocity magnitudes around the submerged

and non-submerged cylinders.

The general flow patterns in the shallow near-wake region were explained using reliable
velocity measurements. The mean velocity defect and wake turbulence were found to
increase in the near-wake before decaying in the downstream direction. The rates of
decay of the velocity defect and wake turbulence were related to the level of

submergence of the cylinders and bed roughness.



Wall wake analyses demonstrated that the flows in the region away from the bed are
quite similar and can be described with the well-known plane wake equation. Wall wake
similarity was also observed for the turbulence properties, such as the turbulent kinetic
energy and primary Reynolds stress for moderate to deeply submerged cylinders. Wake
analyses on the horizontal plane showed that the mean velocity profiles were similar
across the flow in the near-wake region at all elevations for slightly submerged and
surface piercing cylinders; and at all elevations below the object height very close to the
moderate to deeply submerged cylinders. Normalized mean velocity profiles across the
wake in the horizontal plane for slightly submerged and surface piercing cylinders were
in fair agreement with the well-known plane wake equation. However, the normalized
mean velocity profiles were found to exhibit considerable similarity in all flow regimes

when a slightly modified transverse length scale (i.e. half-width) was used.
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profiles on upstream POS using local friction velocity: Rough
bed/Regime-4

Variation of Clauser’s boundary layer parameter (a) 8" (b) A" using
undisturbed flow friction velocity u+, and (c) A” using local friction
velocity u+' with distance x/D

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on upstream
POS: Smooth bed/Regime-1

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (¢) primary Reynolds stress on upstream
POS: Smooth bed/Regime-2

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on upstream
POS: Smooth bed/Regime-3

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)

turbulent kinetic energy, and (e) primary Reynolds stress on upstream

POS: Smooth bed/Regime-4
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5.34

5.35

5.36

5.37

5.38

5.39

5.40

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on upstream
POS: Rough bed/Regime-1

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on upstream
POS: Rough bed/Regime-2

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on upstream
POS: Rough bed/Regime-3

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on upstream
POS: Rough bed/Regime-4

Normalized mean velocity profiles on y=0.5D plane: Smooth
bed/Regime-1; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Uj), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.8 D plane: Smooth
bed/Regime-1; (2) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), (¢) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=1D plane: Smooth
bed/Regime-1; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)
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5.41

5.42

5.43

5.44

5.45

5.46

5.47

Normalized mean velocity profiles on y=0.5D plane: Smooth
bed/Regime-2; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U;), (¢) transverse mean velocity (V/Uj), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.8 D plane: Smooth
bed/Regime-2; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=1D plane: Smooth
bed/Regime-2; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.5D plane: Smooth
bed/Regime-3; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/Uy), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.8D plane: Smooth
bed/Regime-3; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (¢) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=1D plane: Smooth
bed/Regime-3; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U;), (c) transverse mean velocity (V/Up), and (d) vertical

mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.5D plane: Smooth
bed/Regime-4; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)
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5.48

5.49

5.50

5.51

5.52

5.53

5.54

Normalized mean velocity profiles on y=0.8D plane: Smooth
bed/Regime-4; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U.), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=1D plane: Smooth
bed/Regime-4; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.5D plane: Rough
bed/Regime-1; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.8 D plane: Rough
bed/Regime-1; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=1D plane: Rough
bed/Regime-1; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U;), (c) transverse mean velocity (¥/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.5D plane: Rough
bed/Regime-2; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U>), (¢) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uyp)

Normalized mean velocity profiles on y=0.8D plane: Rough
bed/Regime-2; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U), (¢) transverse mean velocity (V/U)), and (d) vertical
mean velocity (W/Uy)
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5.55

5.56

5.57

5.58

5.59

5.60

5.61

Normalized mean velocity profiles on y=1D plane: Rough
bed/Regime-2; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.5D plane: Rough
bed/Regime-3; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), (c) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.8 D plane: Rough
bed/Regime-3; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (¢) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=1D plane: Rough
bed/Regime-3; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=0.5D plane: Rough
bed/Regime-4; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U.,), (¢) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uj)

Normalized mean velocity profiles on y=0.8D plane: Rough
bed/Regime-4; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Normalized mean velocity profiles on y=1D plane: Rough
bed/Regime-4; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), (¢) transverse mean velocity (V/U), and (d) vertical
mean velocity (W/Uy)
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5.62

5.63

5.64

5.65

5.66

5.67

5.68

5.69

5.70

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Smooth bed/Regime-1

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Smooth bed/Regime-2

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Smooth bed/Regime-3

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Smooth bed/Regime-4

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Rough bed/Regime-1

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Rough bed/Regime-2

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Rough bed/Regime-3

Normalized turbulent kinetic energy and primary Reynolds stress
profiles on (a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D
plane: Rough bed/Regime-4

Transverse profiles of normalized mean velocity on x=0 plane: Smooth
bed/Regime-1; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)
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5.71

5.72

3.73

5.74

3.75

5.76

5.77

5.78(a)
5.78(b)
5.78(c)

Transverse profiles of normalized mean velocity on x=0 plane: Smooth
bed/Regime-2; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/U), and (d) vertical
mean velocity (W/Uy)

Transverse profiles of normalized mean velocity on x=0 plane: Smooth
bed/Regime-3; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (c) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Transverse profiles of normalized mean velocity on x=0 plane: Smooth
bed/Regime-4; (a) longitudinal mean velocity (U/Uj), (b) speed up
factor (U/U,), (¢) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Transverse profiles of normalized mean velocity on x=0 plane: Rough
bed/Regime-1; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U,), (¢) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Transverse profiles of normalized mean velocity on x=0 plane: Rough
bed/Regime-2; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), (¢) transverse mean velocity (F/Uy), and (d) vertical
mean velocity (W/Uy)

Transverse profiles of normalized mean velocity on x=0 plane: Rough
bed/Regime-3; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U.), (¢) transverse mean velocity (V/Uy), and (d) vertical
mean velocity (W/Uy)

Transverse profiles of normalized mean velocity on x=0 plane: Rough
bed/Regime-4; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), (¢) transverse mean velocity (V/Up), and (d) vertical
mean velocity (W/Uy)

2D velocity vectors on x=0 plane: Smooth bed/Regime-1

2D velocity vectors on x=0 plane: Smooth bed/Regime-2

2D velocity vectors on x=0 plane: Smooth bed/Regime-3
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5.78(d)
5.79(a)
5.79(b)
5.79(c)
5.79(d)
5.80
5.81

5.82

5.83

6.1
6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

2D velocity vectors on x=0 plane: Smooth bed/Regime-4
2D velocity vectors on x=0 plane: Rough bed/Regime-1
2D velocity vectors on x=0 plane: Rough bed/Regime-2
2D velocity vectors on x=0 plane: Rough bed/Regime-3
2D velocity vectors on x=0 plane: Rough bed/Regime-4

Streamwise vorticity profiles on x=0 plane: Smooth bed; (a) Regime-1,

(b) Regime-2, (c) Regime-3, and (d) Regime-4

Streamwise vorticity profiles on x=0 plane: Rough bed; (a) Regime-1,
(b) Regime-2, (¢) Regime-3, and (d) Regime-4

Variation of normalized turbulent kinetic energy (k/Up”) with /D at
z=0.02H on x=0 plane; (a) Smooth bed, and (b) Rough bed
Variation of normalized turbulent shear stress (t/u>) with y/D at
z=0.02H on x=0 plane; (a) Smooth bed, and (b) Rough bed
Definition sketch for plane turbulent wake

Definition sketch for plane wall wake in deep flow (Adapted from
Rajaratnam and Rai 1979)

Schematic diagram of three-dimensional wall wake regions (Adapted
from Sforza and Mons 1970)

Schematic diagram of the velocity profiles of a shallow three-
dimensional wake (Adapted from Shamloo et al. 2001)

Typical velocity measuring stations relative to the object on a
horizontal plane

Near-wake streamlines with velocity vectors on POS: Smooth
bed/Regime-1

Near-wake streamlines with velocity vectors on POS: Smooth
bed/Regime-2

Near-wake streamlines with velocity vectors on POS: Smooth
bed/Regime-3

Near-wake streamlines with velocity vectors on POS: Smooth

bed/Regime-4
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6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

Normalized mean velocity profiles on downstream POS: Smooth
bed/Regime-1; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U,), and (c) vertical mean velocity (W/Uy)

Normalized mean velocity profiles on downstream POS: Smooth
bed/Regime-2; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U,), and (c) vertical mean velocity (W/Uy)

Normalized mean velocity profiles on downstream POS: Smooth
bed/Regime-3; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), and (c) vertical mean velocity (W/Uyp)

Normalized mean velocity profiles on downstream POS: Smooth
bed/Regime-4; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), and (c) vertical mean velocity (W/Uy)

Near-wake streamlines with velocity vectors on POS: Rough
bed/Regime-1

Near-wake streamlines with velocity vectors on POS: Rough
bed/Regime-2

Near-wake streamlines with velocity vectors on POS: Rough
bed/Regime-3

Near-wake streamlines with velocity vectors on POS: Rough
bed/Regime-4

Normalized mean velocity profiles on downstream POS: Rough
bed/Regime-1; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U,), and (c) vertical mean velocity (W/Uy)

Normalized mean velocity profiles on downstream POS: Rough
bed/Regime-2; (a) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U.), and (c) vertical mean velocity (W/Uy)

Normalized mean velocity profiles on downstream POS: Rough
bed/Regime-3; (a) longitudinal mean velocity (U/Up), (b) speed up
factor (U/U.), and (c) vertical mean velocity (W/Uy)
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6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28(a)

6.28(b)

6.28(c)
6.28(d)

Normalized mean velocity profiles on downstream POS: Rough
bed/Regime-4; (2) longitudinal mean velocity (U/Uy), (b) speed up
factor (U/U.), and (¢) vertical mean velocity (W/Uy)

Logarithmic velocity profiles on downstream POS: Smooth bed; (a)
Regime-1, (b) Regime-2, (¢) Regime-3, and (d) Regime-4
Logarithmic velocity profiles on downstream POS: Rough bed; (a)
Regime-1, (b) Regime-2, (c) Regime-3, and (d) Regime-4
Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (¢) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on
downstream POS: Smooth bed/Regime-1

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (¢) primary Reynolds stress on
downstream POS: Smooth bed/Regime-2

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent Kinetic energy, and (e) primary Reynolds stress on
downstream POS: Smooth bed/Regime-3

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (¢) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on
downstream POS: Smooth bed/Regime-4

Longitudinal turbulent intensity contour on DPOS:

Smooth bed/Regime-1

Transverse turbulent intensity contour on DPOS:

Smooth bed/Regime-1

Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-1
Normalized turbulent kinetic energy (&#/U%) contour on DPOS:
Smooth bed/Regime-1
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6.28(¢)

6.29(a)

6.29(b)

6.29(c)
6.29(d)

6.29(e)

6.30(a)

6.30(b)

6.30(c)
6.30(d)

6.30(c)

6.31(a)

6.31(b)

6.31(c)
6.31(d)

6.31(e)

Normalized primary Reynolds stress (— uw /U?) contour on DPOS:
Smooth bed/Regime-1

Longitudinal turbulent intensity contour on DPOS:

Smooth bed/Regime-2

Transverse turbulent intensity contour on DPOS:

Smooth bed/Regime-2

Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-2
Normalized turbulent kinetic energy (k/U%) contour on DPOS:
Smooth bed/Regime-2

Normalized primary Reynolds stress (- uw/ U?) contour on DPOS:
Smooth bed/Regime-2

Longitudinal turbulent intensity contour on DPOS:

Smooth bed/Regime-3

Transverse turbulent intensity contour on DPOS:

Smooth bed/Regime-3

Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-3
Normalized turbulent kinetic energy (&/. U?) contour on DPOS:
Smooth bed/Regime-3

Normalized primary Reynolds stress (— uw/ U?) contour on DPOS:
Smooth bed/Regime-3

Longitudinal turbulent intensity contour on DPOS:

Smooth bed/Regime-4

Transverse turbulent intensity contour on DPOS:

Smooth bed/Regime-4

Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-4
Normalized turbulent kinetic energy (k/U?) contour on DPOS:
Smooth bed/Regime-4

Normalized primary Reynolds stress (— uw/ U?) contour on DPOS:

Smooth bed/Regime-4
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299
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6.32

6.33

6.34

6.35

6.36(a)
6.36(b)
6.36(c)

6.36(d)

6.36(e)

6.37(a)

6.37(b)
6.37(c)
6.37(d)

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (¢) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on
downstream POS: Rough bed/Regime-1

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on
downstream POS: Rough bed/Regime-2

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (¢) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on
downstream POS: Rough bed/Regime-3

Normalized profiles of turbulence quantities (a) longitudinal r.m.s.
velocity, (b) transverse r.m.s. velocity, (¢) vertical r.m.s. velocity, (d)
turbulent kinetic energy, and (e) primary Reynolds stress on
downstream POS: Rough bed/Regime-4

Longitudinal turbulent intensity contour on DPOS:

Rough bed/Regime-1

Transverse turbulent intensity contour on DPOS: Rough bed/Regime-1
Vertical turbulent intensity contour on DPOS: Rough bed/Regime-1
Normalized turbulent kinetic energy (k/U7) contour on DPOS:
Rough bed/Regime-1

Normalized primary Reynolds stress (— uw/U°) contour on DPOS:
Rough bed/Regime-1

Longitudinal turbulent intensity contour on DPOS:

Rough bed/Regime-2

Transverse turbulent intensity contour on DPOS: Rough bed/Regime-2
Vertical turbulent intensity contour on DPOS: Rough bed/Regime-2
Normalized turbulent kinetic energy (k/U7) contour on DPOS:

Rough bed/Regime-2
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6.37(e)

6.38(a)
6.38(b)
1 6.38(c)

6.38(d)

6.38(c)
6.39(a)
6.39(b)
6.39(c)

6.39(d)

6.39(e)

6.40(a)
6.40(b)

6.41(2)

6.41(b)

6.41(c)

6.41(d)

Normalized primary Reynolds stress (— uw /U?) contour on DPOS:
Rough bed/Regime-2

Longitudinal turbulent intensity contour on DPOS:

Rough bed/Regime-3

Transverse turbulent intensity contour on DPOS: Rough bed/Regime-3
Vertical turbulent intensity contour on DPOS: Rough bed/Regime-3
Normalized turbulent kinetic energy (k/U°) contour on DPOS:

Rough bed/Regime-3

Normalized primary Reynolds stress (— uw/U? ) contour on DPOS:
Rough bed/Regime-3

Longitudinal turbulent intensity contour on DPOS:

Rough bed/Regime-4

Transverse turbulent intensity contour on DPOS: Rough bed/Regime-4
Vertical turbulent intensity contour on DPOS: Rough bed/Regime-4
Normalized turbulent kinetic energy (& U ) contour on DPOS:

Rough bed/Regime-4

Normalized primary Reynolds stress (- uw/ U?) contour on DPOS:
Rough bed/Regime-4
Zero velocity (i.e. U=0) envelope of the closed recirculating zone

Free shear (i.e. 5°U/0z°=0) envelope of the closed recirculating zone

Vorticity (@y) contour in the closed recirculating zone:
Smooth bed/Regime-1

Vorticity (o) contour in the closed recirculating zone:
Smooth bed/Regime-2

Vorticity (wy) contour in the closed recirculating zone:
Rough bed/Regime-1

Vorticity (oy) contour in the closed recirculating zone:

Rough bed/Regime-2
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6.42

6.43

6.44

6.45
6.46

6.47

6.48

6.49

6.50

6.51

6.52

6.53

Inner region similarity with logarithmic law in wall wake; (a) Smooth
bed/Regime-1, (b) Smooth bed/Regime-2, (c) Rough bed/Regime-1,
and (d) Rough bed/Regime-2

Wall wake similarity in the outer region with plane wake equation; (a)
Smooth bed/Regime-1, (b) Smooth bed/Regime-2, (c) Rough
bed/Regime-1, and (d) Rough bed/Regime-2

Variation of the velocity scale (Uyn,/U,) with distance x/h; (a) Smooth
bed/Regime-1, (b) Smooth bed/Regime-2, (c) Rough bed/Regime-1,
and (d) Rough bed/Regime-2

Variation of the length scale (b,/h) with distance x/A

Similarity profiles for turbulent kinetic energy (k-ko)/km vs z/by; (a)
Smooth bed/Regime-1, (b) Smooth bed/Regime-2, (¢) Rough
bed/Regime-1, and (d) Rough bed/Regime-2

Similarity profiles for turbulent shear stress (t- 7,c)/tim Vs z/b; (a)
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Chapter 1: Introduction

1.1 General

Shallow turbulent wakes created by bluff bodies are often found in environmental and
geophysical flow systems. Simple fish habitat structures (e.g. boulders), water intake or
outfall structures, or coastal islands in shallow water may generate wakes of three-
dimensional nature especially in the near-wake region. The objects that generate shallow
wakes in natural flow systems could be submerged or surface piercing. Previous studies
have shown that the near-wake regions immediately downstream of the wake generator
are more complex than the far wake. Therefore, an experimental investigation of the
characteristics of shallow turbulent wakes behind bed-mounted cylinders of different
levels of submergence in open channel flows on smooth and rough beds was carried out.
As a part of the systematic approach followed in this study, properties of mean and
turbulent undisturbed approach flow were studied first so that the changes in the flow
pattern caused by the cylindrical objects can be precisely determined. The altered flow
patterns in the upstream region surrounding the cylinders are studied along with a study
of skewed turbulent boundary layer. In addition, detailed measurements of the bed shear
stress around the cylinders are also presented. The principal motivation for this study is to

improve our understanding of the flows around simple fish habitat structures.

1.2 Fish Habitat Structures

In the last few decades, there has been an increasing awareness and concern regarding
human impact on stream and riverine ecosystems (Bockelmann et al. 2004). This
increasing awareness about the value of natural ecosystems has resulted in a movement
toward manipulation and control of river restoration and conservation. Natural habitats of
instream fish species are often destroyed by the altered flow patterns caused by upstream
hydraulic structures (Shamloo et al. 2001). Provision for fish habitat structures for the
downstream shallow flows is therefore, an integral part of major hydraulic structure
projects. There are a variety of fish habitat structures in use; such as groins, V-weirs,
pools, single rock or cluster of rocks. However, in the absence of reliable knowledge

regarding the hydraulics, local structures for habitat improvement are currently designed



on the basis of engineering judgment. Alberta Environmental Protection published
guideline sketches for fish habitat enhancement design (Lowe 1992). These typical
sketches can only provide a rough idea about the size, shape and other construction

features of the habitat structures in use.

Ecological studies (e.g. Bockelmann et al. 2004, Kemp et al. 2000) revealed that different
in-stream species can tolerate different ranges of flow velocities, water depths, bed
substrates and water quality properties. Secondary currents, turbulence and variation in
local velocity and water depth are essential habitat conditions for both the diversity of
river benthos and fishes (Bockelmann et al. 2004). Statzner and Higler (1986) and Kemp
et al. (2000) found that stream hydraulics is the most important determinant of the in-
stream habitat quality. Lamouroux et al. (1992) found that the shear stress prevailing at
the channel bed is of major importance for erosion of bed material, and thus channel form
and the presence of organisms. Therefore, they claimed that the local stream bed shear
stress provides the link for collaboration between the hydraulic engineers and the
ecologists. Ecological studies (e.g. Maddock 1999, Bockelmann et al. 2004) have shown
the demand for hydraulic structures that create morphological features and encourage a
physical environment, which is enriched by longitudinal and lateral variations in water
depth, velocity, turbulence and bed shear stress. Natural rocks offer a simple solution to
provide shelter and food for fish in adverse flow situations by creating an altered flow
pattern, nutrient accumulation and biological activity in the wake region. Therefore, the
study of hydraulics of the flow around rock-like obstacles in open channel would provide

quantitative knowledge for the design of fish habitat structures.

1.3 Literature Review

A shallow wake is defined as the situation where the horizontal length scale of a typical
eddy is significant compared to the vertical scale or, the depth of flow (Balachandar et al.
2000). Flow past a vertical cylinder in shallow water gives rise to a wake that has
distinctive characteristics compared to a deep wake (Akilli and Rockwell 2002). It is well
known that in a deep uniform flow incident on a two-dimensional (2D) cylinder with its

axis vertical, vortex shedding occurs with strong three-dimensional (3D) components



(Lloyd and Stansby 1997a). In the case of shallow wakes, the incident velocity has
boundary layer profile. Ingram and Chu (1987) observed that bed friction effects become
important in shallow wakes. Chen and Jirka (1995) urged that an improved understanding
of the shallow wakes is needed for a number of reasons, such as the tendency for
pollutant trapping in the lee of islands or headlands, the optimal siting of discharge
facilities, patterns of sedimentation, and nutrient accumulation and biological activity for

the species of aquatic environment (e.g. fish habitat).

Study of shallow wakes has received considerable attention in recent years (e.g. Chen and
Jirka 1995, Lloyd and Stansby 1997a and 1997b). However, only a few studies have been
conducted on flows around submerged bluft bodies. Shamloo (1997) was one of the first
to conduct an experimental study on the hydraulics of fish habitat structures, which was
published later by Shamloo et al. (2001). He studied the mean flow field around
hemispherical habitat structures. After a series of flow visualization tests he proposed
four flow regimes for habitat structures based on the relative submergence i.e. the ratio of
flow depth to object height. Flows around deeply submerged, moderately submerged and
slightly submerged objects were studied in addition to one, where the object height was
greater than the flow depth. Shamloo (1997) also studied bed shear stress and the scour
pattern around a single hemispherical habitat structure. The scour patterns obtained for
different submergence levels also indicated the distinctions between the proposed flow
regimes. Concurrently, Albers (1997) studied the behavior of a cluster of hemispheres
modeled as a habitat structure. He experimentally determined the relative spacing at
which the cluster behaves like a single hemisphere. Recently, Burrows and Steffler
(2005) examined the depth-averaged velocities around individual boulders in a numerical
study. In another numerical study, Smith and Foster (2007) studied the wake created by
short submerged horizontal cylinders as a model of submerged pipelines in rivers. They
evaluated the time-dependant bed shear stress and used the mean and peak Shields
parameters to highlight the processes relevant to scour. Chen and Jirka (1995) classified
the instabilities observed in the near-wake region of shallow flows around a surface
piercing cylinder. They held the depth constant and used different diameters of the
cylinders to investigate wake instability. Lloyd and Stansby (1997a, 1997b) carried out



extensive experimental and numerical investigations on instabilities in shallow wakes
behind surface piercing and submerged conical model islands with gentle slopes.
Rajaratnam and Rai (1979) proposed a two-layer model for two-dimensional wall wake
similarity in the far wake region. They found that the simple wake equation given by
Schlichting (1968) can describe the velocity distribution in the outer region, whereas in
the inner region the Prandtl-Karman’s law-of-wall equations perform satisfactorily.
Tachie and Balachandar (2001) proposed slightly modified length scale compared to the
one used for wake equation given by Schlichting (1968) for similarity of velocity profiles
across the wake in the near-wake region of surface piercing cylinder. In a geophysical
study, Ingram and Chu (1987) observed the effect of bottom friction on the wake behind
islands in Rupert bay in northern Canada. Arya and Gadiyaram (1986) studied the
atmospheric flow and dispersion in the wakes downstream of three-dimensional models
of low hills. Pingree and Maddock (1979) studied the general flow field and sediment
processes around sand mounds and tidal banks including the dynamics of their own

formation and erosion.

In addition to these studies of wakes, different flow elements around bluff bodies have
been investigated as a part of fundamental studies of fluid mechanics; but mostly in deep
flow situations. For example, the approach flow upstream of a cylinder has been studied
in order to elucidate the nature of flow around bridge piers and its relation to local scour
(e.g., Ahmed and Rajaratnam 1998, Dey and Raikar 2007). Baker (1979, 1980) studied
the system of horse-shoe vortices developed in laminar and turbulent boundary layers
around submerged cylinders in wind and smoke tunnels. Ahmed and Rajaratnam (1997)
studied the skewed three-dimensional turbulent boundary layer (3DTBL), where both the
magnitude and direction of the velocity vectors change with the distance from the bed

under the influence of a lateral pressure gradient, around bridge pier-like cylinders in

open channels.

Menna and Pierce (1988) claimed that there is a severe shortage of comprehensive
experimental data of turbulent and complex flows around bluff bodies that can serve for

an unbiased test of the predictive capabilities of computational models. Moreover, there



are only a few recent studies on flow around submerged models (e.g., Shamloo et al.
2001, Lloyd and Stansby 1997b) in open channel flows that can be used in computational
modeling. In these circumstances, the scope and demand for the study of flow around

cylinders modeled as simple fish habitat structure can be considered to be enormous.

1.4 Scope and Objectives of the Study

A systematic approach has been adopted to study the structure of flows around bed-

mounted cylinders in open channels. The mean and turbulence properties of the

undisturbed approach flow were studied first so that the flow disturbances caused by the

cylinders on smooth and rough beds can be determined. The flow structures around the

cylinders have been studied for similar flow conditions on smooth and rough beds. The

objectives of the study can be listed as follows:

1. Experimental investigation of the undisturbed flow.

2. Flow visualization study around the cylinders.

3. Measurements of bed shear stress around the cylinders.

4. Analysis of the flow field around the cylinders in terms of the theories of three-
dimensional turbulent boundary layers.

5. Investigation of the changes in the flow structure on the upstream plane of symmetry,
and the region surrounding the cylinders.

6. Investigation of the turbulent flow structure in the downstream plane of symmetry.

7. Study of the decay of turbulence and velocity defect in the cylinder wakes.

8. Application of the wake similarity concept for both mean and turbulent flow

structures.

1.5 Organization of the Thesis
This thesis presents the results of an experimental study of the turbulent flow structure
around bed-mounted cylinders in open channels. Following is a brief introduction to each

chapter.

In chapter 2, the experimental setup and procedures are explained. The open channel

flume system and the instrumentation are described in detail. The design of experiments,



data acquisition and processing procedures are described. Finally, the results of data

quality investigations are also provided in this chapter.

Results of experimental investigation on the mean and turbulent flow structures of the
undisturbed approach flow are presented in chapter 3. The differences between the 3D
flow structure in a narrow open channel and the 2D flow structure in wide channels are

described.

The results of 3D boundary layer analyses are presented in chapter 4. This chapter also

presents the flow visualization test results and direct measurements of bed shear stress.

Turbulent flow structures in the upstream region surrounding the cylinders are presented
in chapter 4. 3D turbulent velocity measurements at upstream stations close to the
cylinders, and on the transverse plane at the shoulder of the cylinders are presented in this
chapter. This chapter also presents the changes in the flow structure on the upstream

plane of symmetry.

Results of experimental investigation on shallow turbulent near-wakes are presented in
chapter 6. The turbulent flow field on the downstream plane of symmetry is presented in
this chapter. The rates of decay of increased turbulence and velocity defect; wall wake
similarity analysis for moderate to deeply submerged cylinders; and wake similarity
analysis in the transverse direction for cylinders of different submergence levels are also

presented in this chapter.

Finally, the conclusions of the entire study are summarized in chapter 7.

Recommendations for future studies are also presented in this chapter.
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Chapter 2: Experimental Setup and Procedures

2.1 Open Channel Flume

Experiments were conducted in Ellerslie River Engineering Laboratory in Edmonton,
Alberta. A schematic diagram showing the experimental setup is presented in Figure 2.1.
The coordinate system considered for the experiments is also shown in Figure 2.1. The
direction of flow defines the positive x-axis, while y and z axes are in the transverse and
vertical directions respectively according to the right-hand rule. The channel system has a
straight, rectangular, horizontal flume, 18 m long, 1.22 m wide (B) and 0.65 m deep. A
0.2 m high smooth painted plywood false bed was installed above the original aluminum
bed. The recirculating flume has a pump (maximum discharge of 105 L/s) that draws
water from a 2 m deep underground sump. The pump delivers water to a head tank (2.44
m long and 1.8 m wide) through a circular polyvinyl chloride (PVC) pipe of 25.4 cm
diameter. The PVC pipe enters the head tank vertically from top and releases water from
a horizontal diffuser. The diffuser is an end-capped PVC pipe with holes around the
surface. The holes on the horizontal diffuser were kept relatively large and closely spaced
at the far end compared to the near end of the outlet so that water can be released
uniformly throughout the outlet. In addition, a vertical screen was placed inside the head
tank to damp the turbulence and straighten the flow. The water then flowed over the false
bed through a gradual converging section followed by a ramp. The water depth was
controlled by a hinged tail gate located at the downstream end of the aluminum bed of the
flume. For the rough bed experiments, coarse-uniform 8/12 sand (Dsy=2.68 mm) was
carefully glued on the plywood surface using a thin coating of paint, so that a densely
packed sand layer with a thickness of a single grain was achieved. The grain size

distributions are presented in Figure 2.2.

A Foxboro electromagnetic flow meter (Model No. 2800) was attached to the PVC pipe
that delivers water inside the head tank. The flow meter was calibrated for accurate
measurements of discharge. A digital voltmeter connected to the electromagnetic flow
meter through a transmitter (Model No. E96R-V A) enables to read the discharge in the

unit of electric voltage (volt).
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A 2D motorized traverse from Velmex Inc. (Unislide traverse, Model No. B4015W1J,
Serial No. 786) was used to position the yaw probe and Acoustic Doppler Velocimeter
(ADV) probe for point measurements. This traverse was attached to a three-wheeled
carriage that runs on rails. In order to position a probe at a measuring point (x, y, z) the
carriage was moved in the x-direction and the traverse was moved in the spanwise and
vertical directions. The accuracy of positioning a probe at a measuring point was
approximately 1 mm. A photograph showing the traverse system with the ADV mounted

over a rough bed is presented in Figure 2.3.

A vertical point gauge, mounted on the carriage was used for water depth measurement.
Precise measurement of water depth was enabled by the attached Vernier scale of 0.1 mm
accuracy. For smooth bed experiments the datum for water depth (H) and elevation (z) of
any point measurement was the smooth surface of plywood. However, for rough bed
experiments the datum was adjusted to 0.2Dsy below the top of the sand grains based on

earlier studies (Einstein and El-Samni 1949, and Hollingshead 1972).

At the beginning of any experiment the sump and the head tank were filled with water
from an external source. Then the pump was used to supply water towards the channel.
Once the flow was established the water depth and the discharge was controlled to

achieve the desired flow conditions.

2.2 Yaw Probe

A thin yaw-type Preston probe was used for two-dimensional mean velocity and bed
shear stress (1p) measurements. A photograph showing the yaw probe mounted on the
traverse for rough bed measurements is presented in Figure 2.4. The yaw probe has three
tubes of 1.2 mm external diameter. The nose of the probe was milled so that the face of
the central tube is perfectly flat and the side tubes are chamfered at an angle of 45°. The
total head differences between the central tube and each of the side tubes were measured.
Thus the probe can measure the 2D velocity at a point. If the probe is placed on the bed it
can measure bed shear stress. A detail description of the configuration and calibration of

this yaw-type Preston probe are available in Rajaratnam and Muralidhar (1968). For the
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purpose of data acquisition the probe was connected to two differential pressure
transducers (Validyne Engineering Corp., Model No. DP45) by plastic tubing. For real-
time data observation a battery operated digital transducer indicator (Validyne

Engineering Corp., Model No. CD379) was used.

For yaw probe measurements, the probe was carefully mounted on the traverse system.
The probe was leveled and aligned through careful visual observation using a bubble
level and a 2 m long string stretched along the channel center [see Fig. 2.4]. Before any
measurement the pressure transducers were calibrated as 1 inch pressure difference
equivalent to 1 volt at the beginning of any measurement. However, calibrations were
repeated at regular intervals (approximately every 2-3 hours) during long hours of

measurement. The accuracy of the calibration was of the order of 0.001 volt.

Figure 2.5 shows a photograph of the entire setup for yaw probe measurement. There was
a digital data acquisition system for the yaw-type Preston probe. Pressure transducers
connected to the yaw-type Preston probe transfer analog data to an analog to digital
converter (AD board). The computer was equipped for digital recording by a Lab-view
data acquisition card (National Instruments, Model No. AT-MIO-16XE-50). A Lab-view

program allowed continuous data recording at high frequency.

2.3 Acoustic Doppler Velocimeter (ADV)

A 10 MHz 3D down looking flexible head ADV probe (Model No. 1349) from SonTek
Inc. was used for velocity measurements. ADV is a sensor system based on Acoustic
Doppler principle and suitable for high resolution measurements of three-dimensional
velocities at a rate of 25 Hz. It is a semi-intrusive velocity measuring device that sends
sound pulse from the transmitting probe and receives its reflection from the seeding
material in water by three receiving probes. The transmitting probe transmits pulses
downward along the vertical axis, while the receiving probes are positioned around the
transmitting probe slanted at an angle of 30° from the vertical transmitting axis. The
receivers are rotated at 120° relative azimuth angles and are focused on a sampling

volume located 5 cm below the transmitter (SonTek 1997a). Therefore, the down looking
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3D ADV probe cannot be used to make measurements closer than 5 cm from the free
surface. Moreover, the whole assembly of the probes with a transmitter and three
receivers need to be immersed in water. Thus near-surface velocity measurements are
restricted to approximately 7 cm below the free water surface. Using the correlations
between the transmitting and receiving signals and probe geometry ADV can compute
the Doppler shift from the segments of echo. The echo is Doppler shifted in proportion to
the seeding particle velocity. Thus ADV can measure three-dimensional velocity at the
center of sampling volume. ADV does not need repeated calibration as it is calibrated
only once by the manufacturer. Figure 2.6 shows a photograph of the ADV probe
mounted for smooth bed measurements. Details about the configuration, working
principles and operation of ADV probe are available in ADV operation manual (SonTek
1997a) and ADV principles of operation (SonTek 2001) published by SonTek Inc.

For ADV measurements, the probe was carefully mounted on the traverse system. The
probe was leveled and aligned through careful visual observation using a bubble level
and a 2 m long string stretched along the channel center as shown in the photograph

presented in Figure 2.7.

For good scattering of sound pulse SonTek recommends for using seeding materials in
the flowing water. Particles that have a density close to that of water and a mean diameter
0f 10-20 um are recommended to use in a concentration of 10-50 mg/L (SonTek 1997a).
For the present study adequate fine spherical hollow glass particles (mean diameter of 11
um; density of 1,100 kg/m>, Potters Industries, Valley Forge, PA) were added in the

flowing water and allowed to mix thoroughly before any measurement.

ADV data were recorded in digital mode in a computer equipped with an ADV card
supplied by SonTek for the 10 MHz ADV. The experimental conditions (e.g. water
temperature, salinity) and total number of samples according to sampling duration (7)
and frequency in burst mode were entered manually in an ADV execution file while
recording. For this purpose water temperature was measured by a digital thermometer at

regular intervals (at every 15 minutes) during ADV measurements.
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2.4 Design of Experiments

2.4.1 The flow regimes

In order to satisfy the principal focus of the research objectives the present study adopts
the flow regime definitions given by Shamloo et al. (2001). The flow regimes are
illustrated in Figure 2.8. Shamloo et al. (2001) tried many different levels of submergence
while studying the mean flow hydraulics in the wake around hemispherical habitat
structures in shallow flows. They observed some distinct differences in the flow as well
as in the scour patterns for certain ranges of submergence ratio. Thus Shamloo et al.
(2001) proposed a set of flow regimes as shown in Figure 2.8. Similar regime definitions
were also used by Albers (1997) and Burrows and Steffler (2005) for studies related to

fish habitat structures.

2.4.2 Selection of flow and object dimensions

Several limitations of the available experimental facilities were considered when setting
the experimental flow conditions. A channel aspect ratio (B/H) of at least 10 is required
for a wide channel consideration (Nezu and Nakagawa 1993). Therefore, for the available
channel width (B=122 cm) the water depth should not exceed 12 cm. However, a
considerable water depth (say, at least 10 cm below the sampling volume) is required for
an ideal experimental condition while using ADV (SonTek 1997b). In order to facilitate
for measuring velocity profile over a major portion (up to z=0.7H) of the water depth,
H=22 cm is required. This results in a channel aspect ratio of 5.5; but for the physical

limitations of ADV, a 22 cm water depth was accepted for the present study.

The experiments should be carried out with a discharge that can produce a turbulent
subcritical flow commonly observed in natural streams. Therefore, a discharge of 50 L/s
with 22 cm water depth (H) was chosen. This flow produced a cross-sectional mean
velocity, Uy=18.63 cm/s for which the Reynolds number (Ry=UpH/v) was 40,000 and the
Froude number (F=Uy/(gH)"’) was 0.13. The experimental flow conditions are

summarized in Table 2.1.
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The object heights (h) were determined to be 5.5, 12, 20 and 30 cm for Regime-1, 2, 3
and 4 respectively on the basis of submergence ratio (4#/H). Ideally when studying flow
around an object the width of the object should not be greater than 10% of the total
channel width (B=122 cm) to avoid the influence of the side wall. Hemispherical object
was a primary choice as it was used in the previous studies (e.g. Shamloo et al. 2001) of
fish habitat structures. However, for the present study hemispherical objects would
obstruct the flow as high as half of the total width. The possible 3D objects are, therefore,
a cylinder or a cone. For the present study, cylindrical objects of four heights with equal
diameter (D=11.4 cm) were selected for the convenience of construction. This object
diameter satisfied the physical limit regarding flow obstruction, as D/B<0.1. In addition,
this object size ensured the development of shallow wake, as the water depth (H) was not
very large (H/D~2<10) compared to the size of the wake generator (D) (Chen and Jirka
1995). Hollow PVC cylinders with caps fitting smoothly on top were mounted on 25 mm
thick discs screwed to the false bed. In order to produce a symmetric flow, the cylinders
were located along the centerline of the channel cross-section. To allow for flow
development the cylinders were placed at a distance of 8.5 m downstream from the head
tank.

2.4.3 Selection of sampling time and frequency

ADV data were sampled at the highest possible frequency of 25 Hz for the 10 MHz ADV
probe. The sampling frequency was chosen to be 250 Hz for the yaw-type Preston probe.
For the purpose of selection of an adequate sampling duration for ADV and yaw-type
Preston probe several measurements were repeated at the same point for similar flow
conditions with different sampling durations. Mean estimates of the bed shear stress and
the two-dimensional velocity obtained from the yaw-type Preston probe were compared
to observe the consistency of measurements. Thus an acceptable sampling duration was
selected. Similarly, repeated ADV measurements at many different points were compared
for mean and turbulent velocity estimates, along with frequency spectra. These
comparisons indicate that a 2 minutes sampling duration is adequate for mean estimates

of velocity and shear stress obtained from yaw probe. For the ADV a minimum duration
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of 2-3 minutes is required to capture the highly turbulent 3D velocity field around the

cylinders.

Figure 2.9(a-f) present the results of mean and turbulent velocity estimates obtained from
ADV using different sampling durations ranging from 1-10 minutes. It can be observed
that the results of 1 minute sampling duration are often away from the other results in a
profile. This indicates that 1 minute sampling duration is inadequate, and hence a
minimum sampling duration of 2 minutes is required for ADV measurements. However,
a sampling duration of 3 minutes was chosen for the ADV measurements close to the
cylinders on the downstream plane of symmetry, as the turbulence was very high in this

region.

2.5 Data Processing Procedure

There were three kinds of data gathered in the present study; a) bed shear stress, b) 2D
velocity data measured by the yaw probe, and c) 3D velocity data measured by the ADV.
The detailed procedures used to process this data are described in the following sections.

The data processing programs are provided in the attached diskette.

2.5.1 Yaw probe data

Shear stress and 2D velocity data were recorded as two sets of pressure differences. Shear
stress data were processed by Matlab programs named ‘Smooth Shear.m’ and ‘Rough
Shear.m’ for smooth and rough bed conditions respectively. These programs first convert
the unit of measurements according to the calibration factor. Then following the yaw
probe calibration given by Rajaratnam and Muralidhar (1968) yaw angle (0) of the mean
bed shear stress are computed. The yaw angles are taken positive if the stress vector
points outward or away from the cylinder. Subsequently the mean bed shear stress
magnitudes (tp) are determined using the calibration curves provided by Patel (1965) and
Hollingshead and Rajaratnam (1980) for smooth and rough bed conditions respectively.
2D velocity data were processed by a Matlab program named ‘Yaw Velocity.m’. This
program first converts the unit of measurements according to the calibration factor, and

then using the yaw probe calibration relationships given by Rajaratnam and Muralidhar
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(1968) yaw angle (6) and the magnitude of mean velocity are determined. Thus two mean

velocity components (U and V) are obtained.

2.5.2 ADV data

3D velocity data sampled at 25 Hz were recorded in three different time series for
duration of 2-3 minutes. WinADV32-Version 1.83, public domain software developed
for ADV data processing by the USBR (Wahl 2000), was used to convert the raw ADV

data recorded in binary format to ASCII format.

These data were then further processed to eliminate noise (spikes) and poor signal.
Usually higher scores of signal to noise ratio (SNR) and correlation (COR) between the
transmitting and receiving signal indicate reliable measurements. SonTek recommends
that the SNR and COR should be greater than 15 and 70, respectively, for reliable
turbulence measurements (SonTek 2001). However, such thresholds can be considered
suitable for favorable flow conditions (e.g. approximately 10 cm away from the bed,
relatively less turbulent flow), because bed interference and flow turbulence may affect
the SNR and COR (Wahl 2000, SonTek 2001). Therefore, the thresholds of SNR and
COR for obtaining reliable measurements in this study were determined by a systematic
study with trial combinations of SNR and COR. At first ADV stations were grouped on
the basis of percentage of good data that satisfy the recommended thresholds (i.e.
SNR>15 and COR>70). Then a set of samples from each group were filtered with a
different combination of SNR and COR thresholds (e.g. SNR>10 and COR>60) and the
percentage of data that satisfy these thresholds were noted. This filtered data set was used
for computing mean and turbulent velocities. The results were compared with the same
obtained from the data filtered with recommended thresholds. The probability density
functions were also compared to see if the data filtered with a combination of SNR and
COR thresholds (e.g. SNR>10 and COR>60) form a cluster of similar kinds with the data
filtered with recommended thresholds. The combination of SNR and COR that was found
to produce satisfactory results in the comparisons of mean and turbulent velocity
estimates, and probability density functions for all the ADV data was chosen for data

filtering procedure in the present study. It was found from the trial observations that SNR
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and COR scores of 10 and 60 can serve as satisfactory filtering thresholds. If any
instantaneous signal of any of the three components of velocity fails to satisfy either of
these thresholds that velocity data point was eliminated from the time series without any
replacement. In addition to SNR and COR thresholds, the despiking method (Phase-
Space Thresholding Method) proposed by Goring and Nikora (2002) was adopted to
eliminate poor signals. The concepts of despiking method are: (1) differentiation
enhances the high frequency portion of a signal, (2) expected maximum of a random
series is given by the Universal threshold, and (3) good data cluster in a dense cloud in
phase space or Poincaré maps. Using these three concepts a three-dimensional ellipsoid
was constructed in phase space and points lying outside the ellipsoid were considered as

spikes, and hence eliminated without any replacement.

Once the ADV data of undisturbed flow and flow in the upstream region surrounding the
cylinders were filtered to eliminate spikes (by Phase-Space Thresholding Method) and
poor signal (with SNR>10 and COR>60 thresholds), mean and turbulence properties
(time-averaged and root mean square velocities, turbulent kinetic energy and Reynolds
shear stresses) are computed. A Matlab program named ‘Filter ADV.m’ was used for

these processing.

Usually an instantaneous velocity at any time ¢ can be expressed as, u(¢)=U+u'(f) where U
is the mean velocity and u' is the fluctuating velocity. Downstream of the cylinders the
velocity data captured periodic signals due to the physical process of vortex shedding.
Therefore, downstream velocity data can be considered to possess three components of
velocity in each direction; namely a mean component (U, V and W), a periodic fluctuation
or coherent component (% , V and W) and a random fluctuation or pure turbulence (', v/
and w'). Thus an instantaneous velocity at any time ¢ can be expressed as,
u(t)=U+u(t) +u'(f). In order to avoid ambiguity with downstream periodic data in
despiking procedure (e.g. a minor fluctuation may appear as spike if it occurs at the
crest/trough of the periodic signal), raw ADV data needs to be first processed by a high-
pass filter. The selection of high-pass cut-off frequency (f;) is explained below.
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Velocity data with nearly periodic nature due to shedding vortices allow the definition of
phase and the calculation of phase averaged quantities. For such instances, the phase
averaging procedure introduced by Reynolds and Hussain (1972) was adopted by many
researchers (e.g. Perrin et al. 2006) in cylinder wake studies. However, for the present
study periodic vortex shedding was observed only in Regime-3 and Regime-4 (see
Chapter 4). A closed recirculating 3D wake was observed in Regime-1 and Regime-2
(see Chapter 4), where the periodic nature is absent in the velocity data. Moreover, in
addition to the primary vortex shedding frequency a second significant frequency
consistently appeared in the auto-spectral density functions of the transverse velocity
component (G,y) in Regime-3 and Regime-4. In these circumstances the phase averaging
technique of Reynolds and Hussain (1972) is inappropriate. To facilitate comparison of
the results from different regimes, application of the same data processing algorithm to
all flow regimes was considered essential. A typical auto-spectral density functions of
transverse velocity component (Gyy) is shown in Figure 2.10. It can be observed from the
figure that there are two peaks approximately at 0.4 Hz and 1.2 Hz. The spectral
distribution for the second peak spreads up to 1.5 Hz, and above that no significant
frequency can be noticed in the higher frequency region. Similarly the spectral functions
(auto-spectral density functions, cross-spectral density functions and coherence
functions) were examined at different measuring points at randomly chosen downstream
stations of all the flow regimes on smooth and rough beds. It was found from these
observations that no significant frequency exists in spectral distributions above 1.5 Hz.
Therefore, all signals below 1.5 Hz are considered to be resulting from large-scale
motions, and all signals above 1.5 Hz are considered to be turbulence. Thus a single cut-
off frequency (fc=1.5 Hz) was determined to separate the large scale motions from pure

turbulence for all flow regimes.

Once the downstream ADV data were processed by a high-pass filter with a cut-off
frequency (f;) of 1.5 Hz, the high-pass filtered data were further processed using SNR
and COR thresholds of 10 and 60 respectively, as explained previously. These data were
then finally processed using the despiking algorithm (as explained previously) prior to

computing turbulence estimates (root mean square velocities, turbulent kinetic energy
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and Reynolds shear stresses). All these processing of ADV data for the downstream

region were accomplished by a Matlab program named ‘Wake ADV.m’.

A typical set of velocity time series are presented in Figure 2.11 to 2.15. Figure 2.11
shows the raw ADV data in the downstream region of a cylinder for a sampling period of
20 seconds (i.e. 500 samples at 25 Hz). Figure 2.12 shows the high-pass filtered data of
the same record as presented in Figure 2.11. Similarly Figure 2.13 shows the low-
frequency (f<1.5 Hz) data corresponding to large-scale motions. The processed (using
SNR and COR thresholds and despiking algorithm) data obtained from high-pass filtered
series (as presented in Fig. 2.12) is shown in Figure 2.14. The final processed ADV data
of the same record as shown in Figure 2.11 is presented in Figure 2.15. It can be noticed
from Figure 2.14 and 2.15 that the processing removed three samples, approximately at
sample number 50, 120 and 180. These processed data are then used for the computation
of mean and turbulence properties (time-averaged and root mean square velocities,
turbulent kinetic energy and Reynolds shear stresses). However, for spectral analysis,
such as auto spectral density function, cross-spectral density function or coherence
function computations the unfiltered data are used to avoid discontinuities in the time

series.

2.6 Data Quality Investigation

2.6.1 Repeatability and uncertainty of measurements

Repeatability and uncertainty of each experimental measurement (velocity and shear
stress) were investigated by comparison of repeated measurements made at 12-15
different times at the same measuring point/station for similar flow conditions. Every
measurement made for this investigation was collected on a different day after resuming
the experiments so that the bias and random error of the experimental setup and
procedure could be detected. For velocity measurements repeatability and uncertainty
have been investigated at three different elevations to explore the influence of the

distance from the bed on the measurements.
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Table 2.2 shows the repeatability of bed shear stress measured using yaw-type Preston
probe in 15 different occasions. The standard deviation of the bed shear stress
measurements was found to be 0.036 N/m? in magnitude and 2.6° in yaw angle. These
repeated measurements were conducted on rough bed. Minor irregularities on the channel
bed have been found to affect the bed shear stress measurements by yaw-type Preston
probe, as the probe itself is very thin (only 1.2 mm). The mean size of the sand grain
(Dso) is 2.68 mm. Therefore, relatively large uncertainties are involved in the

measurements of rough bed shear stress.

Table 2.3 shows the repeatability of 2D velocity measured using yaw probe at three
different elevations in 15 different occasions. The standard deviation of mean velocity
magnitude was 0.96 cm/s, 1.02 cm/s and 1.05 cm/s at three different elevations (z=20.35
cm, 6.94 cm and 0.11 cm) above the bed. The respective standard deviations in yaw angle
were 0.6993°, 1.3562° and 2.5759°. These results show that the uncertainties in near-bed

measurements are relatively greater than the measurements away from the bed.

Repeatability of the ADV measurements is presented in Table 2.4(a-c) using 12 sets of
data sampled at three elevations (z=15 cm, 7.5 cm and 0.5 cm). These results indicate that
the reliability of ADV measurements is excellent, as the standard deviations of mean and

turbulent estimates are minor.

In order to investigate further on the repeatability of ADV measurements close to the
cylinders and especially in the wake the measurements were repeated at three stations for
entire profile (i.e. 15 point measurement at each station) in Regime-3 on rough bed.
Figure 2.16(a-f) to 2.18(a-f) show the results of repeated measurements at 1) x=-2D, y=0;
2) x=0, y=2.2D; and 3) x=+2D, y=0. At station x=-2D, y=0 the transverse and vertical
mean velocities are expected to be very small. Therefore, the variations of the profiles
obtained from two different data sets agree well in Figure 2.16(a-f). At station x=0,
y=2.2D the transverse mean velocities are expected to have positive values showing
deflection away from the cylinder. The variations observed in the profiles of transverse

velocities in Figure 2.17(b) are minor when considered with respect to the corresponding
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longitudinal velocities. A variation of 1 cm/s in the transverse direction with respect to 20
c/s longitudinal velocity indicates an error of ADV probe alignment of only 2.8°.
Therefore, the variations of the profiles obtained from two different data sets agree well
in Figure 2.17(a-f). At station x=+2D, y=0 in Regime-3 on rough bed the flow is
extremely turbulent, as the station is located at the end of the recirculation wake-bubble.
Figure 2.18(a) shows that the mean velocities in the longitudinal direction do not produce
a smooth profile (even when sampled for 10 minute duration, as shown by the second
data set). However, if we consider a mean profile through these data, the deviation of
each data point is no more than 1 cm/s. The transverse mean velocities are expected to be
zero at station x=+2D, y=0. The variations observed in the profiles of transverse
velocities in Figure 2.18(b) can be considered minor, as they vary in a range of £0.8 cm/s.
Therefore, the variations of the profiles obtained from two different data sets agree well

in Figure 2.18(a-f).

Several auto-spectral density functions at different elevations of the same stations were
also plotted with 95% confidence band based on first set of measurement. Two typical set
of auto-spectral density functions at z=13 cm and z=0.5 cm elevations for the station at
x=+2D, y=0 in Regime-3 on rough bed are presented in Figure 2.19 and 2.20. It can be
noticed from these spectral distributions that the spectral distributions are similar for two
sets of data. These results further establish the reliability of ADV measurements of the

present study.

Lastly, mean velocity profiles (i.e. U and V) measured using the ADV and the yaw probe
at five different stations around the cylinder on a smooth bed were compared. Two
typical comparisons at 1) x=+3D, y=1D; and 2) x=+3D, y=0.5D in Regime-2 are shown
in Figure 2.21(a-d). These comparisons show that the mean velocities measured using the

ADYV and the yaw probe agree very well.
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2.6.2 Sources of error

In spite of minor uncertainty in measurements for most cases, a few measurements were
found to be affected by some unavoidable circumstances; e.g. an unusually large sand
grain in front of or below the yaw probe or, coincident receiving signals from the
sampling volume and the bed reflection in ADV. Minor irregularities on the channel bed
have been found to affect the bed shear stress measurements by yaw-type Preston probe,
as the probe itself is very thin (only 1.2 mm). Care has been taken during measurements
so that any unwanted irregularity can be avoided. During ADV measurements adequate
seeding materials were mixed in the flowing water for better reflection from the sampling
volume. However, it is realized that sometimes the hazy appearance of water mislead in
adding appropriate amount of seeding materials. More importantly, the velocity range
setting and corresponding bed reflection interference have been found to affect some
ADYV measurements. There are several options for velocity range setting in ADV data
acquisition software ranging from +3 cm/s to +250 cm/s. SonTek recommends (SonTek
2001) the selection of the lowest velocity range setting that will cover the maximum
velocity expected in a given experiment, as higher velocity ranges have higher noise
levels. However, they also state that when operating in highly turbulent flows the noise
level may be reduced by increasing the velocity range. SonTek (2001) suggested that if
the turbulent fluctuations are 5% or more of the velocity range setting (i.e. greater than 5
cm/s when using the £100 cm/s velocity range), performance may be improved by
changing to the next higher velocity range. Moreover, trial measurements showed that
bed reflections interfere with ADV measurements at certain ranges of elevations for
different velocity range settings. From the above considerations a velocity range of +£30
cm/s was used for near-bed measurements, while a range of +100 cm/s was used for
measurements away from the bed to minimize error and discontinuity in measurements.
In spite of all these awareness, some measurements were found to be affected by either
bed reflection or inadequate seeding materials. However, the data points with suspect of

error are eliminated from analyses in the subsequent chapters.
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Table 2.1 Primary Details of the Experiment Scenario

Experiment Object Water  Discharge, Cross-Sectional Object
Height,  Depth, 0 (L/s) Mean Velocity, = Reynolds
h(mm) H(mm) Uy (m/s) No., Rep
Smooth  Regime-1 55 220 50 0.186 21000
bed Regime-2 120 220 50 0.186 21000
Regime-3 200 220 50 0.186 21000
Regime-4 300 220 50 0.186 21000
Rough  Regime-1 55 220 50 0.186 21000
bed Regime-2 120 220 50 0.186 21000
Regime-3 200 220 50 0.186 21000
Regime-4 300 220 50 0.186 21000
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Table 2.2 Repeatability of Yaw Probe Measured Bed Shear Stresses

Day Yaw angle Shear stress Friction velocity
0 (deg) 1 (N/m?) ux (m/s)
1 -1.82 0.09 0.0095
2 -5.83 0.06 0.0076
3 2.10 0.11 0.0106
4 2.81 0.12 0.0107
5 -5.10 0.12 0.0107
6 -1.37 0.17 0.0129
7 -2.99 0.11 0.0104
8 1.37 0.17 0.0129
9 -4.86 0.17 0.0130
10 -1.56 0.14 0.0119
11 0.48 0.10 0.0098
12 -1.58 0.14 0.0119
13 0.01 0.08 0.0088
14 -0.12 0.09 0.0093
15 -1.38 0.16 0.0127
Mean -1.32 0.120 0.0108

Standard deviation 2.5759 0.0358 0.0017




Table 2.3 Repeatability of Yaw Probe Measured Velocities

Day z=20.35 cm z=6.94 cm z=(0.11 cm

Velocity Yaw Velocity Yaw Velocity Yaw
(cm/s) angle (cm/s) angle (cm/s) angle

0 (deg) 0 (deg) 0 (deg)
1 23.28 1.29 21.56 4.37 6.53 -1.82
2 21.96 -0.01 21.11 -1.16 5.28 -5.83
3 23.96 -0.47 23.44 -1.12 7.22 2.10
4 23.70 0.09 22.73 0.67 7.33 2.81
5 22.61 -0.36 22.55 -0.86 7.26 -5.10
6 22.65 0.75 22.33 0.47 8.68 -1.37
7 22.70 -0.10 2243 -0.86 7.13 -2.99
8 22.33 1.74 21.90 1.38 8.63 1.37
9 22.73 -0.64 22.45 0.21 8.65 -4.86
10 21.95 1.36 21.60 1.10 8.01 -1.56
11 21.45 0.17 20.45 0.24 6.73 0.48
12 21.21 -0.08 20.00 -0.13 8.07 -1.58
13 21.50 0.14 20.96 0.16 6.08 0.01
14 20.76 0.24 20.49 0.20 6.37 -0.12
15 21.02 0.00 20.45 -0.06 8.52 -1.38
Mean 22.26 0.27 21.63 0.31 7.37 -1.32

Std. dev. 0.96 0.6993 1.02 1.3562 1.05 2.5759
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Table 2.4(a) Repeatability of ADV measurements at z= 15 cm

Day U 14 w u' v w' k uw
(em/s) (ecm/s) (ecm/s) (cm/s) (cm/s) (cm/s) (cm?¥/s?) (cm?/s?)

1 21.35 0.17 -0.16 1.73 1.58 0.89 3.14 0.02

2 20.31 0.32 -0.20 1.56 1.54 0.82 2.75 0.08

3 20.41 0.38 -0.30 1.37 1.46 0.78 2.31 0.02

4 20.47 0.26 -0.18 1.44 1.49 0.80 2.46 0.05

5 2024  -0.02  -0.25 1.56 1.51 0.72 2.62 0.06

6 20.87 0.10 -0.31 1.60 1.59 0.83 2.89 -0.02

7 21.07 0.14 -0.26 1.65 1.62 0.83 3.01 0.01

8 21.06 0.09 -0.23 1.69 1.59 0.85 3.06 -0.09

9 20.96 0.06 -0.38 1.66 1.73 0.81 3.19 -0.05

10 20.88 0.20 -0.30 1.55 1.50 0.79 2.64 -0.08

11 20.90 0.06 -0.48 1.65 1.63 0.81 3.01 -0.01

12 20.01 0.08 -0.38 1.55 1.44 0.81 2.56 0.02

Mean 21.71 0.15 -0.29 1.58 1.56 0.81 2.80 0.00
Std. dev. 0.4073 0.1191 0.0930 0.1024 0.0822 0.0427 0.2873  0.0533
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Table 2.4(b) Repeatability of ADV measurements at z=7.5 cm

Day U 14 W u' v " k o
(cm/s) (cm/s) (em/s) (cm/s) (cm/s) (em/s) (cm?/s?)  (cm?/s?)

1 21.19 0.46 0.03 1.90 1.62 0.88 3.50 -0.17
2 20.15 0.26 0.06 1.50 1.23 0.82 222 -0.31
3 20.26 0.28 -0.07 1.45 1.14 0.82 2.03 -0.25
4 20.78 0.30 0.01 1.32 1.16 0.73 1.82 -0.17
5 20.17  -0.25 -0.19 1.67 1.25 0.74 2.45 -0.41
6 2112 -0.33 -0.57 1.48 1.27 0.80 222 -0.23
7 2099  -041 -0.47 1.57 1.27 0.78 2.34 -0.29
8 20.80  -0.31 -0.37 1.80 1.30 0.81 2.79 -0.42
9 2092  -040  -0.55 1.46 1.28 0.74 2.16 -0.12
10 2062 -042  -0.45 1.57 1.26 0.78 2.33 -0.26
11 2094 -029 -047 1.78 1.32 0.83 2.79 -0.43
12 20.17  -042  -045 1.47 1.20 0.76 2.09 -0.33

Mean 2068  -0.13 -0.29 1.58 1.27 0.79 2.39 -0.28
Std. dev. 0.3917 03423 0.2421 0.1721 0.1195 0.0438 0.4486  0.1023
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Table 2.4(c) Repeatability of ADV measurements at z = 0.5 cm

Day U 14 /4 u' 4 w' k o
(cm/s) (cm/s) (cm/s) (cm/s) (cm/s) (cm/s) (cm?/s®) (cm*/s?)

1 1426 0.21 0.13 2.29 1.70 0.87 4.44 -0.78
2 1445  0.08 0.24 2.29 1.58 0.78 4.17 -0.69
3 14.05 0.14 0.06 2.39 1.61 0.84 4.51 -0.90
4 1436 0.16 0.06 2.42 1.61 0.84 4.57 -0.84
5 1441 -024  0.12 2.40 1.91 0.82 5.04 -0.63
6 1429 -043 -028 249 1.80 0.80 5.05 -0.86
7 14.44 -55 -0.13  2.48 1.74 0.82 4.93 -0.84
8 1440 -0.60 -0.05 248 1.77 0.83 4.99 -0.72
9 14.00 -090 -0.23 250 1.88 0.80 5.21 -0.66
10 1450 -0.63 -0.12 247 1.81 0.82 5.04 -0.86

11 1448 -030 -024 250 1.86 0.83 5.21 -0.75
12 1460 -0.65 -0.17 2.19 1.75 0.82 4.26 -0.70

Mean 1435 -0.31 -0.05 241 1.75 0.82 4.79 -0.77
Std. dev. 0.1777 03778 0.1694 0.1035 0.1104 0.0226 0.3728 0.0893
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Fig. 2.4 Photograph of leveled and aligned yaw probe
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Fig. 2.5 Photograph of the setup for the yaw probe measurements

Fig. 2.6 Photograph of the ADV probe mounted for smooth bed measurements
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Fig. 2.7 Photograph of leveled and aligned ADV probe
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Fig. 2.8 Definition sketch of flow regimes; (a) Regime-1: Deeply Submerged Object
(Submergence ratio, H/h~4), (b) Regime-2: Moderately Submerged Object (H/h~2), (c)
Regime-3: Slightly Submerged Object (H/h~1.1), and (d) Regime-4: Non-Submerged
Object (h>H)
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Chapter 3: Turbulence in Narrow Open Channel Flows

3.1 Introduction

Experimental studies on open channel turbulence have attracted much interest in the last
few decades. Experimental results for two-dimensional open channel turbulence have
been available since mid 1970s (Nezu and Nakagawa 1993). The advent of laser
anemometry in the early 1980s opened up the prospect of experimental research on
turbulence, permitting detailed investigations of not only basic two-dimensional uniform
flows, but also unsteady and three-dimensional open channel flows (Nezu 2005). More
recently, Acoustic Doppler Velocimeter (ADV) and Particle Image Velocimetry (PIV)
have expanded the scope of turbulence research in open channels. However, most
researchers have focused on the turbulence characteristics of two-dimensional wide open
channel flows. Nakagawa et al. (1975) were the first to measure all three components of
turbulence intensities for open channel flows (Nezu and Nakagawa 1993). Subsequently,
Steffler et al. (1985) and Nezu and Rodi (1986) conducted detailed studies of turbulence
in two-dimensional straight open channel flow. It had been a long time since river
engineers noticed the existence of secondary current in straight open channel flows where
the channels were not very wide (Nezu and Nakagawa 1993). In particular, they noticed
that the maximum velocity occurs well below the free surface, when the channel is not
very wide. This phenomenon is commonly known as ‘velocity dip’. However, the
complexity of turbulence in straight open channels with secondary currents was

essentially ignored until the study of Nezu and Nakagawa (1984).

Nezu and Rodi (1985) classified open channels as narrow and wide on the basis of the
velocity dip phenomenon. They found that the velocity dip occurs when the channel

aspect ratio (B/H) falls below 5, where B is the channel width and H is the flow depth.
However, the influence of secondary currents on the turbulence and bed shear stress was
observed in the study of Tominaga et al. (1989) for aspect ratios as high as 8. Therefore, a
channel with aspect ratio less than 10 cannot be considered wide and in this case the

turbulent flow characteristics will differ significantly from those in a 2D channel.
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If the flow is not uniform in the streamwise direction, streamwise vorticity is generated
by vortex stretching. Secondary currents generated by this mechanism are known as
‘secondary current of Prandtl’s first kind’. This type of secondary current is driven by the
centrifugal force and it is commonly found in a channel bend. This type of secondary
current can be about 20-30% of the main stream velocity (Nezu and Nakagawa 1993).
However, the other kind of secondary current develops in straight uniform open channel
flows. Einstein and Li (1958, after Nezu and Nakagawa 1993) first ascribed the origin of

secondary currents in straight open channels to gradients in the Reynolds stresses, on the

basis of the streamwise vorticity ({2) equation as follows:
2 2\ __
(—9— - —q—szw +W2Q

[3.1] W[%Q)w(?-j:aa; (2 -7 )s| & ;
. Y ~ ZJ LJZ_Y_J ay%/i__J —
A B C D

where, Q =0V/0y —0W/0z, V and W are the time-averaged velocities, v—2 and ;v? are

the normal stresses in the transverse (y) and vertical (z) directions, -vw is the Reynolds

shear stress in y-z plane and v is the kinematic viscosity of water.

Non-homogenous and anisotropic turbulence is responsible for the gradients in the
Reynolds stresses in straight open channel flow. Therefore, this type of secondary current
is called ‘turbulence driven secondary current’ or ‘secondary current of Prandtl’s second
kind’. Secondary currents in straight channel will have magnitudes of about 5% of the

maximum streamwise velocity (Nezu and Nakagawa 1993).

In a straight channel, terms B and C contribute most to generating secondary currents; i.e.
non-homogeneity and anisotropy of turbulence. Viscous term D is negligible except for
regions near the bed. Term A represents the advection of vorticity, i.e. the existence of
secondary current. Term B promotes and term C suppresses the secondary current. It had
been verified by experimental (Nezu and Nakagawa 1984) and numerical studies

(Demuren and Rodi 1984) that terms B and C are the dominant ones; they have opposite
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signs and are much larger than the advection term A. Therefore, the difference between

the terms B and C drives the secondary current in straight channels.

Most of the studies of turbulence driven secondary currents in open channel flow have
differentiated between the secondary current structure in straight open channel flow and
that in closed conduit (e.g. Nezu et al. 1989). However, knowledge about the differences
in the structure of 2D and 3D turbulent flows in straight open channels is limited. Nezu
and Nakagawa (1993) summarized the research on turbulence in 2D and 3D open channel
flows up to 1993. In a concurrent field study, Nezu et al. (1993) investigated the
turbulence characteristics and bed shear stress distribution in a river and an irrigation
canal where the aspect ratio was 8 and 2.5 respectively. Nezu (2005), in a very recent
forum article, described the latest developments including the major contributions from
the past in the field of open channel turbulence research. After a detailed review of
literature, it has been recognized that the effect of turbulence driven secondary currents
on the over all flow structure is mostly unknown. Therefore, the objective of the present
study is to examine the differences between the 3D turbulence structure in a narrow open
channel and the 2D flow structure in wide channels. The effect of roughness on this

complex 3D flow structure is also studied.

3.2 Experimental Setup and Procedure

General description of the experimental setup and procedure is given in Chapter 2. For
the present study, a discharge of 50 L/s with 22 cm water depth (H) was tested on smooth
and rough beds in a 122 cm wide (B) open channel. This has produced a turbulent
(Ry=UypH/A=40000) subcritical flow (F=0.13) and a relatively narrow channel aspect
ratio, B/H=5.5. Development of approach flow was tested by comparing the mean
velocity profiles at x=0 [see Fig. 2.1] with the profiles at two other stations at a distance
of 1 m upstream (i.e. at x=-1m) and downstream (i.e. at x=+1m) from the central test
station. Figure 3.1(a-c) and Figure 3.2(a-c) show the comparison of mean velocity
profiles along three longitudinal planes at y=-0.3m, 0 and +0.3m on smooth and rough
beds respectively. In all cases the velocity profiles are found to collapse in a narrow band

representing fully developed flow. Similarly the symmetry of flow across the channel
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was confirmed by comparing the mean velocity profiles (at y=-0.3m, 0 and +0.3m) at x=0
in Fig. 3.3(a-b). For both smooth and rough beds velocity profiles at y=-0.3m and +0.3m
collapse together with a small offset from the profile at y=0. This is due to relatively less
channel aspect ratio. However, the mean velocity at y=-0.3m and +0.3m (i.e. at
3/B=£0.25) compared to the velocity at y=0 are only 8-12% less. Such a variation in
mean velocity across the channel is not uncommon in natural rivers. For example, Nezu
et al. (1993) found 7-10% deviation of mean velocity at y/B=+0.25 compared to channel
center (i.c. at y=0) in field measurement at Biwako Soui River in Kyoto, Japan where the
channel aspect ratio (B/H) was 8. It is also observed in the present study that the
transverse velocity component at 3/B=+0.25 do not exceed 3-5% of the velocity in the

main stream direction.

Thickness of the turbulent boundary layer (8) in the fully developed flow region is
observed. By definition (Schlichting 1968), § is the elevation above the bed where the
longitudinal component of velocity (U) equals 99% of the free stream velocity. It can be
observed from the mean longitudinal velocity profiles (Fig. 3.1 and Fig. 3.2) that there is
no appreciable change in velocity gradient at z>0.05 m and z>0.1 m at the channel center
(i.e. at y=0) for smooth and rough beds, respectively. However, the change in velocity
gradient considerably diminishes only at z=0.15 m for both smooth and rough beds away
from the channel center (i.e. at y=+0.3 m). Therefore, from the overall observations of the

fully developed velocity profiles § can be taken approximately equal to 15 cm.

For the purpose of studying the differences in turbulence structure and its significance in
developing turbulence driven secondary current in a narrow open channel compared to
the 2D flow structure in wide channels velocities are measured at two stations across the
channel at x=0. The stations chosen for this study are located at 1) the centerline (i.e., at
y=0) and 2) at y=B/4 (i.e., the quarter width of the channel). Figure 3.4 shows the position
of velocity measuring stations 1 and 2 with respect to the channel cross-section. The 3D
turbulent velocity was measured using a 10 MHz Acoustic Doppler Velocimeter (ADV)

at a sampling rate of 25 Hz for durations of at least 2 min. In addition, a thin yaw-type
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Preston probe was used for direct measurements of bed shear stress (7). Details about the

application of ADV and yaw probe are presented in Chapter 2.

3.3 Result Analysis and Discussions

3.3.1 Bed shear stress and friction velocity

Friction velocity can be considered to be the most fundamental parameter for normalizing
the turbulence properties. Therefore, accurate evaluation of the friction velocity (u+) is a
prime requirement for detailed investigation of turbulent structures in open channel flow
(Nezu and Nakagawa 1993). Friction velocities at station 1 and 2 are computed from the
logarithmic profiles of streamwise mean velocities (U) near the bed. Direct measurements
of bed shear stress (1) using yaw-type Preston probe are also available at the center of
the cross-section for both smooth and rough beds. Friction velocities (ux) obtained from
these two methods agree within a maximum deviation of 7%. Nikuradse’s sand
roughness height (k;) is computed from logarithmic profiles of U on the rough bed.
Normalized logarithmic profiles of streamwise mean velocities along the channel center

(i.e. y=0) at x=-1m, 0, and +1m are plotted along with law of wall on smooth and rough
beds in Figure 3.5(a) and 3.5(b).

Many investigators in the past have reported that the bed shear stress varies in the
spanwise direction in open channel flow (e.g. Rajaratnam and Muralidhar 1969). Knight
and Patel (1985) reported that the spanwise variation of bed shear stress is dependant on
the number and spacing of secondary current cells. However, several researchers have
reported more or less similar spanwise variation of bed shear stress for channel aspect
ratios 2-8 (Nezu and Nakagawa 1984, Steffler et al. 1985, Nezu et al. 1989, Tominaga et
al. 1989 etc.). Their results show that the 1, distribution across the smooth bed from y=0

to B/2 has two maxima, one at the centre of the channel (i.e. 3/B=0) and the other at

approximately /B=0.35. The maximum shear stress rOmale.l—l.za , where ;; is the
average To across the channel bed, occurs at the centre of the channel. The second

maxima has a value 1021.05%;. However, at approximately the quarter width (i.e.

y/B=0.25), the bed shear stress is very close to ;; and near the side-wall it is very small
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compared to a Nezu et al. (1989) and Tominaga et al. (1989) had also presented the

spanwise distribution of 1y on rough bed. They found that the maximum shear stress
(tomax) increased with increasing roughness height, but the second maxima gradually
disappeared to produce a wide open channel like parabolic distribution of t¢ with Tomex at
the centre. However, it was interesting to note that, similar to the smooth bed result,

10:;; at the quarter width (3/B~0.25) of the channel. Nezu et al. (1993) observed a

similar distribution of 14 in field measurements in a prismatic irrigation canal (B/H=2.5),

though the distribution of 7 in a river (B/H=8) had three maxima. However, Tomax values

in both occasions were around 1.2z, , similar to other studies on a rough bed.

Knight et al. (1984) published a set of empirically derived equations for the shear stress
distribution on a smooth open channel boundary as a function of aspect ratio (B/H). They
used a wide range of experimental data with B/H=0.31-19.12. According to their

empirical relationships, the mean bed shear stress, a =0.768 yHSy, and the maximum bed

shear stress at the center, Tomax=0.83yHS, for B/H=5.5, where vy is the unit weight of water
and Sy is the energy slope. Thus we get a relationship between the mean and the

maximum bed shear stress on smooth bed of a rectangular channel with B/H=5.5 as,

TOmax':]. .]. TO .

The values of ux and 1 for the present experiments are presented in Table 3.1. It is found
that the 7o values for smooth and rough beds at station 1 (at y/B=0) are about 1.1 and 1.4
times the magnitude of 1, at station 2 (at 3/B=0.25). Therefore, on the basis of previous
arguments regarding the relationship of mean bed shear stress with Tomax at the channel

center, the bed shear stresses at station 2 are considered approximately equal to the mean

bed shear stresses for the present experiments.
3.3.2 Turbulence intensities and kinetic energy

Nezu (1977) proposed a set of semi-theoretical relationships for turbulence intensities

and turbulent kinetic energy for 2D turbulent open channel flow regardless of Reynolds
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and Froude numbers. The equations are valid in the outer region, where the effect of
viscosity is negligible. Nezu (1977) noted that bed roughness has no effect on turbulence
intensities except near the bed, where turbulence intensities in rough open channel are
somewhat less when z/6<0.3. The proposed relationships were verified by data obtained

from numerous experimental investigations (Nezu and Nakagawa 1993).

u' -z
[32] —=23 exp(Fj

*

V' -z
33] —=1.63exp —
(3.3] ) eXP[ 3 J
[3.4] K=1.27exp[1—5)

u, S
[3.5] —kT=4.786xp(:—2—€J

u, o

In Figure 3.6(a) and 3.6(b) profiles of the normalized root mean square velocities u'/u« in
the streamwise direction versus the normalized water depth z/6 are plotted for stations 1
and 2, respectively. Relationships for 2D flow are also plotted for the comparison of
turbulence intensities in smooth and rough narrow open channel flow with 2D plane flow.
It has been observed from Figure 3.6(a) that at station 1 the data agrees with Equation
[3.2] up to z/6=0.4 on smooth and rough beds, respectively. However, at greater heights
the streamwise turbulence intensities on smooth and rough beds are larger than the values
from Equation [3.2]. At station 2 [Fig. 3.6(b)], turbulence intensities u'/us for both
smooth and rough beds are found to be 20-25% higher than the intensities at station 1,

and the profiles of turbulence intensities do not follow Equation [3.2].

Vertical profiles of the spanwise turbulence intensities v'/u+ at stations 1 and 2 are
presented in Figure 3.7(a) and 3.7(b) respectively and compared with Equation [3.3]. For
2/8<0.5 smooth bed v'/u+ are approximately 20-25% higher, while rough bed v'/u« are in
good agreement compared to those of 2D flows [Fig. 3.7(a)]. However, the spanwise

intensities (v'/ux) are 2-3 times higher than expected for two-dimensional flow at z/6>0.5.
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Spanwise turbulence intensities for smooth bed at station 2 [Fig. 3.7(b)] are similar to the

values at station 1, but rough bed v'/u« are relatively higher.

Figure 3.8(a) and 3.8(b) show profiles of the vertical turbulence intensities w'/u+ at
stations 1 and 2, respectively. Smooth and rough bed profiles are compared to the profile
of w'/ux in two-dimensional flow given by Equation [3.4]. For z/6<0.6 the vertical
turbulence intensities are much smaller than predicted by Equation [3.4]. The vertical
turbulence intensities are almost constant over the depth at the stations, though it is
relatively higher at station 2 compared to station 1. It is also interesting to note that the

effect of bed roughness is negligible on w'/usx.

Figure 3.9(a) and 3.9(b) show the profiles of the non-dimensional turbulent kinetic
energy k/us” at stations 1 and 2, respectively. Smooth and rough bed profiles of k/us* are
compared to Equation [3.5]. The values of k/us* at z/8<0.4 are 5-10% higher on the
smooth bed, while these are 5-10% smaller on the rough bed than Equation [3.5] predicts.
However, for z/6>0.4 the turbulent kinetic energy on both smooth and rough beds is
much higher than predicted by Equation [3.5]. The magnitudes of k/us* at station 2 are
higher than those at station 1.

3.3.3 Primary Reynolds stress

Profiles of normalized Reynolds stresses —uw/u, 2 at station 1 are plotted versus the

normalized water depth z/0 in Figure 3.10, where u, is the mean friction velocity across

the channel bed. The linear stress profile expected for a wide open channel is also plotted

for comparison. The maximum values of the normalized Reynolds stresses occur near the
bed, whereas the magnitudes of —uwlu, ? are very small negative for z/6>0.6 (i.e.
z/H>0.4). Similar results were presented by Nezu and Nakagawa (1993) for a smooth
narrow open channel (B/H=2), where the maximum —uw occurred near the bed in the
central part of the channel and — uWme =1.1u, %, zero at z/H=0.65 and negative above.

Tominaga et al. (1989), stated that the negative region of —uw appears near the free

surface and near side wall in narrow rectangular channel. They argued that the negative
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region corresponds well with the region of negative velocity gradient of ¢ U/0z near the
surface due to velocity dip. However, the mean longitudinal velocity profiles of the

present study (Fig. 3.1 and 3.2) do not exhibit velocity dip.

For the present experiments with B/H=5.5, the maximum —uw is equal to 0.5, 2 on the

smooth bed and 0.96u, 2 on the rough bed (Fig. 3.10). If we compare the bed shear
stresses at the center of the channel with the corresponding Reynolds stress profile, a
huge difference between To/p and — uwme can be observed. For smooth bed to/p at the
channel center is about 2 times of —uwms and for rough bed it is about 1.5 times of

— uWma . This discrepancy can be attributed to the turbulence driven secondary currents.

The observations of Steffler et al. (1985) for B/H=5-12.3 do not agree with the above

observations. They reported that the values of ., computed from velocity profiles and

stress profiles agree within £5% for the entire range of aspect ratio. They also reported
that for B/H=5 the distribution of Reynolds stress over the depth in the central region was
linear except very close to bed, but that the distribution was complicated away from the

centerline.

A theoretical explanation in favor of a non-linear stress profile for narrow open channel
can be obtained from Nezu and Nakagawa (1993). It is well known that the primary
Reynolds stress in plane 2D flows follows a linear relationship except very close to the
bed. If we consider that the boundary layer intersects the water surface, i.e. =H the linear

relationship for turbulent shear stress can be expressed as:

TW
p6] e gSf(H—z):u,z(l_Ej

However, for the flows with secondary currents the primary Reynolds stress deviates

from this linear relationship. For such cases, Nezu and Nakagawa (1993) derived the
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following relationship by integrating the streamwise momentum equation in both the

vertical and spanwise directions:

37 e w0 Sl =g, (1-2)s [ dee [ e+ j;%(_w‘% i
P 2 2 P

SCl1 SC2 SUV

In regions where the transverse velocity is almost zero (i.e., =0) except near the channel

bed Equation [3.7] can be reduced to Equation [3.8].

!H oU Iﬂaﬁ

[3.8] —u_v;=gSf(H—z)— W—dz— | —dz
N ) C ﬁLJLLQ}—J

v
G SC1 SUV

From experimental observations Gessner (1973) and Nezu and Nakagawa (1981) found
that the transverse gradient of uv is negative for upward flow and vice versa. Using these

experimental observations Nezu and Nakagawa (1993) did an analysis of magnitude of

the terms in Equation [3.8]. They found that the primary Reynolds stress —uw deviates
appreciably from G depending on the vertical motion of the flow. For an upward flow
SC1 is positive and SUV is negative. Therefore, SUV has an additive and SC1 has a
subtractive effect on the magnitude of the right hand side of Equation [3.8] for an upward
flow. Nezu and Nakagawa (1993) found that — uw becomes greater than G in the upward
flow and smaller in the downward flow region. Thus they recognized that SUV plays
more important role on the magnitude of the primary Reynolds stress —uw than the

secondary current term SC1.

The bed shear stress 1y can be obtained from Equation [3.7] for z=0 and for the boundary

condition that =0 at z=0 and z=H, as follows:
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Nezu and Nakagawa (1993) conducted an analysis of magnitude of the terms in Equation
[3.9] similar to Equation [3.8]. They found that in an upward flow region t¢/p is less than
G, where SC2 and SUYV are negative. This indicates that SC2 plays a more important role

than does the Reynolds stress term SUV in determining the bed shear stress. Therefore,

the contributions of secondary currents to the Reynolds stress —uw and to the bed shear

stress 1to/p differ significantly from each other.

3.3.4 Turbulence anisotropy

Profiles of the ratios of the root mean square turbulent velocities (u'/v', u'/w' and v'/w") at
station 1 are presented in Figures 3.11(a) and 3.11(b) for smooth and rough bed,
respectively. These ratios are the indicators of turbulence anisotropy. Except for z/H <0.4,
the ratio of u'/v' is very close to unity. This indicates that the turbulence in the streamwise
and spanwise directions are almost isotropic, especially on rough bed. However, the
vertical component of turbulence is 2-3 times smaller than the streamwise and spanwise
components on smooth bed. This significant anisotropy is responsible for causing
turbulence driven secondary current (see Eqn. [3.1]). The anisotropy of spanwise and
vertical turbulence on the rough bed is relatively less significant, although the streamwise
turbulent velocity remains 2-3 times larger than the vertical turbulent velocity. According
to Equations [3.2] to [3.4] the ratios of the root mean square velocities for 2D turbulent
flows in wide open channel are u'/v'=1.4, u'/w'=1.8 and v'/w'=1.28. This indicates that the
turbulence anisotropy in a narrow open channel flow is quite different from that in wide

open channel flows.

In Figures 3.12(a) and 3.12(b) profiles of the root mean square turbulent velocities at
station 2 are plotted for smooth and rough bed, respectively. If we compare the respective
profiles of Figure 3.11 and 3.12, it can be observed that there is almost no considerable

difference in turbulence anisotropy at station 2 as observed at station 1.
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3.3.5 Production term for turbulence driven secondary current
Several researchers explained with the help of Equation [3.1] that the gradients of (;;-

w?) in the vertical and spanwise directions are responsible for the production of

secondary current in a straight channel (e.g. Nezu and Nakagawa 1984). Figure 3.13(a)

shows vertical profiles of the normalized secondary current production term (v -

w2 ), ? at station 1 for flows on smooth and rough bed. Figure 3.13(b) shows the

vertical profiles of (v -w? )/1—4: 2 at station 2. It can be noticed from Figure 3.13(a) and

3.13(b) that the vertical gradients of normal stresses (;7 -;V—{) are large near the bed and
towards the free surface. This is because of higher values of spanwise turbulence v'/ux
and smaller values of vertical turbulence w'/ux near the bed and the free surface [see Fig.
3.7 and 3.8]. If we compare the profiles in Figure 3.13(a) and 3.13(b) for z/H>0.4, it can
be observed that the effect of the free surface on the vertical gradients of turbulent normal
stress reduces away from the channel center for both smooth and rough bed. Tominaga et

al. (1989) also reported similar observations for rectangular and trapezoidal open
channels. It can be observed from Figure 3.13(a) and 3.13(b) that the magnitudes of (v—2 -

F)/;l: 2 for similar flows on smooth and rough beds are significantly different, but the

gradients of (v2-w?)u, % in spanwise direction are greater near the free surface
compared to near-bed region for both smooth and rough beds. However, greater

differences in magnitudes of (v -w* )/ u, ? near the free surface across the channel on

smooth bed cause higher gradient. It is interesting to note that the vertical gradients of

(;7-;1/—2) are strong but of opposite sign towards the bed and the free surface from the
central region of the channel for both smooth and rough beds [Fig. 3.13(a)], but such
change in gradient diminishes at station 2 especially for smooth bed [Fig. 3.13(b)].

Consequently the overall significance of the gradients of (v_i -;2—) is found to be stronger
on smooth bed. Therefore, bed roughness can be considered to have a preventive effect
on the turbulence driven secondary current. Thus the streamwise vorticity or in other
words, the cellular current is stronger on smooth bed for similar flow in a narrow open

channel,
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3.3.6 Dissipation term for turbulence driven secondary current

In Figure 3.14(a) and 3.14(b) profiles of the normalized secondary current dissipation

term —vw/u, > are plotted for smooth and rough bed flows at station 1 and 2,
respectively. For both stations on smooth and rough beds —vw/u, ? values are negative

or close to zero. Figure 3.14(a) shows a gradual decrease in —yw/u, * from a value of

zero near the bed with increasing z/H for the smooth bed. However, the trend is opposite
for the rough bed, with a sharp increase in —vw/u, * with increasing z/H from a high

negative value near the bed. The data in Figure 3.14(b) for the rough bed at station 2 are

more scattered, although the smooth bed results are quite similar to those at station 1.

3.3.7 Correlation of the primary Reynolds stress with turbulence

There are two correlation coefficients that indicate the degree of similarity of the primary
Reynolds stress with turbulent velocities and kinetic energy (Nezu and Nakagawa 1993),
which can be defined as: R=—uw/u'w' and R=—uw /2k. Figure 3.15 shows profiles of R,
for smooth and rough beds at station 1. For 2D flow the value of R, near the bed (2/6<0.1)
is 0.3-0.4, then it remains constant at about 0.4-0.5 in the intermediate region
(0.1<z/86<0.7) and finally it decreases in the free surface region (Nezu and Nakagawa
1993). From the present experimental results, the variation of R, is quite different for both
smooth and rough beds, except the magnitudes near the bed. The value of R, near the
smooth bed is about 0.3 which decreases to zero at z/6=0.5. On the other hand, the values
of R, on rough bed increases from 0.35 to 0.4 near the bed, then decreases to zero at

z/6=0.7.

Figure 3.16 shows profiles of R, for smooth and rough bed at station 1. It can be observed
from Figure 3.15 and 3.16 that the variations of the two correlations (R, and Ry) are
similar. For 2D flow the value of R; at z/86<0.1 is 0.08-0.12, remains constant at about
0.12-0.16 at the intermediate depths (0.1<z/6<0.7) and finally decreases sharply in the
free surface region (Nezu and Nakagawa 1993). However, the present experimental
results show that the turbulence driven secondary current reduces the correlation between

the primary Reynolds stress and the turbulent kinetic energy, especially on smooth bed.
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The maximum value of Ry is about 0.05 for smooth bed, and 0.1 for rough bed. However,

this correlation reduces to zero for z/6=0.6-0.7.

3.4 Conclusions

Turbulent flow characteristics in a straight rectangular open channel with small aspect
ratio (B/H=5.5) are compared with those of a wide rectangular open channel. The present
experimental results show that the turbulence driven secondary currents can alter the
turbulent flow structure in a straight rectangular open channel. The mean velocity profile
at the channel center follows the law of the wall up to the intermediate flow region on
both smooth and rough beds. However, non-homogenous and anisotropic turbulent flow
is observed in the channel that results secondary currents. In the present experiments the
longitudinal and spanwise turbulence intensities at the channel center are found higher
than those in 2D flows in the upper flow region (z/6>0.5). However, the near bed
(2/6<0.3) turbulence intensity of the vertical component is much smaller when compared
to that in a 2D flow. Ratio of streamwise and spanwise turbulent velocity components to
the vertical component on the center plane remains 2-3 for flow on smooth bed. The bed

roughness is found to suppress this anisotropy by 20-25%.

The turbulent kinetic energy at the channel center is found to vary similar to the flow in
wide open channel up to mid-depth of flow. The upper flow region (2/6>0.5) is found to
contain considerably higher (2-3 times) turbulent kinetic energy compared to 2D flows.
The bed roughness is found to reduce the turbulent kinetic energy as observed for similar

flow on smooth bed.

The primary Reynolds stress is the turbulence parameter that has been found most
different from its counterpart in wide open channel flow. The conventional theory of a
linear variation of primary Reynolds stress in plane 2D flows does not apply for a narrow

channel. The magnitude of turbulent shear stress near the bed is not comparable to the

magnitude of bed shear stress in narrow open channel flow. In the present study, to/p at

the channel center is about 2 times of —u_M—;max on a smooth bed and it is about 1.5 times
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— UWm O @ rough bed. However, the maximum turbulent shear stress is equal to 0.5 u,

on smooth bed and 0.96u. 2 on rough bed. As a result, the correlations of turbulent shear

stress with turbulence itself are quite different from those of two-dimensional open

channel flow.

The vertical variation of the production term of turbulence driven secondary current
reveals that production is prominent near the bed and the free surface. However, the
magnitudes of the secondary current production term are found to be significantly less on
a rough bed. The vertical variation of the dissipation term of turbulence driven secondary

current also indicates that bed roughness tends to suppress the development of secondary

currents.
Table 3.1 Friction Velocities and Bed Shear Stress Values
Experiment Station 1 Station 2 Mean shear
(Center plane) (Quarter plane) properties of the

From From yaw-type From flow

logarithmic Preston tube logarithmic
profile profile

Us, T, U, 7, U T, u. a

(mm/s) (N/m%) (mm/s) (N/m®) (mm/s) (N/m*) (mm/s) (N/m?)
Smoothbed 10.01 0.100 1074 0.1155 9.48 0.0898 9.48 0.0898
Roughbed 12.00 0.144 11.98 0.1435 10.14 0.1029 10.14 0.1029
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Fig. 3.2 Mean velocity profiles on rough bed; at (a) y=0, (b) y=-0.3m, and (c) y=10.3m
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Fig. 3.8 The normalized root mean square velocities, w'/ux versus the normalized depth,

z/d, at (a) station 1; (b) station 2

66



(@ 127

0.8+

z/3

06 1
0.4 +

024

O Smooth bed
® Rough bed

o ~=Equation [3.5]

(b 121

Fig. 3.9 The non-dimensional turbulent kinetic energy, k/us> versus the normalized depth,

z/3, at (a) station 1; (b) station 2

67



. © Smooth bed
1 o @ Rough bed
Oel —Linear stress profile

Fig. 3.10 The normalized primary Reynolds stress, — uw/u, * versus the normalized

depth, z/8, at station 1

(@) 0.8 T
LA
0.7 + . Da Auiw
E [ ] Da avimw'
0.6 T . o
0.5 J_ ° 0 a
. . O a4
= r
N 047 . 0 A
03 f
. o A
0.2 +
. . a A
r . u! A
0.1 [ ] A
0 bl A 1 4| 1. I ) + { I I I 1 } 1 1 1 b
0 1 2 3 4
Ratio
() 08
F
0.7 + ° o a
F ° O a
06 T [} Oa
L ) O A
0.5 E ° o a
< 3 . a  a
S 04 t
03+ . ) 4
s « A
0.2+ e O A
F o o A
01t ° A
£ ) A
N T M
0 1 2 3 4
Ratio

Fig. 3.11 Ratios of turbulence anisotropy on (a) smooth bed; (b) rough bed at station 1

68



(a) 0.8

» o u'N'
0.7 ‘; e O A AUu'Ww
06 __ e O A oviw'
r [ ] d A
0.5 T ) o A
T F [ A
04 +
N F . A
03t
b . [n) A
02 1 ° ] A
01+ ° a a
. u} A
[ . 8] A
o 1 i } i I 1 1 } 1 i Y _l s
0 1 2 4
Ratio
(b) 0.8
07+ . o a
. . O a
06 + ° o A
. . O a
0.5 T e O A
I i . 0 A
3 0.4 .
F oe A
03 ¢ u} A
L . [m) A
0.2 T ° a A
01 r [ In] A
T ) A 4
0 : 1 = 1 4.. 1 D? I i i ‘l ? i 1
0 1 2 3 4
Ratio

Fig. 3.12 Ratios of turbulence anisotropy on (a) smooth bed; (b) rough bed at station 2

69



(2)

0.8 F
E ©O Smooth bed
07 T O.
E o o @ Rough bed
06 + @
F ®
05t .
I L O o
N 0.4 Oo
03+ °
F o)
02§ * ° s
0.1 E ¢ ° ° 9
Pl B [
$ 3
0_llJlglhII}AIAIElLlI%lJLI#LALI:LLAL
0 0.5 1 156 2 ) 25 3 35
(vz—wz)/U*
b
( ) 0.8 ¢
07 + o
06+ °
r Ce
05t e ©
I r o
0.4 +
N » ° o)
03+ .
C o
02+ * o
0.1 E ¢
At . )
: o o ©
0 lllI;AAIl;lLAl}AllAJrllAlJ'LlJl}L
0 0.5 1 1.5 2 25 3 3.5

w2-w?)/u.
Fig. 3.13 The normalized secondary current production term versus the normalized depth,

z/H, at (a) station 1; (b) station 2

70



(a)

(b)

z/H

z/H

0.8 T
07§
06 +
05 1
0.4 1—
031
0.2 J
01 £

0

© Smooth bed
® Rough bed

. ®

TR

-0.25

0.8

-0.2

T

-0.15

-0.1
— VW / Us

0.7 1
0.6 1

T T T T

05 ¢
04 1‘
037
02 ¢
0.1 -~

0

L

-0.25

-0.2

-0.15

-0.1

~ VW /Ux

-0.05 0
2

Fig. 3.14 The normalized secondary current dissipation term versus the normalized depth,

z/H, at (a) station 1; (b) station 2

71



12 1
r © Smooth bed
14 © . ® Rough bed
C .
e ©
I o
0.8 T pad
r oe
Lost o°
T [¢]
04 *
r .
- o .
02+ o9 .
F @
L ° o .. *
0 TR B Wt { A N L+ I T | ‘ TS B W } TS S = T N Y
-0.1 0 0.2 0.3 0.4 05
Ry

Fig. 3.15 Correlation coefficient, R, versus the normalized depth, z/3, at station 1

1.2 T
N 0 Smooth bed
1+ 5 © @ Rough bed
°
[ [} [o]
I O
08 T P
N ce
€ 06 T 0°
N o]
0.4 + ¢
L °
[ O [ ]
0271 o © °
C % .
o . o*
0 = % : = :
-0.04 0 0.04 0.08 0.12

Fig. 3.16 Correlation coefficient, Ry versus the normalized depth, z/3, at station 1

R

72



3.5 References

Demuren, A. O., and Rodi, W. (1984). “Calculation of turbulence-driven secondary
motion in non-circular ducts.” Journal of Fluid Mechanics, 140, 189-222.

Einstein, H. A., and Li, H. (1958). “Secondary currents in straight channels.” Trans.
American Geophysical Union, 39, 1085-1088.

Gessner, F. B. (1973). “The origin of secondary flow in turbulent flow along a corner.”
Journal of Fluid Mechanics, 58, 1-25.

Knight, D. W., Demetriou, J. D., and Hamed, M. E. (1984). “Boundary shear in smooth
rectangular channels.” Journal of Hydraulic Engineering, 110(4), 405-422.

Knight, D. W., and Patel, H. S. (1985). “Boundary shear in smooth rectangular ducts.”
Journal of Hydraulic Engineering, 111(1), 29-47.

Nakagawa, H., Nezu, 1., and Ueda, H. (1975). “Turbulence of open channel flow over
smooth and rough beds.” Journal of JSCE, 241, 155-168.

Nezu, [ (1977). “Turbulent structures in open-channel flows.” PhD thesis, Kyoto
University, Japan.

Nezu, 1. (2005). “Open-channel flow turbulence and its research prospect in the 21
century.” Journal of Hydraulic Engineering, 131(4), 229-246.

Nezu, 1., and Nakagawa, H. (1981). “Coherent structures in turbulent open-channel
flows.” Proc. of 2™ Symposium on Geophysical Turbulent Flows, National Institute for
Environmental Studies, Japan, 1-68.

Nezu, 1., and Nakagawa, H. (1984). “Cellular secondary currents in straight conduit.”
Journal of Hydraulic Engineering, 110(2), 173-193.

Nezu, 1., and Nakagawa, H. (1993). Turbulence in open-channels, IAHR-monograph,
Balkema, Rotterdam, The Netherlands.

Nezu, 1., Nakagawa, H., and Rodi, W. (1989). “Significant difference between secondary
currents in closed channels and narrow open channels.” Proc. of 23 JAHR Congress,
Vol. A, Ottawa, Canada, 125-132.

Nezu, 1., and Rodi, W. (1985). “Experimental study on secondary currents in open
channel flow.” Proc. of 21° IAHR Congress, Vol. 2, Melbourne, Australia, 115-119.
Nezu, 1., and Rodi, W. (1986). “Open-channel flow measurements with a Laser Doppler

Anemometer.” Journal of Hydraulic Engineering, 112(5), 335-355.

73



Nezu, 1., Tominaga, A., and Nakagawa, H. (1993). “Field measurements of secondary
currents in straight rivers.” Journal of Hydraulic Engineering, 119(5), 598-614.
Rajaratnam, N. and Muralidhar, D. (1969). “Boundary shear stress distribution in
rectangular open channel.” La Houille Blanche, 6, 603-609.

Schlichting, H. (1968). Boundary-layer theory, 6™ Edition, McGraw-Hill Book
Company, NY, USA.

Steffler, P. M., Rajaratnam, N., and Peterson, A. W. (1985). “LDA measurements in open
channel.” Journal of Hydraulic Engineering, 111(1), 119-130.

Tominaga, A., Nezu, I, Ezaki, K., and Nakagawa, H. (1989). “Three-dimensional
turbulent structure in straight open channel flows.” Journal of Hydraulic Research, 27(1),

149-173.

74



Chapter 4: Skewed Turbulent Boundary Layer around Cylinders

4.1 Introduction

The study of flow around bluff bodies in open channels has been of interest for many
decades. For example, knowledge of the flow generated around surface piercing cylinders
in open channel is essential in bridge design. In spite of the considerable number of
studies of flow around bridge-pier-like objects, our knowledge of flow around submerged
bluff bodies remains limited. Flow around submerged bluff bodies in open channels is of
interest to engineers because it will lead to improved design of submerged structures such
as fish habitat structures and water intakes. Flows around submerged islands are of
interest to geophysicists. The principal motivation for this study is to improve our

understanding of the flows around simple fish habitat structures.

In the last few decades, there has been an increasing awareness and concern regarding the
human impact on stream and riverine ecosystems (Bockelmann et al. 2004). Natural
habitats of instream fish species are often destroyed by the altered flow patterns caused
by upstream hydraulic structures (Shamloo et al. 2001). Ecological studies (e.g. Statzner
and Higler 1986, Kemp et al. 2000) revealed that different instream species can tolerate
different ranges of flow velocities, water depths, bed substrates and water quality
properties. Secondary currents, turbulence and variation in local velocity and water depth
are essential habitat conditions for both the diversity of river benthos and fish species
(Bockelmann et al. 2004). Statzner and Higler (1986) and Kemp et al. (2000) found that
stream hydraulics is the most important determinant of the instream habitat quality.
Therefore, ecological studies (e.g. Maddock 1999, Bockelmann et al. 2004) indicate the
need for hydraulic structures that create morphological features and improve fish habitat
by creating longitudinal and lateral variations in water depth, velocity, turbulence and bed
shear stress. Provision for fish habitat structures in downstream shallow flows is
therefore, an integral part of major hydraulic structure projects. There are a variety of fish
habitat structures in use; such as groins, V-weirs, pools, single rocks or cluster of rocks.
However, at the present there are only rough guidelines available for the design of these

structures (e.g. Lowe 1992).
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Natural rocks offer a simple solution to provide shelter and food for fish in adverse flow
situations by creating an altered flow pattern, nutrient accumulation and biological
activity in the wake region. Flow deflection, local scour and the wake created
downstream of natural rocks provide refuge for fish. Fish habitat structures are usually
built in shallow flows. Therefore, bed roughness and the location of the free surface can
influence the flow around habitat structures to a great extent. However, the lack of
knowledge of flow hydraulics means that current assessment tools for designing habitat
improvement projects cannot include such hydraulic components. The physical habitat
simulation program (PHABSIM) developed by the U. S. Geological Survey is a world-
wide accepted tool for the prediction of micro-habitat (depth, velocities and channel
substrate) conditions in rivers as a function of stream flow, and the relative suitability of
those conditions to aquatic life (Waddle 2001). This program uses a one-dimensional
hydraulic model to predict water depths and velocities at different cross-sections in a
river. Using empirical sets of velocity observations as templates, the velocity
distributions are calculated at different cells in a cross-section. Detailed measurements of
flow deflection patterns and bed shear stress distributions around objects at different

levels of submergence can be used to improve habitat simulation programs, such as
PHABSIM.

Study of shallow wakes has received a lot of attention in recent years (¢.g. Chen and Jirka
1995, Lloyd and Stansby 1997a and 1997b). In shallow flows, bed friction effects
become important and are quantified in terms of a friction length scale, which is usually
defined as the ratio of the depth of flow (H) to the skin friction coefficient (Cy). Ingram
and Chu (1987) proposed a stability parameter for shallow wakes (S,=C/D/H, where D is
the characteristic length of the wake generator across the flow) as a relative measure of
stabilizing effect of bed friction and destabilizing effect of transverse shear. However,
there are only a few studies on shallow flows around submerged bluff bodies. Shamloo et
al. (2001) studied the mean flow hydraulics in the wake around hemispherical habitat
structures in shallow flows, and measured shear stress distributions and scour patterns.
They tried many different levels of submergence and finally proposed a set of flow

regimes based on flow visualization experiments, as they observed some distinct
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differences in the flow for certain ranges of submergence ratio. However, Shamloo et al.
(2001) did not study the deflected flow around the hemispheres. They varied the depth
and discharge for different flow regimes and this made their results difficult to generalize.
Albers (1997) studied the scour pattern around a group of hemispheres, and the flow
regimes were defined similar to Shamloo et al. (2001) on the basis of submergence ratios.
Recently, Burrows and Steffler (2005) also adopted the definitions of flow regimes given
by Shamloo et al. (2001) in a numerical study. They used the experimental data of
Shamloo et al. (2001) to examine the depth-averaged velocities around individual
boulders. In another numerical study, Smith and Foster (2007) studied the wake created
by short submerged horizontal cylinders to model submerged pipelines in rivers. They
evaluated the time-dependant bed shear stress and used the mean and peak Shields
parameters to highlight the processes relevant to scour. Chen and Jirka (1995) classified
the instabilities observed in the near-wake region of shallow flows around a surface
piercing cylinder. They held the depth constant and used different diameters of the
cylinders to investigate wake instability, and finally proposed critical values of the
shallow wake stability parameter for different instabilities. Lloyd and Stansby (1997a,
1997b) carried out extensive experimental and numerical investigations on instabilities in
shallow wakes behind surface piercing and submerged conical model islands with gentle
slopes. In a geophysical study, Ingram and Chu (1987) observed the effect of bottom
friction on the wake behind islands in Rupert bay in northern Canada. Arya and
Gadiyaram (1986) studied the atmospheric flow and dispersion in the wakes downstream

of three-dimensional models of low hills.

Previous experimental studies showed that the analysis of deflected flow in terms of the
theories of three-dimensional turbulent boundary layer (3DTBL) could provide valuable
understanding of the complex flows around bluff bodies e.g., bridge pier (Ahmed and
Rajaratnam 1997b), abutment (Ahmed and Rajaratnam 2000) and groins (Rajaratnam and
Nwachukwu 1983). Unfortunately none of these previous studies attempted to analyze
the nature of the deflected approach flow around submerged bluff bodies. The deflected
approach flow develops a skewed boundary layer (3DTBL) around the object, where both

the magnitude and direction of velocity vectors change with the distance from the bed as
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shown in Figure 4.1. The outer flow (near the free surface) establishes the pressure
gradient that controls the behavior of the inner flow (near the bed). The flow approaching
a circular cylinder turns under the influence of a lateral pressure gradient which is
determined by the potential flow outside the boundary layer or by the outer region of the
boundary layer when such potential flow is absent. This causes a skewing of the velocity
vectors over the depth and creates streamwise vorticity. Since large variations of velocity
usually occur near the bed, all these effects are most pronounced in that region. The
slower-moving inner fluid (near bed) with less momentum turns more than the faster

moving outer fluid (Ahmed and Rajaratnam 1997a).

The purpose of this study is, therefore, to analyze the deflected mean flow in terms of the
theories of 3DTBL to identify and explore the characteristics of flow when the flow
deflecting object is submerged. Unlike Shamloo et al. (2001) this study has been
conducted using a constant approach flow depth and discharge for different regimes, so
that the flow elements can be precisely studied. Flow visualization and direct
measurements of bed shear stress around the cylinders were used to investigate the flow
separation and scouring potential of the flow around cylindrical objects with different
levels of submergence. This chapter presents the study in two parts; Part [ shows the
results obtained from smooth bed, and Part II shows the results obtained from rough bed.
Results of Part I of this chapter are already published by Sadeque et al. (2008) in Journal
of Engineering Mechanics, ASCE. The purpose of study in Part II is to investigate the
effect of bed roughness in similar flow conditions used in Part . This study will enhance
the knowledge of flow hydraulics around simple habitat structures in natural streams and

rivers.

4.2 Theories of Skewed Boundary Layer

Nash and Patel (1972) summarized numerous theories of skewed turbulent boundary
layers (3DTBL). The theoretical analysis of skewed boundary layers has not been as
successful as that of plane turbulent boundary layers. Our present knowledge of 3DTBL
has come largely from experimental observations (Ahmed 2000). Several competing

theories of 3DTBL are available in the literature, but due to limitations in application,
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none of them has yet been accepted as universal (Ahmed 1995). A brief review of the
competing theories can be obtained from Ahmed and Rajaratnam (1997a). Definition
sketches used for skewed boundary layers (3DTBL) are given in Figure 4.2. The vertical
velocity component is assumed to be negligible in 3DTBL; therefore, the theory of
3DTBL is only applicable relatively far away from the object. The wake, the separated
flow, the down-flow immediately upstream of cylinder and the up-flow immediately
downstream of cylinder cannot be described by the equations of 3DTBL (Ahmed and
Rajaratnam 1997a). A brief introduction to several cross-flow and near-wall similarity

models is presented herein to facilitate an appreciation of the results of the present study.

4.2.1 Cross-flow models
Cross-flow is produced by a lateral pressure gradient and the curvature of streamlines is
caused by deflection of the flow. Four different models for describing the cross-flow

profiles in 3DTBL are presented below:
a) Prandt]’s model

Prandtl (1946) proposed the following equations for the mean streamwise and mean cross

flows respectively:

Ug Az
e (5]

Vs ol 2] 2
[4.2] . —eG(é)g(é]

where, U is the mean velocity at any elevation z along the streamline at the free surface,

Vs is the corresponding orthogonal mean velocity, U, is the value of U, at the free
stream, § is the boundary layer thickness and e=tan(y,) [see Fig. 4.2(a)]. Prandtl assumed

that G and g are universal functions of z/5.
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b) Coles’ model
Coles (1956) extended his 2D boundary layer model to the vector form to account for
3DTBL. The mathematical expression of this model is given by,

[43] q = qwaII + qwake

where, ¢ is the deflected mean velocity at any elevation z, g,z is the wall component of g
along the direction of bed shear stress and gy 1S the wake component in the orthogonal

direction. Their magnitudes are given by Equation [4.4] and [4.5], respectively,

[4.4] Lo f(zq*)
[

q+

, 1
[4.5] ﬂ“k—°=—n(x,y)w[—z—j
R < o
where, g+ is the shear velocity, f'is the wall function, «is von Karman’s constant, [T is a
profile parameter dependent on the outer flow and w(z/d) is Coles’ universal wake

function.

c) Johnston’s model

Johnston (1960) proposed a model which takes into account the deflection of the main
flow (a) as well as the relative skewing of the bottom streamline (y,,). Johnston’s model
uses a polar plot as shown in Figure 4.2(c). This model divides the boundary layer into
collateral (Region I) and skewed (Region II) zones. The cross-flow is defined by

Equation [4.6] and [4.7] in Region I and II, respectively,

46 Yi=cYs
4 4.

47 Y- A[ —g-S—J
g. 9.
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where the parameter 4 is related to the outer potential flow by,

(48] A=-24 da

2
Oqe

For a constant ¢, along a streamline, Equation [8] reduces to 4=-2a.

d) Perry and Joubert’s model
Perry and Joubert (1965) introduced a model which may be described as the three-
dimensional counterpart of the velocity defect law for plane turbulent boundary layers.

This model can be mathematically expressed as,

o) -m (x,y)¢(§]

*

where, ¢, is q at the free stream, ¢(z/0) is the velocity defect function of the undisturbed
upstream flow and II' is a factor similar to Coles’ IT and is determined by the outer flow.
The magnitude of I’ (i.e. IT") provides the necessary stretching to fit the defect function
and its direction gives the direction of (g.-q). The angle between the vectors ¢, and (g.-q)
is defined as $. Similar to Johnston’s (1960) model, Perry and Joubert assumed that the

tips of each velocity vector ¢, will form a triangle with ¢, as shown in Figure 4.2(d).

4.2.2 Near-wall similarity models

There are several scalar and complex near-wall similarity models for 3DTBL on a
smooth bed. Equation [4.10] shows the general form of the near-wall similarity models,
where ¢ is the velocity component. It is either only the streamwise component for scalar

models or both the streamwise and cross-flow components for complex models.

[4.10] ¢* =—f1—=—1—1n(zq* ]+c
q.

K )]
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In Equation [4.10], the velocity component § is normalized by an equivalent shear

velocity g. and C is a constant. Only one complex model (Chandrashekhar and Swamy
1976) has been used in this study. The equivalent quantities for different models are

presented by Ahmed and Rajaratnam (1997a).

4.3 Experimental Setup and Procedure

Cylindrical objects of equal diameter (D = 11.4 cm) and four heights (h) were tested
under similar approach flow conditions (discharge 50 L/s) and water depths (H = 22 cm)
to create different levels of submergence in an open channel. Submergence levels were
selected such that four flow regimes, as defined by Shamloo et al. (2001), can be
produced. Definition sketches for four flow regimes are given in Figure 2.8. The
experimental flow conditions are summarized in Table 2.1. Smooth painted plywood
surface was used as the channel bed for smooth bed experiments. Again, for the rough
bed experiments, coarse-uniform 8/12 sand (Ds5y=2.68 mm) was carefully glued on the
plywood surface using a thin coating of paint, so that a densely packed sand layer with a
thickness of a single grain was achieved. General description of the experimental setup
and procedure is given in Chapter 2. The undisturbed flow was first established without
the cylinder and the approach flow velocity and bed shear stress were measured [see
Chapter 3]. Fully developed undisturbed approach flow was confirmed by comparing the
velocity profile at the location of the cylinder with the profiles at two other stations at a

distance of 1 m upstream and downstream from the object.

Flow visualization tests were conducted prior to the detailed measurements of velocity
and bed shear stress on smooth and rough beds. Red dye (food color) was injected at
different points in the water around the cylindrical objects to identify the size and

location of different flow elements. Digital images of the flow features were gathered.

A thin yaw-type Preston probe was used for two-dimensional mean velocity and bed
shear stress (tp) measurements. The yaw probe has three tubes of 1.2 mm external
diameter. The nose of the probe is milled so that the face of the central tube is perfectly

flat and the side tubes are chamfered at an angle of 45°. The total head differences
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between the central tube and each of the side tubes are measured. Thus the probe can
measure the 2D velocity at a point. If the probe is placed on the bed it can measure bed
shear stress. Details about the configuration and calibration of yaw-type Preston probe
are available in Rajaratnam and Muralidhar (1968). The probe was connected to two
differential pressure transducers by plastic tubing. Digital recording of the pressure
transducer data was accomplished using a Labview (National Instruments) program at a
sampling rate of 250 Hz for 2 minutes. Finally, the raw data (i.e. pressure differences)
were processed to obtain velocity and bed shear stress using the calibration provided by
Rajaratnam and Muralidhar (1968), Patel (1965) and Hollingshead and Rajaratnam
(1980).

The 2D velocity measuring stations were chosen close to the objects where the skewed
nature of the turbulent boundary layer can be observed, but at same time the stations were
far enough from the object such that the vertical component of velocity can be ignored.

The velocity measuring stations around the cylindrical objects are shown in Figure 4.3.

4.4 Part]: Smooth Bed Results and Discussions

4.4.1 Flow visualization test

The major observations of the flow visualization tests are illustrated by a set of sketches
in Figure 4.4. The key variations of the horse-shoe vortex system and the downstream
wake can be realized from these sketches. Figure 4.5 is a typical image showing the zone
occupied by the horse-shoe vortex around the cylindrical object in Regime-1. Due to the
adverse pressure gradient in front of the objects, the flow decelerates before the
separation line. The point of separation on the plane of symmetry was detected by
injecting dye at several points along the centerline upstream of the object. The point
where the dye plume was found to roll up without any axial translation and was
eventually swept around the object was considered to be the point of separation or in
other words the location of the horse-shoe vortex. This location was not a steady point on
the bed; rather it oscillated over a small distance. The mean position of the boundary
layer separation, that forms the horse-shoe vortex, occurred in a region from 0.9 to 1

diameter upstream of the object in Regimes 1, 2 and 3. However, the separation occurred
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further upstream, at about 1.5 to 1.7 diameters from the cylinder in Regime-4. The reason
behind this difference in the location of horse-shoe vortex was investigated by injecting
dye plumes at different depths upstream of the object. It was observed that the upper fluid
particles accelerate and the streamlines pass over the objects when the objects are
submerged. On the other hand, there was no such escape route for the streamlines in
Regime-4, where the object height was greater than the water depth. Significant
downward flow from the upper flow zone on the upstream face of the cylinder in
Regime-4 results in a strong backward flow close to the bed, and hence the horse-shoe

vortex system moves upstream.

For moderate to deeply submerged cylinders a closed wake downstream of the cylinder
was found to be a distinguishable feature of the flow. Dye injected behind the shallow
objects was observed to stay confined in a zone with recirculating water. When dye was
injected near the top surface of moderate or deeply submerged cylinders, most of the dye
was entrained in the zone immediately behind the object where it tended to accumulate in
the closed recirculating zone and then gradually diffuse into the outer fluid. Faster
moving shear layers create a three dimensional envelope behind the shallow objects in
water. Diffusion of dye from the recirculating zone made it difficult to estimate the length
of the recirculating wake. It was therefore estimated from the measurements of bed shear
stress downstream of the shallow objects. Similar observations were made for Regime-2,

but Regimes 3 and 4 did not produce any recirculating wake behind the objects.

For non-submerged and slightly submerged cylinders the vortex street was found to be a
characteristic feature of the flow. However, the accelerated shear flow over the top of
moderate to deeply submerged cylinders prevented the alternate shedding of the wake
vortices. The slightly submerged object in Regime-3 also had a thin layer of accelerated
overflow that interfered with the formation of wake vortices and as a result the strength
of the vortex system appeared to be weak. The wake bubble in Regime-3 was relatively
longer than that of Regime-4. Further the vortex street was relatively wide when
compared to that of Regime-4. Strouhal numbers (S), computed on the basis of visual

observation of the number of vortices passing a given station for a period of time, were
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approximately 0.2 for both Regime-3 and Regime-4. Figure 4.6 shows images of the
wake in (a) Regime-2, (b) Regime-3, and (c) Regime-4, where alternate vortex shedding

can be observed in Regime-3 and Regime-4.

The presence of standing waves immediately upstream of the cylinder was a unique
feature of the slightly submerged object in Regime-3. These surface waves are indicators
of the surface disturbance caused by the presence of the object in flowing water.

Moderate or deeply submerged objects produced much smaller surface disturbances.

4.4.2 Bed shear stress distribution

Observations made from the flow visualization tests can be verified from the results of
bed shear stress measurements. Inception of reverse flow and zero shear stress at the bed
can be used to identify the point of flow separation for two dimensional and
axisymmetric flows (Chang 1970). Figure 4.7(a) shows the variation of the normalized
mean bed shear stress upstream of the objects on the plane of symmetry. Negative shear
stresses indicate flow reversal and the transition from positive to negative shear indicates
the point of separation or the upstream edge of the horse-shoe vortex. The boundary layer
separation that forms the horse-shoe vortex takes place in a region from 0.9 to 1 diameter
upstream of the object in Regime-1, 2 and 3. However, the separation occurs farther

upstream, at about 1.5 to 1.7 diameters upstream of the cylinder, in Regime-4.

Figure 4.7(b) shows the variation of the normalized mean bed shear stress downstream of
the cylinder in Regime-1 and Regime-2 on the plane of symmetry. Negative shear
stresses indicate flow reversal inside the closed wake. Transition from negative to
positive shear indicates the point of reattachment of the separated stream impinging on
the bed which encloses the recirculating wake. It is evident from Figure 4.7(b) that the
length of closed wake in Regime-1 (~2.2D) is considerably larger than that in Regime-2
(~1.4D). The complex interaction between the separated streams from the top and the
lateral faces of the cylinder shortens the recirculating wake envelope downstream of

moderately submerged objects.
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Contours of the normalized mean bed shear stress (to/Too) around the cylindrical objects
in four different regimes subjected to similar flow conditions are plotted in Figure 4.8(a-
d), where t¢ 1s the bed shear stress of the approach flow. Bed shear stress (to) increases
in the vicinity of the lateral face of the cylinder in all flow regimes. The maximum bed
shear stress (Tomax) for Regime-4 is approximately 5.5 times larger than tgo. On the other
hand, Tomax is only 3.5 times larger than 1oy for Regime-1. Regime-2 and Regime-3 had
maximum bed shear stresses of 4.5 to 5 times 1o, respectively. It was observed from flow
visualization that the upper fluid particles accelerate and the streamlines pass over the
submerged cylinders, while there was no such escape route for the streamlines in
Regime-4. As a result the mass flux in the vicinity of the shoulder of the cylinders
increases with decreasing level of submergence and consequently the drag on the bed (i.e.
bed shear stress) in the vicinity of the shoulder is a maximum in Regime-4. The lateral
expanse of increased shear stress is the smallest for Regime-1 and Regime-3. In these two
regimes T falls below 1.5 times 7t at a distance of 1D away from the plane of symmetry.
Regime-2 has a larger area of increased shear stress and 1y falls below 1.5 times tq at a
distance of 1.5D in the transverse direction. The largest lateral expanse of increased shear

stress (1.57¢/Too) occurs in Regime-4, where it extends up to a distance of 2D.

In Figure 4.9, one can observe that the maximum shear and the maximum deflection
occur in different flow regimes. The maximum intensity of bed shear stress was observed
in Regime-4, but the maximum deflection close to the object occurred in Regime-1. Flow
over the entire depth near the lateral face of the object changes direction in Regime-4. It
causes an increase in velocity magnitude (V;,) over the entire depth. On the other hand, a
considerable portion of flow does not change direction in Regime-1. Therefore, the
difference in velocity magnitude between the inner flow (close to bed) and the outer flow
(near the free surface) is higher in Regime-1. The profiles of V,, (not shown here) at a
station located at x=-0.5D and y=0.5D showed that the difference in velocity magnitude
in Regime-1 between the inner and outer streams is about 0.4U,, where U, is the cross-
sectional mean velocity, and in Regime-4 it is only 0.2U,. In a skewed three-dimensional
boundary layer, low velocity layers near the bed turn under the influence of the outer

flow. Therefore, the smaller near-bed velocities in Regime-1 experienced greater turning.
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For the same reason, the extent of the increased bed shear stress is larger in the transverse

direction in Regime-2 as compared to Regime-3.

A similarity analysis has been conducted for the longitudinal profiles of the normalized
bed shear stress (to/tgo) for all flow regimes. The results of the similarity analysis are
presented in Figure 4.10. The longitudinal (x) and transverse (y) distances are normalized
by the diameter (D) of the cylinders. For each flow regime, the variations of Aty/Atom are
plotted against X'/D in Figure 4.10(a-1 to d-1), where Aty = To-T00, ATom= Tom-Too, X =X-
Xm, and x,, is the location of maximum bed shear stress (tom) along each profile. The data
shows scatter in Regime-1 and 2, but upstream of x,, in Regime-3 and 4 there is good
similarity, and a mean curve could be drawn to approximately describe the data. The
scatter increases downstream of x,, for Regime-3, but it is minimal for Regime-4. The
similarity profiles of Aty/Atom are replotted in Figure 4.10(a-2 to d-2) against
N=X"/D)/[(X'/D)\1), where (X'/D),,=X/D at Ato/Aton=0.5. This improved the similarity
of the profiles in the downstream side of x,, for all flow regimes. It is observed from the
similarity analyses that the longitudinal profiles of bed shear stress are most similar for

Regime-4 since the data collapsed best in this case.

4.4.3 Analysis of deflected flow in terms of the theories of 3DTBL

It is essential to know the thickness of the turbulent boundary layer (8) before any
analysis can be completed. By definition (Schlichting 1968), § is the elevation above the
bed where the longitudinal component of velocity (U) equals 99% of the free stream
velocity (U,). The normalized longitudinal velocities (U/U,) are plotted over the
normalized depth z/8 in Figure 4.11(a-d). It has been observed from the experimental
results of all the stations in all flow regimes that the magnitudes of U at z=15 c¢m are
almost equal to U,. Therefore, & is taken to be 15 cm for the analysis. However, the
coarse resolution (5 cm) of the point measurements of velocity away from the bed can
result in an uncertainty of +£2.5 cm at different stations. It can be observed from Figure
4.11 that the profiles of U/U, vs z/8 collapse on each other for most of the stations in all
flow regimes, where the exceptions (e.g. stations in the wake) could be the result of

relatively strong velocity components in other directions.
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Prandtl’s Model

The variations of the functions of G and gG (i.e. U /U, and V /U, tany,)) with z/§ are
presented in Figure 4.12. It can be observed from Figure 4.12(a-1) that the velocities in
the free stream direction (Uj) are increased or decreased in similar proportion to their
respective free stream velocities (Us,) at all stations in Regime-1, except stations 6 and 7.
The ratio of Uy/Us, for z/6<0.3 (i.e. z<h), at stations 6 and 7, could not recover from the
effect of the backward flow as these two stations are immediately behind the closed
recirculating zone. Figure 4.12(a-2) shows that the outward deflection reaches a
maximum at station 4, where gG~1. Then the flow turns back toward the cylinder at
stations 5, 6 and 7. The change in direction of the transverse component of velocity
between station 4 and 5 indicates the existence of a vortex about z-axis. However, the

flow gradually straightens in the downstream direction.

Similar to Regime-1, in Regime-2 stations 6 and 7 were close to the closed recirculating
zone, and hence U; was smaller relative to U, for z/6<0.7 (i.e. z<h), as observed in
Figure 4.12(b-1). However, at station 4 UyUs, values for z<h were relatively higher. The
flow was deflected away from the cylinder up to station 3 (Fig. 4.12(b-2)) in Regime-2,
but then it turned sharply inward at station 4 with gG~-2. This represents a relatively
strong vortex, compared to Regime-1, about the z-axis between station 3 and 4. The data

at subsequent stations indicates that the flow straightened out downstream of the vortex.

Figure 4.12(c-1) shows that the profiles of G (i.e. UyUs.) vs z/d collapse together, except
for station 7. The flow passing over the top of the object caused the free stream velocities
(Us) at station 7 to remain virtually unchanged for z>h, but the velocities behind the
object at z<h were decelerated. The most interesting observation comes from Figure
4.12(c-2). Flow was deflected outward up to station 3, and then the direction changed
sharply inward at station 4 and then outward at station 5. The magnitudes of gG reached -
1.2 and 4 at stations 4 and 5, respectively. This indicates the existence of a pair of strong
alternating vortices about the z-axis. Flow visualization pictures of alternate vortex
shedding in Regime-3 also support this observation. In Figure 4.12(c-2) the data for

stations 6 and 7 show that the transverse velocity components were approximately zero at
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these locations (i.e. gG~0). This is because; these two stations fell inside the wake

formed by the alternate vortex shedding and this nullified the transverse components.

In Figure 4.12(d-1) the profiles of G vs z/§ at all stations of Regime-4 collapsed together.
This indicates that the velocities in the free stream direction (U;) are increased or
decreased in similar proportion to their respective free stream velocities (Us) at all
stations in Regime-4. Outward deflection increased to a maximum at station 3 with
gG~3.5 (Fig. 4.12(d-2)), and then the flow turned inward at station 4. At downstream
stations the flow deflection was decreased. This indicates that there is a vortex between
station 3 and 4, but unlike Regime-3 an alternating pair of vortices did not exist between
station 4 and 5. This is because the width of the wake is narrower in Regime-4 compared
to Regime-3. However, stations 6 and 7 still fell inside the wake and their transverse
components were nullified by alternate shedding vortices similar to Regime-3 (Fig.
4.12(d-2)).

Johnston’s Model

Johnston’s polar plots for all the stations in different flow regimes are produced in Figure
4.13 to 4.16. The properties of a polar plot are illustrated in Figure 4.2(c). The polar plots
show the relative deviations of the velocity vectors with respect to the directions of
corresponding free stream velocity vector (g.). The direction of local bed shear stress (1)

is shown by an arrow in each polar plot. The outward deflected flow has positive V/q..

In Regime-1 (stations 1 to 4) (Fig. 4.13), the near-bed velocities were deflected more than
the free stream velocity in the outward direction, but the upper velocity vectors gradually
turned towards the free stream direction. However, at station 5 the near-bed velocity
vectors turned towards the cylinder while the upper velocity vectors turned away from
the cylinder. This observation indicates that the low pressure in the closed recirculating
wake was strong enough to overcome the outward flow caused by the lateral pressure
gradient. It is interesting to note that downstream of the closed recirculating wake
(stations 6 and 7), near-bed velocities were directed outward, but velocities near the free

surface tended to straighten out and were aligned along the channel.
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In Regime-2 (stations 1 to 3) (Fig. 4.14), the outward deflections of near-bed velocities
were more pronounced compared to the observations in Regime-1. The existence of the
collateral and skewed zones in the boundary layer was clearly observed at station 3.
Similar to Regime-1, at stations 4 and 5 in Regime-2 the near-bed velocities were
directed towards the closed recirculating zone, while the upper flow velocities were
directed outward from the cylinder. Observations downstream of the closed recirculating
wake (stations 6 and 7) were similar to those of Regime-1, where the near-bed velocities
were outward, but the velocities near the free surface tended to straighten out along the

channel.

The existence of collateral and skewed zones in the boundary layer can be observed at
stations 1 to 3 (Fig. 4.15) in Regime-3. The outward deflections of the near-bed velocities
with respect to the free stream velocities were significant at these three stations.
However, at stations 4 and 5 the inward near-bed flows were not as strong as those
observed in Regime-2. Figure 4.15(f-g) shows that the relative directions of the near-bed
velocities with respect to the free stream velocities are quite different at stations 6 and 7.
The near-bed velocities were turned outward at station 6 and inward at station 7. This
observation suggests that the structure of the wake vortex was not vertical, but inclined.
In a study of the instability of the shear layer separating from a cylindrical bluff body,
Prasad and Williamson (1997) showed that the end conditions can trigger oblique or
parallel shedding of wake vortices. Williamson (1996) reported typical oblique angles to
the axis of cylinder of 15-20°.

In Regime-4 (Fig. 4.16), the existence of collateral and skewed zone in the boundary
layer was observed at stations 1 and 2. The outward deflections of the near-bed velocities
with respect to the free stream velocities were less significant at stations 1 to 3 compared
to Regime-2 and Regime-3. However, the inward near-bed flows, at stations 4 and 5,
were stronger compared to the other regimes. Similar to Regime-3, at stations 6 and 7 in
Regime-4 there were significant differences in the directions of near-bed velocities with
respect to free stream velocities, but the velocities were turned inward. This observation

suggests that the structure of the wake vortex is still inclined as observed in Regime-3.
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4.4.4 General applicability of the models

Cross-flow models do not account for S-shaped velocity profiles (Ahmed and Rajaratnam
1997a). Moreover, the 3DTBL models are not capable of describing the flow in the wake
of a cylinder. Therefore, the velocity profiles at stations downstream of the cylinders may
not satisfy the models. Any evaluation of the models’ performance for general

applicability should consider this fact.

Prandtl’s model is not found satisfactory. Though the profiles of function G collapsed
together for most of the stations in all flow regimes, the profiles of the combined function
gG do not produce any encouraging results. Johnston’s model has only limited
applicability to generalize the nature of flow, as only a few stations in Regime-2, 3 and 4
exhibited the expected triangular form with the collateral and skewed zone in the
turbulent boundary layer. Coles’ wall and wake functions were plotted for all of the
stations in the different regimes in Figure 4.17(a-d). It was observed that except for a few
downstream stations (e.g. stations 6 and 7), the wall functions were in reasonably good
agreement with the theoretical line, for zq+v>30. However, the wake function data do not
agree with the theoretical curve. Interestingly, the wake functions at most of the stations
have a general trend, which indicates a different form of wake function might be
appropriate. Six similarity models were also tested in this study. The tested scalar models
include Cole’s (1956) model, Johnston’s (1960) model, Hornung and Joubert’s (1963)
model, Pierce and Krommenhoek’s (1968) model and Prahlad’s (1968) model. The only
complex model tested in this study is Chandrashekhar and Swamy’s (1976) model. None
of the theoretical profiles provided by these models agreed with the experimental profiles
(figures are not presented here). Similarly, the complex model performed poorly. The
predictions of U were similar to that of the scalar models, and the measured values of V'

fell far away from the theoretical curves.

Perry and Joubert’s model performed better than any other models available for 3DTBL.
There are two functions to evaluate the performance of Perry and Joubert’s model. These
are the defect function and the angular difference AP between the vectors ¢.q and (ge.

@max in the skewed zone. The defect function can test the validity of the model for
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predicting the velocity magnitude, while AP tests the validity of their assumption of a
triangular polar plot (see Fig. 4.2(d)) in 3DTBL. The maximum deflection, compared to
the free stream vector, usually occurred for the velocity vector nearest to the bed. Moving
upwards the vectors gradually turned towards the free stream direction. As observed in
previous studies (e.g. Rajaratnam and Nwachukwu 1983, Ahmed and Rajaratnam 1997b),
the tips of the velocity vectors in the skewed zone do not always fall along a straight line.
Instead, the tips of the velocity vectors follow a curve. Therefore, when the vectors are
more or less skewed, AR would be positive and negative respectively. Moreover, in a
boundary layer the upper velocities are almost equal in magnitude to the free stream
velocity, and therefore a small experimental uncertainty can lead to a large angular
deviation (AP). For the above reasons, larger values of AP along with significant
fluctuations can occur in the outer region (usually at z/6>0.5) of the boundary layer
(Ahmed and Rajaratnam 1997b). However, as per Perry and Joubert’s model, Ap should

ideally be zero in the outer layer (i.e. the skewed zone).

Defect functions and the variations of AR with the normalized depth, z/6 for different flow
regimes are plotted in Figure 4.18(a-d). At most stations, except for stations 6 and 7, the
experimentally computed defect functions agree reasonably well with the theoretical
curve. Submergence of the flow deflecting object did not appear to limit the applicability
of the model. The corresponding variations of AP for all the measuring stations were also
examined. The magnitudes of AP were small near the bed, but at z/6>0.2 they ranged as
high as £20° to 100°. This indicates that the experimental data could not satisfy Perry and
Joubert’s assumption of triangular polar plot, but as mentioned earlier such high values of
AP do not necessarily mean poor performance of the model. It was already noted that
Johnston’s polar plots [see Fig. 4.13 to 4.16] are satisfactory at most upstream stations.

Therefore, Perry and Joubert’s model performance can be considered reasonably

satisfactory for generalizing the nature of the deflected flow.
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4.4.5 Conclusions

Experimental observations made from flow visualizations, bed shear stress
measurements, and velocity measurements were consistent and complementary. Flow
visualizations revealed that when the cylinders become more deeply submerged the
upstream boundary layer separation point moves closer to the object, and as a result the
size of the horse-shoe vortex system becomes smaller. Wake vortices were found to shed
in alternate fashion with S~0.2 for the slightly submerged and non-submerged cylinders.
The width of the wake, however, was less for the non-submerged cylinder. A closed
recirculating wake was found to be a characteristic feature of the flows around moderate
to deeply submerged objects. Bed shear stress amplification near the shoulder of the
cylinders was common in all flow regimes. However, the relative increase in bed shear
stress is found to be inversely related to the level of submergence of the cylinders. Bed
shear stress results presented in this paper provide qualitative information on the scour
potential of the flow around submerged cylinders. Similar measurements on a rough bed

that will be presented in the future will provide additional information on scour potential.

Prandtl and Johnston’s cross-flow models were found to be helpful for describing the
skewed 3D flow around the cylindrical objects in all four regimes. Except for the stations
downstream of the closed recirculating wake, the longitudinal velocities (U) at all depths
were found to accelerate or decelerate in similar proportion to their respective free stream
velocities (U,) in all flow regimes. In a test of the general applicability of 3DTBL models
to the flow around cylinders in the four flow regimes, Perry and Joubert’s velocity defect
function performed the best. The experimentally computed defect functions agreed

reasonably well with the model except in the wake.

It is evident from this study that a cylindrical object or a natural rock can alter the
approach flow in different ways depending on the relative height of the object compared
to the flow depth. The observed flow deflection patterns and bed shear stress distributions
measured around objects at different levels of submergence will enhance the quality of
hydraulic modeling required for river health assessment. This study showed that Perry

and Joubert’s velocity defect function can be a useful tool for predicting the deflected
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flow around submerged objects. Specifically the theory can be used to predict the
magnitudes of velocity in the deflected flow around fish habitat structures, water intake
or outfall structures and submerged islands. As well the present experimental results can

serve as a hydraulic data base for future computational modeling of similar flows.

Less deflected outer X
streamline

More deflected

Two-dimensional limiting streamline

approach flow

Fig. 4.1 Typical skewed turbulent boundary layer
(Adapted from Ahmed and Rajaratnam 1997a)
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Fig. 4.8 Normalized mean bed shear stress (1¢/Too) contours; (a) Regime-1, (b) Regime-2

1.5

1.5

0.5¢

15




© 1.5¢ - =

a
D=
1.5¢ —
(d) '
0 : >
T 9 S
1k L . L
| 05 15
o ,
() ‘\40 : "\f’J N
o
> \‘E

Fig. 4.8 (contd.) Normalized mean bed shear stress (t¢/too) contours; (c) Regime-3, (d)

Regime-4



60

® Regime-1 L @ Regime-1
5§ © Regime-2 s0 oReg?me-Z
a 4 Regime-3 . F . ° AReg!me-a
° A Regime-4 ® 40i re A Regime-4
41 o P2
8 .6 ﬁ 30+ 4
L37 e e 2 M a
S aad 2 20f48 o
f ° a a < + N g 2
21 ) A 2 i (] ¢ [ t
$° © ° A g 10 tn
L g § F 2 8 8
1 ? : 4 01 - N 3.
L A
0 +— ' +—s } -10
05 1 15 2 25 05 1 15 2 25
YD YD
(a) (b)
Fig. 4.9 Transverse profile of normalized mean bed shear stress
(a) magnitude and (b) angle on x=0 plane
®Y/D=0.5
0 Y/D=0.55 L
1§ avip=1 AR 14 v .
8Y/D=15 Ahtire E - SR
*Y/D=2 AR e b e toa o
E 0T oyD=25 2k ota £ 01 . a 44
g a A AAOA g L a4 a A
3 A e s 31 . o b
< A o . ca < A Jf *
[ ] L]
p * * ¢ 4
21 oo , 271 a
Y
[ . *
3 1. " 4 3 e TR U S
-2 1 0 1 2 5 -3 -1 1 3 5
X'/D LY
(a-1) (a-2)
2 2
1 a . 1 . %ﬂﬁ
A
a “6‘33 oo AOAAA‘QA ‘0“2:‘7““ s o 5
E07 ad . * A EOT 4 4" a Lal 4
g 8 A i A ¢ g 20 a A T8
@ ¢ e | a
<% ° L PR . < 11, o
<o
<
2+ (] 2+
[ ]
()
-3 . -3 - . ettt
-2 1 0 1 2 -5 -3 - 1 3 5
XD "
(b-1) (b-2)

Fig. 4.10 Bed shear stress similarity profiles; (a) Regime-1, (b) Regime-2

100



Atg/Atyr

Ato/ATom

2
1 4 ?
» a%a ‘:0% * M
a » A 000&)
0T a oAv Aa L. @ ¢
o Joe® O A a 3
1 4
a
2+ a
a
3 o s
-2 -1 0 1
X'/D
(c-1)
2
1 a -
a 4 pS
o A P ¢
o dffm “.AQA
0%y opge aEE L
RIES
2
3 . ey it
-2 -1 0 1
X'ID

2
17 o)
o
¢ . @o&°°‘r’~% A .
° o ® A
gor,°AA°A.A %‘A%A
i ° o A .. .
2 1 T A
a
2 1
I
3 . : : e
-5 -3 -1 1 3 5
Ne
(c-2)
2
1'E * aal
°A3 990 o o
N > AQ‘M“ o
A
Esor* [ ohogete 0 44
3 [
g 471
-2
-3 t + —+ +
5 -3 -1 1 3 5
n“

Fig. 4.10 (contd.) Bed shear stress similarity profiles; (c) Regime-3, and (d) Regime-4

101



-*-81
14 T 82

(a) Regime-1 (b) Regime-2

16 16 T
14§
12

qosf
06

04 4

(c) Regime-3 (d) Regime-4
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Fig. 4.13 Johnston’s polar plots for Regime-1.

The normalized velocity components along (Uy/q.) and perpendicular (V/q,) to the free
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direction of local bed shear stress (o).
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Fig. 4.18 Perry and Joubert’s defect function and AP versus the normalized depth, z/9;
(a) Regime-1, (b) Regime-2
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4.5 PartII: Rough Bed Results and Discussions

4.5.1 Flow visualization test

The major observations of the flow visualization tests are illustrated by a set of sketches
in Figure 4.19. Most of the observations were similar to smooth bed except for the zone
occupied by the horse-shoe vortex system around the cylindrical objects. Figure 4.20(a-b)
show images of the zone occupied by the horse-shoe vortex around the cylindrical objects
in Regime-1 and Regime-2 on rough bed. The point of separation on the plane of
symmetry was detected by injecting dye at several points along the centerline upstream of
the object. The point where the dye plume was found to roll up without any axial
translation and was eventually swept around the object was considered to be the point of
separation or in other words the location of the horse-shoe vortex. This location was not a
steady point on the bed; rather it oscillated over a small distance. The mean position of
the boundary layer separation, that forms the horse-shoe vortex, occurred at about -1D for
Regime-1; and -1.2D in Regimes 2, 3 and 4 on rough bed. The major difference in the
observation of upstream separation point on smooth and rough beds occurred in Regime-
4. The separation occurred significantly upstream, at about -1.5 to -1.7D from the
cylinder, in Regime-4 on smooth bed [see Part I]. It was observed from smooth bed
experiments that a significant downward flow from the upper flow zone on the upstream
face of the cylinder in Regime-4 results in a strong backward flow close to the bed, and
hence the horse-shoe vortex system moves upstream. However, the rough bed
experiments showed that the bed resistance to the backward flow is strong enough to hold
the separation point in a short region of -1D to -1.2D irrespective of the level of

submergence.

It was also observed from flow visualization tests that the horse-shoe vortex trails were
relatively wider (~0.4D) and further away from the cylinder surface on a rough bed.
Again the high velocity flow separation from the cylinder surface that leads to wake
vortices was interrupted near the bed. Dye plume was found to spread away from the
cylinder near the bed (at z<0.2H) without forming wake vortices. However, the wake
vortices were found to freely interact with the horse-shoe vortex system on smooth bed to

turn the trail of the system towards the wake [see Part I]. These observations indicate that
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the bed roughness tends to inhibit the interaction of wake vortices with horse-shoe vortex

system.

Similar to smooth bed [Part I], a closed recirculating wake for moderate to deeply
submerged cylinders (i.e. in Regime-1 and 2); and alternately shedding vortices for non-
submerged and slightly submerged cylinders (i.e. Regime-3 and 4) were found to be the
characteristic features of the flow. Strouhal numbers (S), computed on the basis of visual
observation of the number of vortices passing a given station for a period of time, were
approximately 0.2 for both Regime-3 and Regime-4 on smooth and rough beds. Figure
4.21 shows images of the wake in (a) Regime-2, (b) Regime-3, and (c) Regime-4, where

alternate vortex shedding can be observed in Regime-3 and Regime-4.

4.5.2 Bed shear stress distribution

Figure 4.22(a) shows the variation of the normalized mean bed shear stress upstream of
the objects on the plane of symmetry. Similar to smooth bed observations [Part I], the
point of separation or the upstream edge of the horse-shoe vortex was identified from the
transition of shear stress from positive to negative. For the present study on rough bed the
points of separation in different flow regimes are not far apart. It occurred approximately
at -0.85D in Regime-1 and at -1.1 to 1.2D in Regime-2, 3 and 4. These observations

agreed well with flow visualization.

Figure 4.22(b) shows the variation of the normalized mean bed shear stress downstream
of the cylinder in Regime-1 and Regime-2 on the plane of symmetry. The zone of
recirculating closed wake behind the cylinders had negative shear due to flow reversal.
Therefore, the transition from negative to positive shear indicates the approximate
location of the point of reattachment of the separated stream impinging on the bed.
According to Figure 4.22(b) the length of closed wake in Regime-1 (~1.5D) is
considerably smaller than that in Regime-2 (~2.8 D). However, smooth bed results [Part I]
showed a longer closed wake in Regime-1. It appeared that the separated streams from
the lateral face of the cylinder shortened the recirculating wake in Regime-2 on smooth

bed. It was observed from flow visualization on rough bed that there is an interference of
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bed roughness to the formation of wake vortices from the lateral faces of the cylinders.
This might be the reason that allowed the reverse flow to continue longer in Regime-2 on

rough bed.

Contours of the normalized mean bed shear stress (t¢/to) around the cylindrical objects
in four different regimes subjected to similar flow conditions were plotted in Figure
4.23(a-d), where 1o is the bed shear stress of the approach flow. Similar to smooth bed
observations [Part I], bed shear stress (o) increases in the vicinity of the lateral face of
the cylinder in all flow regimes. The maximum bed shear stress (Tomax) in Regime-4 is
approximately 12 times larger than Ty on rough bed, whereas Tomax is only 6 times larger
than tgo in Regime-1. Regime-2 and Regime-3 had maximum bed shear stresses of 9ty
and 117go, respectively. These ratios are approximately twice bigger than those observed
on smooth bed for similar flow conditions [see Part I]. Ahmed and Rajaratnam (1998)
also observed 2-2.5 times increase in maximum bed shear stress ratio (Tomax/Too) ON rough
bed compared to smooth bed for similar flow around surface piercing cylinder. These
increased shear stresses indicate the potential for local scour of different flow regimes in

natural rough beds.

Figure 4.24(a) shows the variation of t¢/Tgo in the transverse direction from the shoulder
of the cylinders at x=0. It was observed that the increased shear stress drops significantly
within a short distance (~0.8D) from the cylinder. However, the lateral expanses of
increased shear (i.e. the region where 1¢/To0>1.5) were relatively greater on rough bed as
compared to smooth bed [see Part I]. For similar flow on rough bed 7o reached or fell
below 1.5 times tgo at y=1.5 to 2D. Figure 4.24(b) shows the variation of the direction
(i.e. angle) of 1y in the transverse direction at x=0. A negative angle represents a shear
stress vector pointing inward (i.e. towards the cylinder). As the horse-shoe vortex system
spread outward on rough bed (an observation made from flow visualization), a region
close to the cylinder surface near the bed fell in negative pressure zone. This had forced
the shear stress vectors to turn inward in all flow regimes. However, the shear stress

vectors were found to deflect significantly outward from the edge of the horse-shoe
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vortex system at x=0; and 7y vectors are very random in direction inside the zone

occupied by the trailing vortex system.

A similarity analysis has been conducted for the longitudinal profiles of the normalized
bed shear stress (to/top) for all flow regimes. The results of the similarity analysis are
presented in Figure 4.25(a-d). The longitudinal (x) and transverse (y) distances are
normalized by the diameter (D) of the cylinders. For each flow regime, the variations of
Ato/Atom are plotted against X'/D in Figure 4.25(a-1 to d-1), where Aty = 7To-Too,
ATom= Tom-T00, X =X-Xn, and x,, is the location of maximum bed shear stress (ton,) along
each profile. The data shows scatter in Regime-1, 2 and 3, but the scatter is minimal in
Regime-4. A good similarity of bed shear stress was also observed in Regime-3 and
Regime-4 on smooth bed for similar flow condition [see Part I]. The similarity profiles of
Aty/Atom were replotted in Figure 4.25(a-2 to d-2) against n—=(X"/D)/[(X'/D)12], where
(X/DWp=XID at Aty/Aton=0.5. This improved the similarity of the profiles in the
downstream side of x,, for all flow regimes. The observations of present and previous
[Part I} similarity study for bed shear stress showed that similarity exists the best for

Regime-4 on both smooth and rough beds.

4.5.3 Analysis of deflected flow in terms of the theories of 3DTBL

Similar to smooth bed studies, the definition of the thickness of the turbulent boundary
layer (0) is taken from Schlichting (1968). Figure 4.26(a-d) shows the normalized
longitudinal velocity (U/U,) profiles over z/d at different stations for all flow regimes.
The experimental results of velocity (U) profiles on rough bed showed that except for
stations in the wake (i.e. Station 6 and 7) U/U,>0.96 at z=15 cm. Moreover, it is known
form the undisturbed velocity profile (Fig. 3.1 and 3.2) that 6 is approximately 15 cm.
Therefore, 6 was taken to be 15 cm, similar to smooth bed experiments [Part I]. For a
resolution of 30 mm for the point measurements of velocity away from the bed an
uncertainty of =15 mm can be considered in the selection of §. It can be observed from
Figure 4.26 that the profiles of U/U, vs z/d collapse in a narrow band for most of the

stations in all flow regimes, with the exceptions of stations in the wake.
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Prandtl’s (1946) Model

The variations of the functions of G and gG (i.e. Uy/Uy and V/(Us, tany,)) with z/8 are
plotted in Figure 4.27(a-d). Figure 4.27(a-1 to d-1) show that, similar to smooth bed
observations [Part I], the velocities (U;) along the free stream are increased or decreased
approximately in similar proportion to their respective free stream velocities (Us), except
at stations 6 and 7. The velocity deficit in the wake of Regime-1 and 2 were significant,
and as a result Uy/U,, values were relatively small at z<h for stations 6 and 7. However,
unlike smooth bed the profiles of Uy Uy, did not collapse in a narrow band at all stations
in Regime-3 and 4. Similar to Regime-1 and Regime-2, higher surface velocity over the
cylinder compared to lower velocity on rough bed resulted in a smaller Uy/Uj, in Regime-
3 at stations 6 and 7. On the contrary, Regime-4 on rough bed showed Uy/U,>1 at
stations 6 and 7. This might be the result of increased upward flow [see Chapter 6]
immediately behind the cylinder on rough bed, which finally contributed to the

longitudinal velocity.

Figure 4.27(a-2 to d-2) show that the effect of negative pressure zone developed behind
the cylinders is significant on rough bed at x=0, as the flow turns inward (i.e. towards the
cylinder), at least near the bed, at station 3. Similar to smooth bed [Part I], the change in
direction of the transverse component of velocity was alternate and significant between
stations 3 and 5 in Regime-3 and 4 to indicate the existence of a vortex about z-axis.

However, it was not significant between stations 3 and 4 in Regime-1 and 2.

Johnston’s (1960) Model

Johnston’s polar plots for all the stations in different flow regimes are presented in Figure
4.28 to 4.31. The properties of a polar plot are illustrated in Figure 4.2(c). The polar plots
show the relative deviations of the velocity vectors with respect to the directions of
corresponding free stream velocity vector (g.). The direction of local bed shear stress (1o)

is shown by an arrow in each polar plot. The outward deflected flow has positive V/q..

The overall observation of the polar plots on rough bed (Fig. 4.28 to 4.31) is that the

near-bed velocities were less deflected as compared to smooth bed [Part I]. Velocities at
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station-1 experienced minimal deflection. The outward deflections were most pronounced
at station-2. The nature of velocity deflections at station-2 for all four regimes could
approximately be considered to follow the theory. That is the near-bed velocities were
deflected more than the free stream velocity in the outward direction, and the upper
velocity vectors gradually turned towards the free stream direction so that the polar plots
assume a triangular shape. For similar flow condition on smooth bed [Part ], almost all
the upstream stations in each flow regime demonstrated gradual turning and hence
approximately triangular polar plot. Station-1 in Regime-3 and 4 [Fig. 4.30(a) and
4.31(a)] could also roughly be considered to follow the theory, except with relatively less

turning of the near-bed velocities.

The most surprising observation was at station-3 [Fig. 4.28(c) to 4.31(c)], where the near
bed velocities were turned towards the negative pressure zone immediately behind the
cylinders. However, relatively upper velocities were turned outward and they were turned
back towards the free stream direction at higher elevations, as observed on smooth bed
for similar flow conditions [see Part I]. The effect of negative pressure was more
prominent at stations 4 and 5 [Fig. 4.28(d-e) to 4.31(d-e)], where the deflection patterns
were mostly opposite; i.e. inward over the entire depth. Smooth bed results [Part ] also
showed some influence of the leeward low pressure zone on the flow deflection pattern,
but it appeared more pronounced on rough bed. The observations at stations 6 and 7 on
rough bed in all flow regimes were very similar to smooth bed [Part I]. Velocities were
straightening towards the free stream, except for near-bed outward deflections

downstream of the closed recirculating wake in Regime-1 and 2.

The above observations indicate that the bed roughness acts to nullify the effect of lateral
pressure gradient that causes cross flow in skewed turbulent boundary layer. This allows
the negative pressure of the leeward face to dominate in greater region of the flow around
the cylinders. Though the effect of bed roughness is confined very close to the bed, this
interrupts the general deflection pattern and some theoretical estimates (e.g. y,,). As a
result the theoretical computations do not agree very well in most part of the flow around

cylinders on rough bed.
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4.5.4 General applicability of the models

There are some limitations in general applicability of the cross-flow models as described
in Part I. Cross-flow models are not applicable for S-shaped velocity profiles and for
flows in the wake. Therefore, the velocity profiles at stations downstream of the cylinders
may not satisfy the models. Performance evaluation of the models’ general applicability

should consider this fact.

The performance of Prandtl’s (1946) model on rough bed is similar to smooth bed [Part I}
and unsatisfactory. The profiles of function G collapsed together for most of the stations,
but the combined function gG did not produce any encouraging results. Johnston’s (1960)
model was found satisfactory only at station-2. Therefore, it is unable to generalize the
flow deflection around the cylinders of different levels of submergence. Coles’ (1956)
wall and wake functions were plotted for different regimes in Figure 4.32(a-d). It was
observed that except for a few stations (mostly in the downstream side) the wall functions
were in reasonably good agreement with the theoretical line, but the wake functions did
not agree with the theoretical curve. However, the wake functions at most of the stations
have a general trend, which is similar to smooth bed observations [see Part I]. Similarity
models (e.g. Hornung and Joubert (1963)) could not be tested in this study as they were
proposed for smooth bed only.

Interestingly Perry and Joubert’s (1965) model performed very well on rough bed. This
model was also very good for smooth bed results [see Part I]. There are two functions to
evaluate the performance of Perry and Joubert’s model. These are the defect function and
the angular difference AP between the vectors ¢..q and (¢..q)max in the skewed zone. The
defect function tests the validity of the model for predicting the velocity magnitude, while
AP tests the validity of their assumption of a triangular polar plot (see Fig. 4.2(d)) in
3DTBL. Defect functions and corresponding variations of AP for different flow regimes
on rough bed are plotted in Figure 4.33(a-d). The experimentally computed defect
functions agree recasonably well with the theoretical curve at most stations. Bed
roughness and the submergence of the flow deflecting object did not appear to limit the

applicability of the model. The magnitudes of A} were small near the bed (except for
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stations 6 and 7 in Regime-4), but at z/6>0.3 they ranged as high as £20° to 75°. This
observation is however; better than the observation on smooth bed [see Part I]. Though
such angular variations indicate that the experimental data could not satisfy Perry and
Joubert’s assumption of triangular polar plot, high values of AP do not necessarily mean
poor performance of the model. Therefore, Perry and Joubert’s (1965) model
performance can be considered reasonably satisfactory for predicting magnitudes of the

deflected flow.

4.5.5 Conclusions

Experimental observations of the present study complement the results of similar study
on smooth bed in Part I. The present results clearly identify the effects of bed roughness
on the overall deflection of flow around cylinders of different levels of submergence.
Similar to smooth bed study, flow visualizations, bed shear stress measurements, and

velocity measurements on rough bed were consistent and complementary.

Flow visualizations revealed that the bed resistance to the backward flow upstream of the
cylinders is strong enough to hold the separation point in a short region of -1D to -1.2D
irrespective of the level of submergence. It was observed that the horse-shoe vortex trails
were relatively wider (~0.4D) and away from the cylinder surface on rough bed. Bed
roughness was also found to interrupt wake vortices and their interaction with the horse-

shoe vortex system near the bed.

Similar to smooth bed [Part I], bed shear stresses were found significantly high near the
shoulder of the cylinders in all flow regimes. However, the ratios of Tomax/Too are
approximately twice bigger than those observed on smooth bed for similar flow
conditions. Bed shear stress results presented in this paper would provide qualitative
information on the scour potential of the flow around submerged cylinders in natural

rough bed streams.

Skewed 3D flow around the cylindrical objects on rough bed was explained with the help

of Prandt]l and Johnston’s cross-flow models. The existence of the collateral and skewed
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zones in the boundary layer was clearly observed only at station 2. Bed roughness was
found to inhibit the effect of lateral pressure gradient that causes skewing in the boundary
layer. As a result the near-bed velocities did not turn much compared to the free stream as
they are expected according to 3DTBL theories. However, Perry and Joubert’s (1965)
velocity defect function performed very well to predict experimental deflected velocity

magnitudes on rough bed.

It is evident from this study that the bed roughness significantly alters the deflection
pattern of flow around cylinders. The observed bed shear stress distributions and velocity
deflections around cylinders of different levels of submergence will enhance the quality
of hydraulic modeling required for natural river health assessment. This study showed
that Perry and Joubert’s velocity defect function can be a useful tool for predicting the
deflected flow magnitudes around submerged objects like fish habitat structures, water
intake or outfall structures and submerged islands on natural stream bed. The present
experimental results can also serve as a hydraulic data base for future computational

modeling of similar flows.
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Fig. 4.19. Sketches of the horse-shoe vortex system and flow on the POS with respect to
the cylinders in (a-b) Regime-1, (c-d) Regime-2, (e-f) Regime-3, and (g-h) Regime-4
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(a) Regime-1 (b) Regime-2
Fig. 4.20 Horse-shoe vortex; (a) Regime-1, and (b) Regime-2

(a) Regime-2 (b) Regime-3 (c) Regime-4
Fig. 4.21 Wakes behind the cylinders; (a) Regime-2, (b) Regime-3, and (¢) Regime-4

123



-&- Regime-1 -#- Regime-1
-O- Regime-2 -O- Regime-2
14 —& Regime-3

>———“\—/\/\+ o |
0 m + L L . . i //j

M) - ~ xo

(2) (b)
Fig. 4.22 Normalized mean bed shear stress profiles on (a) the upstream, and (b) the

downstream plane of symmetry

124



(a)

(b)

Y/D

Fig. 4.23 Normalized mean bed shear stress (t¢/Tgo) contours;

(a) Regime-1, (b) Regime-2
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Fig. 4.23 (contd.). Normalized mean bed shear stress (1¢/To0) contours;

(c) Regime-3, (d) Regime-4
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(d-1) Regime-4 (d-2) Regime-4

Fig. 4.27 (contd.) Prandtl’s functions G and gG versus the normalized depth, z/9;
(c) Regime-3, (d) Regime-4
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Fig. 4.28 Johnston’s polar plots for Regime-1.

The normalized velocity components along (Uy/q.) and perpendicular (Vy/q.) to the free

streamline direction are plotted on horizontal and vertical axes. The arrow represents the

direction of local bed shear stress (1o).
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Fig. 4.29 Johnston’s polar plots for Regime-2.

The normalized velocity components along (U/q.) and perpendicular (Vy/q.) to the free

streamline direction are plotted on horizontal and vertical axes. The arrow represents the

direction of local bed shear stress (1g).
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Fig. 4.30 Johnston’s polar plots for Regime-3.

The normalized velocity components along (Uy/q.) and perpendicular (V/q,) to the free

streamline direction are plotted on horizontal and vertical axes. The arrow represents the

direction of local bed shear stress (o).
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Fig. 4.31 Johnston’s polar plots for Regime-4.

The normalized velocity components along (U/q.) and perpendicular (¥Vy/q.) to the free

streamline direction are plotted on horizontal and vertical axes. The arrow represents the

direction of local bed shear stress (o).
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Chapter 5: Turbulent Flow Field Upstream of Cylinders

5.1 Introduction

Studies of flow around submerged and surface piercing bluff bodies in open channels are
of interest to engineers because it will lead to improved understanding of the flow and its
consequences; e.g. scour. Bridge pier is probably the best example of surface piercing
object in open channel flows. Thousands of hydraulic studies had been conducted for
better understanding of the nature of flow around bridge piers and its relation to local
scour (e.g., Ahmed and Rajaratnam 1998, Dey and Raikar 2007). Submerged structures
are relatively uncommon to hydraulic engineers, except for a few structures like
submerged intake or outfall. However, flows around submerged bluff bodies have a lot of
relevance to many environmental and geophysical flow systems; e.g. flow around simple
fish habitat structures, effluent discharge in a braided river, flow around emerging islands
in shallow coastal estuaries etc. Similar to bridge pier submerged hydraulic structures can
experience local scour problem. On the other hand, local scour is essential for useful fish
habitat structures, like fish rocks. In coastal region sand mounds, tidal banks and coral
reefs are naturally developed bodies which could be submerged or surface piercing. The
general flow field and sediment processes around these natural bodies or man-made
structures are of interests to engineers, ecologists and geophysicists. For example,
Shamloo et al. (2001) studied the flow and erosion around hemispherical objects modeled
as simple fish habitat structures; Pingree and Maddock (1979) studied the general flow
field and sediment processes around sand mounds and tidal banks including the dynamics
of their own formation and erosion; Wolanski et al. (1984) studied the flow around coral
reefs in the coral-rich coast of north-eastern Australia. In spite of extensive studies of
flow around bridge-pier-like objects, our knowledge of flow around bluff bodies in open
channel remains limited. Menna and Pierce (1988) claimed that there is a severe shortage
of comprehensive experimental data of turbulent and complex flows around bluff bodies
that can serve for an unbiased test of the predictive capabilities of computational models.
They documented a detailed experimental database on the upstream and surrounding
three-dimensional boundary layer flows around a stream-lined surface piercing cylinder.

Ahmed and Rajaratnam (1998), Dargahi (1987), Melville (1975) and many other
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researchers provided excellent experimental results on flow around bridge-piers that
enabled computational modelers (e.g., Salaheldin et al. 2004) to examine the predictive
capabilities and shortcomings of their models. However, there are only a few recent
studies on flow around submerged models (e.g., Shamloo et al. 2001, Lloyd and Stansby
1997) in open channel flows that can serve for computational modeling. Recently,
Burrows and Steffler (2005) used the experimental data of Shamloo et al. (2001) for
depth-averaged modeling of velocities around individual boulders. Sadeque et al. (2008)
[Note that this study is presented in Chapter 4: Part I] measured two-dimensional
velocities around submerged and surface piercing cylinders on smooth bed in an open
channel to examine the applicability of three-dimensional boundary layer theories. They
observed that only Perry and Joubert’s (1965) model can reasonably predict the deflected
velocity magnitudes around the cylinders. However, Sadeque et al. (2008) had to measure
the velocities relatively far from the cylinders so that vertical components could be
ignored, as the theories were not developed for the boundary layer close to the cylinder.
In these circumstances, the study of flow around submerged cylinders can be considered
to be in a primitive state. Therefore, the scope and demand for the study of flow around
submerged and surface piercing cylinders in open channels can be considered to be

€normous.

Therefore, as a part of detailed study of flow around submerged and surface piercing
cylinders, the present study has been designed to experimentally observe the mean and

turbulent flow fields in the upstream region surrounding the cylinders.

S.2 Experimental Setup and Procedure

Cylindrical objects of equal diameter (D = 11.4 cm) and four heights (4) were tested
under similar approach flow conditions (discharge 50 L/s) and water depths (H = 22 cm)
to create different levels of submergence in an open channel. Submergence levels were
selected such that four flow regimes, as defined by Shamloo et al. (2001), can be
produced. Definition sketches for four flow regimes are given in Figure 2.8. Experiments
were conducted on smooth and rough beds to study the effect of bed roughness on the

upstream flow. Three components of velocities were measured using a 10 MHz Acoustic
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Doppler Velocimeter (ADV) at stations close to the cylinders so that nature of three-
dimensional flow can be observed in finer details. Typical measuring stations upstream of
the cylinders are shown in Figure 5.1. The experimental flow conditions are summarized
in Table 2.1. General description of the experimental setup and procedure is given in
Chapter 2. At first the flow development was studied on smooth and rough beds without
any cylinder and the approach flow velocity and bed shear stress were measured at the
channel center [see Chapter 3]. A set of flow visualization tests was also conducted prior

to the detailed measurements of velocity. Flow visualization test results are presented in

Chapter 4.

5.3 Result Analysis and Discussions

5.3.1 Observations of mean velocity on upstream plane of symmetry

The 2D velocity vectors plotted in Figure 5.2(a-d) and 5.3(a-d) show the general flow
pattern upstream of the cylinders on the plane of symmetry (POS). These vectors are
normalized by the cross-sectional mean velocity Uy. In all flow regimes, the upstream
flow velocities on the POS experience appreciable deceleration when approach very close
to the object (~1D). In Regime-1 (Fig. 5.2(a) and 5.3(a)) and Regime-2 (Fig. 5.2(b) and
5.3(b)) the deceleration of the upstream flow velocities are observed only near the bed,
i.e., for z<0.5% in Regime-1 and z <0.674 in Regime-2. However, the flows over an
elevation move upward to pass over the submerged objects. In Regime-3 (Fig. 5.2(c) and
5.3(c)) and Regime-4 (Fig. 5.2(d) and 5.3(d)) the deceleration of the upstream flow
velocities are observed over the entire depth of measurements (z~0.7H). Moreover, the
upstream flow in Regime-3 and Regime-4 has downward movement in front of the
cylinders. Overall the bed roughness causes greater deceleration to the near-bed velocities
as compared to the smooth bed flow in all flow regimes. The resolution of the point

measurements made in this study could not trace any point/line of separation upstream of

the object in any flow regime.

U/Uy vs z/H, U/U, vs z/H, and W/U, vs z/H profiles for Regime-1 on smooth bed are
plotted in Figure 5.4(a-c). Similar set of profiles are plotted for other flow regimes on

smooth and rough beds in Figure 5.5(a-c) to 5.11(a-c). Here, U, is the mean velocity U at
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any elevation z in undisturbed flow on the respective bed condition. U/Uy vs z/H profiles
show the relative speed of the flow at different elevation of different station in different
flow regimes on smooth and rough beds. U/U. vs z/H profiles show the relative speed of
the disturbed approach flow compared to the undisturbed flow in different flow
situations. Variations in the upward and downward flow intensities can be studied from

the W/U)y vs z/H profiles.

It can be observed from Figure 5.4 and 5.5 that, in Regime-1 and Regime-2 on smooth
bed, the approach flow started to slow down considerably from x=-1D, but the extent of
retardation is somewhat greater in Regime-2. The upward flow velocities are found
maximum at the level of object height for both the regimes, though it was relatively
stronger in Regime-2. This might be the reason of observing a distinct change in
curvature of the U/Uy vs z/H profiles from x=-1D in Regime-2. Regime-3 and Regime-4
on smooth bed have some similarity as well (Figure 5.6 and Figure 5.7). The intensities
of approach flow retardation very close to the object are almost similar over the depth.
However, the approach flow starts to slow down abruptly after passing the station at x=-
3D in Regime-4, which is relatively gradual in Regime-3. The downward flow near the
object is prominent in both Regime-3 and Regime-4, but there is some upward flow at

z>0.5H in Regime-3.

Flow visualization tests and bed shear stress measurements revealed that flow separation
points on the upstream POS are within x=-1.7D to -0.9D for different regimes depending
on the bed conditions (see Chapter 4). However, the reverse flow due to horse-shoe
vortex system could not be traced by velocity measurements near the object, though the
lowest point of measurement was only 5 mm away from the bed. However, it is
interesting to note that the flow within bottom 10% of the water depth experience the
greatest deceleration when approach very close to the object in any flow regime. This
might be the region affected by the thin layer of horse-shoe vortex system developed at
the toe of the cylinders. The rough bed profiles (Figure 5.8 to 5.11) are very similar to
those of smooth bed profiles, except for relatively greater deceleration of the near-bed

(z<0.1H) velocities.
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5.3.2 Observations of vorticity near the point of separation on upstream POS

In order to investigate the strength of vorticity near the separation point at the toe of the
cylinders the profiles of @, vs z/H on the upstream POS at x/D = -1 in all flow regimes on
smooth and rough beds are plotted in Figure 5.12(a-b). The profile of @, vs z/H in
undisturbed approach flow is also presented on the same figure to facilitate the
observation of change in vorticity near the separation point. Figure 5.12(a) shows that
there is significant increase in vorticity near the bed as compared to the undisturbed flow
condition. However, the results shown in Figure 5.12(b) do not indicate any significant
increase in vorticity. This is due to the fact that the separation point is yet to arrive. Flow
visualization and bed shear stress results shown in Chapter 4 support this observation, as
the point of separation is observed relatively closer to the cylinder (at less or equal to 1D

upstream) on rough bed.

5.3.3 Observations of logarithmic law, defect law and Clauser’s scheme profiles

Logarithmic [U/ux vs zu»/v], defect function [(U.-U)/u+ vs z/6] and Clauser’s scheme
profiles are plotted for Regime-1 on smooth bed in Figure 5.13(a-c). Similar set of
profiles are plotted for other flow regimes on smooth and rough beds in Figure 5.14(a-c)
to 5.20(a-c). Here, u« is the friction velocity of the undisturbed approach flow, k; is the
Nikuradse’s equivalent sand thickness, U, is the local free stream mean velocity in
disturbed flow, dis the boundary layer thickness (6 =15 cm as observed in Chapter 3 and
4), and A" is the Clauser’s integral parameter. For the present study, U, is taken to be the
mean velocity U at the highest measuring point at each station (i.e. at z=15 cm) and 4" is
computed by numerical integration. Theoretical lines showing the law-of-the-wall and the
theoretical curves showing the velocity defect law are also plotted in relevant figures. The
measurements in undisturbed approach flow provided the parameters (u+, ;s etc.) required

for producing the theoretical line of the law-of-the-wall on rough bed.

It can be observed from the logarithmic profiles [Fig. 5.13(a), 5.14(a), 5.15(a), 5.16(a),
5.17(a), 5.18(a), 5.19(a), and 5.20(a)] that the bottom portion of the measured profiles of
all flow regimes on smooth and rough beds fall close to the theoretical line of the law-of-

the-wall when the measuring stations are far away from the cylinders. As the flow
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approach closer the measured profiles gradually move away from the theoretical line
indicating increased level of flow disturbance. Velocities measured sufficiently above the
cylinder height in Regime-1 and Regime-2 do not experience any disturbance, and hence
the data points corresponding to upper elevations from all the upstream stations collapse
in a narrow band. However, the logarithmic profiles in Regime-3 and Regime-4 shift
downward from the theoretical line, but parallel to most of the upstream profiles. This
indicates that gradually increasing flow disturbance take place over the entire depth of

measurements as the flow approaches near the cylinder.

The profiles of the velocity defect function in Regime-1 and Regime-2 [Fig. 5.13(b),
5.14(b), 5.17(b), and 5.18(b)] collapse in a narrow band, when the measuring stations are
far away from the cylinders. Since the velocity above the top surface of the cylinders in
Regime-1 and Regime-2 are not disturbed enough, the defect functions do not perform
well. However, the profiles are not very far from the theoretical curves of velocity defect
law. Regime-3 and Regime-4 [Fig. 5.15(b), 5.16(b), 5.19(b), and 5.20(b)] produce very
good agreement among the upstream profiles, though they have a little different shape
compared to the theoretical curves. However, the rough bed profiles are closer to the
theoretical curves. The profiles obtained from Clauser’s scheme [Fig. 5.13(c), 5.14(c),
5.15(c), 5.16(c), 5.17(c), 5.18(c), 5.19(c), and 5.20(c)] are found to collapse in a narrow
band in all flow regimes on both smooth and rough beds. These results indicate that an
approximate relationship can be determined to describe the approach flow profiles

subjected to an adverse pressure gradient on smooth and rough beds.

Using the magnitudes of local friction velocities (u+') computed from direct
measurements of bed shear stress (tg), logarithmic [U/u+' vs zu+'/v], defect function [(U,-
U)/ux" vs z/6] and Clauser’s scheme profiles are replotted for Regime-1 on smooth bed in
Figure 5.21(a-c). Similar set of profiles are plotted for other flow regimes on smooth and
rough beds in Figure 5.22(a-c) to 5.28(a-c). Here, the velocity profiles are plotted only for
the stations where 1 is positive; i.e. for the stations upstream of the separation point. It
can be observed from the logarithmic profiles [Fig. 5.21(a), 5.22(a), 5.23(a), 5.24(a),
5.25(a), 5.26(a), 5.27(a) and 5.28(a)] that the bottom portion of the measured profiles of
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all flow regimes on smooth and rough beds fall close to the theoretical line of the law-of-
the-wall when the measuring stations are far away from the cylinders. As the flow
approach closer the measured profiles gradually move away from the theoretical line
indicating reduced longitudinal velocity (U) and smaller friction velocity (u+") due to
increased level of flow disturbance. The logarithmic profiles with local friction velocity
(u+"y show two changes; reduction in bed shear stress along with flow retardation. The
measured profiles of the velocity defect function and Clauser’s scheme using local
friction velocities (u+') are found similar to those observed using approach flow friction

velocity (us).

The variations of &', with distance (i.e. x/D) on the upstream POS in all flow regimes on
both smooth and rough beds are plotted in Figure 5.29(a). The figure shows that Regime-
1 and Regime-2 have similar trends of 8'x vs x/D. However, Regime-3 and Regime-4
have similar trends until the flow reach very close to the cylinders. Similar is the
observation from Figure 5.29(b), where the variations of A" with x/D on the upstream
POS in all flow regimes on both smooth and rough beds are plotted. In Figure 5.29(b),
the magnitudes of A" are computed using the undisturbed flow friction velocity (us).
Similar to Figure 5.29(b), the variations of A” with x/D on the upstream POS for smooth
and rough bed results are replotted in Figure 5.29(c), where the magnitudes of A" are
computed using the magnitudes of local friction velocity (u+). However, the results are

similar to Figure 5.29(b).

5.3.4 Observations of turbulence quantities on upstream POS

Profiles of the turbulence quantities on smooth and rough bed flows are plotted in Figure
5.30 to 5.37. The normalized profiles of three components of r.m.s. velocities (u"u«, v'"/ux
and w'u-), turbulent kinetic energy (k/u+°), and the primary Reynolds stress (—;l;/ Uy 2

for Regime-1 on smooth bed are plotted in Figure 5.30(a-e). Similar set of profiles are
plotted for other flow regimes on smooth and rough beds in Figure 5.31(a-¢) to 5.37(a-e).

Here, u« is the friction velocity of the undisturbed approach flow at the channel center,

and u, is the cross-sectional average of the friction velocities of the approach flow.
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Upstream measurements on smooth bed have produced a lot of scatter in turbulence
quantities due to bed reflection noise received by ADV. Rough bed measurements are,
however, free from these noise as the reflections are scattered away from the ADV probe
by irregular surface of the sand grains. However, the data points near the bed (2<0.2H) on
smooth bed are reliable and consistent. The rough bed results, on the other hand, are very

consistent over the entire depth of measurements.

It is interesting to note that all the upstream profiles on the POS are found comparable to
those obtained for undisturbed flow on smooth and rough beds at the center plane of the
channel [see Chapter 3]. There are no significant differences in near bed turbulence
quantities at upstream measuring stations for different flow regimes on smooth bed (Fig.
5.30 to 5.33), except for a little higher turbulence at stations (x=-1 to -0.85D) closer to the
cylinders. The horse-shoe vortex system at the toe of the cylinders could be the reason for
such increased turbulence near the bed at closer stations. Similarly, all the upstream
profiles of turbulence quantities on rough bed in different flow regimes (Fig. 5.34 to
5.37) collapse in a narrow band, with slightly higher turbulence near the bed at x=-1 to -
0.85D. However, the rough bed turbulence quantities are somewhat higher than those on
smooth bed for similar flow conditions. These observations indicate that unlike the mean
flow the turbulence properties of the upstream approach flow on the POS do not change

in any regime for a given bed condition until the flow reaches very close to the object.

5.3.5 Upstream deflected flow: mean velocities and turbulence

Normalized mean velocity (U/Uy, U/U,, V/U, and W/U,) profiles at x=-1D, -0.85D, -0.5D
and 0 on three different longitudinal planes (at y=0.5D, 0.8D and 1D) on smooth and
rough beds are plotted in Figure 5.38(a-d) to 5.61(a-d). These figures indicate that the
longitudinal mean velocity (U) slows down (i.e., U/U,<1) in the longitudinal direction
along the plane at y=0.5D, but it speeds up (i.e., U/U>1) considerably at =0.8D and 1D.
The change in U is the least in the upstream region surrounding the cylinder in Regime-1,
though the deflection is strong in transverse (V=0.1-0.3U) as well as in vertical (W=0.05-
0.15U,) direction. Flow deflection is much stronger in Regime-2 (V=0.1-0.45U, and
W=0.05-0.2U;) than in Regime-1. However, the deflected transverse velocity (V)
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gradually diminishes away from the bed. On the other hand, Regime-3 and Regime-4
produce very strong transverse velocity (V), as high as 0.5-0.6Uj, near the cylinders, and
its distribution is also uniform over the entire depth except very close to the bed (at
z/H<0.1). Vertical flow (W) in the upstream region surrounding the cylinder goes only
upward in Regime-1 and mostly downward in Regime-4. But the vertical component of
velocity (W) has different trend at very close stations (e.g. at x=-0.5D) in Regime-2 and
Regime-3, where the flow goes upward in the upper zone and downward in the lower
zone. Overall the maximum intensity of vertical flow (W) is as high as 0.1-0.2U near the
cylinders, but it falls to 0.02-0.08U, away from cylinders at y=1D. Mean velocity
deflection patterns in the transverse and vertical directions in the upstream region
surrounding the cylinders are, therefore, different for different regimes, but the effect of

bed roughness on the deflection pattern is minimal for the stations close to the cylinders.

The profiles of normalized turbulence quantities (k/u*z, —uw/ Zz) at x=-1D, -0.85D, -

0.5D and 0 on three different longitudinal planes (at y=0.5D, 0.8D and 1D) on smooth
and rough beds are plotted in Figure 5.62(a-f) to 5.69(a-f). These figures indicate that the
near-bed turbulence increases considerably when the flow approaches very close to the
cylinders. Near-bed turbulent kinetic energy and turbulent shear stress increase as high as
2-3 times compared to those observed relatively far away from the cylinders. However,
there is very little change in turbulence away from the bed at z>0.1H if compared to the
profiles at relatively far away from the cylinders. The effect of bed roughness on

turbulence has been found to be insignificant.

5.3.6 Deflected flow at x=0 plane: mean velocities and turbulence

It is known that the flow speeds up while passing the shoulder of a cylinder. According to
the potential flow solution for flow around free ended circular cylinder longitudinal
velocity at the shoulder could be twice of the uniform ambient velocity. However, for an
open channel boundary layer of a real fluid approaching a bed-mounted vertical cylinder
this velocity amplification at the shoulder is expected to be different from potential flow
solution. Ahmed and Rajaratnam (1998) observed that the velocity magnitude could be as
high as 1.8 times of the undisturbed velocity (U;) at z/H=0.2 for surface piercing
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cylinders. However, they observed that the velocity amplifications had been less when
measured away from the bed. Present study investigates the variation of longitudinal
velocity amplification for submerged and surface piercing cylinders in shallow water on
smooth and rough beds for similar flows. The profiles of U/Uy, U/U,, V/Uy and W/Uywith
y/D are plotted for all flow regimes on smooth and rough beds at different elevations (i.e.
z/H) on the x=0 plane in Figure 5.70(a-d) to 5.77(a-d). The profiles of U/U, with y/D
indicate that the major portion of the water depth have similar flow intensity except near
the bed. Though the near-bed flow intensities (U/Uy) are relatively less compared to the
upper velocities, the amplification with respect to the undisturbed flow condition (U/U;)
is greater near the bed. Such velocity amplifications can be considered partly responsible
for local scour initiation on mobile bed. The maximum amplification (at y=0.8D) of near-
bed longitudinal velocity (U) with respect to undisturbed flow condition (U,) on smooth
bed has been found to be 1.06, 1.18, 1.3, and 1.42 for Regime-1, 2, 3 and 4 respectively;
whereas for rough bed these amplifications are 1.08, 1.26, 1.38 and 1.4. Therefore, it
seems like bed roughness tends to increase the near-bed velocity amplifications for
submerged flow regimes. Transverse deflection intensities are studied from the profiles of
V/Uy with y/D [Fig. 5.70(c) to 5.77(c)]. It can be clearly observed that the measurements
at the bottom-most elevation show the greatest deflection in all flow regimes. This
observation supports the theories of three-dimensional turbulent boundary layer, where
the lateral pressure gradient is held responsible for greatest outward deflection of slowly
moving fluid particles near the bed. The maximum transverse velocities (V) are
approximately 0.230U; in Regime-1, 0.34U, in Regime-2, 0.37U, in Regime-3, and
0.36U, in Regime-4. Bed roughness has been found to increase the magnitudes of near-
bed transverse velocity for submerged flow regimes at y=0.8-0.9D by some extent; where
V' is approximately 0.27U, in Regime-1, 0.390 in Regime-2, 0.390, in Regime-3, and
0.35U, in Regime-4. Regime-3 and Regime-4 produce uniform deflection over the entire
depth except very close to the bed (at z/H<0.1). However, the deflected transverse
velocity (V) gradually diminishes away from the cylinders. The lateral spread (y) of
significant deflection (¥>0.1Up) on smooth bed can be considered to be 1.5D for Regime-
1, 2D for Regime-2, and 2.5D for Regime-3, and Regime-4. It can be noticed from the
rough bed results that the bed roughness tends to arrest the lateral spread of flow
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deflection. The profiles of W/U, with y/D help to examine the characteristics of deflection
in the vertical direction. The magnitudes of W/Uj near the cylinders indicate that the
flows passing the shoulder of the cylinders are strongly three-dimensional in all flow
regimes. However, the directions of vertical flow are found to vary depending on flow
regimes and bed roughness condition. The maximum intensity of vertical flow (W/U) on
smooth bed has been found to be 0.120, in Regime-1, 0.16U, in Regime-2, 0.08U, in
Regime-3, and 0.05U) in Regime-4; whereas for rough bed it becomes 0.09U, 0.11 U,
0.08Uy and 0.11U) respectively. In general large cell of secondary current can be
visualized from the deflection patterns on x=0 plane as shown in Figure 5.78(a-d) to
5.79(a-d) by 2D vector plots. These vectors are plotted using y and z components of
velocity (i.e. ¥ and W). The profiles of streamwise vorticity (wy) on the x=0 plane plotted
in Figure 5.80(a-d) to 5.81(a-d) for all flow regimes on smooth and rough beds confirm
unidirectional streamwise vorticity. However, the strength of streamwise vorticity is
significant only near the bed; and these are probably due to the horse-shoe vortex systems

passing the cylinders.

The variations of normalized turbulent kinetic energy (k/k;) and turbulent shear stress
(tv1.) with y/D are observed (Figures are not presented) for all flow regimes on smooth
and rough beds at different elevations (i.e. z/H). The profiles near the bed have shown
considerable deviations from undisturbed conditions (k. and t); and these can be
qualitative indicators of potential scour on erodible bed. Therefore, the bottom-most (at
z=0.02H) profiles of turbulent kinetic energy and turbulent shear stress on x=0 plane are
plotted in scales of k/Uy* and t/us* with ¥/D in Figure 5.82(a-b) and 5.83(a-b), where Uy
is the cross-sectional mean velocity and u+ is the undisturbed flow friction velocity.
Increased turbulence has been observed close to the cylinder on x=0 plane for all the flow
regimes on smooth and rough beds. The maximum &/Uy* and 1/u+* on smooth and rough
beds are found to be in a range of 0.025-0.027and 1.25-1.62. The spread of increased
turbulence is found up to y=1.2D on both smooth and rough beds. Surprisingly the
variations of turbulent kinetic energy and shear stress have similar patterns to the bed

shear stress (to/Too) profiles at x=0 as presented in Chapter 4 [see Fig. 4.9(a) and 4.24(a)].
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Future scour measurements on erodible bed in similar flow condition can indicate the

correlation of local scour with the increased near-bed turbulence and bed shear stress.

5.4 Conclusions

The mean and turbulent flow structure in the upstream region surrounding the cylinders
in open channel] with different levels of submergence are presented in this study. Three-
dimensional velocity measuring stations are positioned close to the cylinder surface so
that the complex flow patterns can be adequately explained. The effect of bed roughness

is also reported from the observations of the similar flow on rough bed.

This study shows that in spite of deceleration of the approach flow on the plane of
symmetry, the mean longitudinal velocity profiles plotted in terms of Clauser’s scheme
collapse in a narrow band in all flow regimes on both smooth and rough beds. These
results indicate that an approximate relationship can be determined to describe the
approach flow profiles (up to x=-0.85D) subjected to an adverse pressure gradient. Flow
deflections in transverse as well as in vertical direction in the upstream region
surrounding the cylinders are enormous irrespective of the level of submergence. The
influence of bed roughness on the flow deflection patterns and the lateral spread of
increased turbulence are nominal for different flow regimes. Increased turbulence region
on x=0 plane spreads up to y=1.2D. In the upstream region surrounding the cylinders,
near-bed turbulent kinetic energy and turbulent shear stress increase as high as 2-3 times
compared to those observed relatively far away from the cylinders. Near-bed turbulent
kinetic energy at x=0 has been found to be approximately 2.5% of the mean kinetic

energy for all flow regimes on smooth and rough beds.

The present experimental study, thus provide an extremely valuable database for
computational modeling of similar flows in hydraulic, environmental and geophysical
flow systems. Near-bed observations of increased turbulence surrounding the cylinders
and velocity amplification at x=0 could be indicators of local scour. Future studies of
similar flows on erodible beds can enhance our knowledge regarding the influence of

flow structure on local scour.

154



Q
Each gfid size is 0.5D 5
Q
)
Flow . oY Y
i QO

00-0

C O (o) 0 ........ o ........ OO
D

Fig. 5.1 Typical velocity measuring stations relative to the object on a horizontal plane;

small white circles are the stations used for velocity measurements

155



u/ U0=1
N

-

-

S5

-

-7
-

-

-

TRARYT e

T ] —

T

IROIONON PN

et el

0.8}

0.6}

H/Z

0.4

0.2p

Fig. 5.2(a) 2D velocity vectors on upstream POS: Smooth bed/Regime-1

T 1
Tt Tr o
AN
A S O T T T
TTOYoN o T TN T
]
R OO TTATTAT
T T 7T 7 T TT N
1
R A TTTTM N
1
—
.
St
=
: RO S 4 T e g
< © < N o
o o o o

Fig. 5.2(b) 2D velocity vectors on upstream POS: Smooth bed/Regime-2

156



-

-

NROROK NS P

U/Uo=1

T T e

5 o
NN
S -
5
S o
S0

TT 77—

TTTTTTTTATNT

TP TN T T AT ]

0.8r

TTTTMM dew TTTTTT T TN IN] e
] 1
—
[
ST
>
LI 1o 1 S N b e W e It e i Y
™ o! = ® © X N o
o o o o o

Fig. 5.2(c) 2D velocity vectors on upstream POS: Smooth bed/Regime-3

H/z

157

Fig. 5.2(d) 2D velocity vectors on upstream POS: Smooth bed/Regime-4



-

-

U/Uo=1

OB N o I T Ty

TT T T TN AT

T T T AN NN A Aaa ARNRNAN N Y T YT T an
T T T YA YT A v TITAY YT T YT T T At

T T T T T Aran TTYTT T T T T YT e

T T T T T el L O D S S A S N A N N N S (Y

R TrTTrT T T TT O TAAT T

U/U():l
>

\/\7\,\7\74 R ~ N~ AN AN AN o

0.8}
0.6f

0.4P
0.2p
0

x/D
Fig. 5.3(a) 2D velocity vectors on upstream POS: Rough bed/Regime-1
1
0.8}
.6
0.4p

HZ

158

Fig. 5.3(b) 2D velocity vectors on upstream POS: Rough bed/Regime-2



L o
O S N S S A P
TP T T T rrrede
i
T TP T T e
TN A ]
I
TrPrTTT T ee»aﬁf%
T
S
S
_ T e N M NN 5 ¥ P
© © 4. N ol
o o o o

H/Z

Fig. 5.3(¢c) 2D velocity vectors on upstream POS: Rough bed/Regime-3

o
A A A A G A AR A AR A P
PP T T TT T e
1
PTTT T T DT DT T
R A e Y e Y A DY A A Al i 8 P
]
2 et Dt A D DA At A I bk 1 (PP
1
—
I
=5
)
R el e S A A A G R N e [
© © < ~N ol
o o o o

Fig. 5.3(d) 2D velocity vectors on upstream POS: Rough bed/Regime-4

159



(a)

(b)

z/H

z/H

z/H

0.8
0.7
06
0.5
04
0.3
0.2
0.1

0.8
0.7
0.6
05
0.4
0.3
0.2

0.1

0.8
0.7
06
05
04
0.3
0.2

0.1

E ®x=-10D
T ©x=-4D o+
F Ax=-3D ACH
F ax=-2D on+
[ ®x=-1.5D
T ox=-1D LLe
| +x=-0.85D are
:: ]
I 6 AKA
E +0w®
4 + O me
r + 0O mO
£ + o noo
I "
: L.
—KIIL= ILILII+I= Dlll[!“lolilhl
0 0.2 0.4 0.6 0.8 1 1.2
U/U,
E ®x=-10D
T Ox=-4D o
E A x=-3D ATH
‘E A x=-2D F—
F | x=-1.5D
E Ox=-1D Lle
J:_ + x=-0.85D e
r =2 ]
J; EAA
E + O
£ + 0 o
P + O mO
_J: ++ 0O ®BLo
: o8 i,
i 1 i L l+ |Dl AL A;q %OLAL
T T T R T
0 0.2 0.4 0.6 0.8 1 1.2
uiv,
® x=-10D
O x=-4D " o
A x=-3D s ad+
4 x=-2D T ewno+
H x=-1.5D L
Ox=-1D T me o
+x=-0.85D r om O 4+
FoR ] +
I &n o +
E om0 o +
f mo ju} +
I mo [m] +
I mo DD N +
- B8
ey S LY S S W S S
-0.1 -0.05 0 0.05 0.1 0.15 0.2
WiU,

Fig. 5.4 Normalized mean velocity profiles on upstream POS: Smooth bed/Regime-1;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.), and (c) vertical mean

velocity (W/Uyp)

160



(a) 0.8

® x=-10D
0.7 + ox=4D [ETe ]
I ax=-3D iz 1o
06 T ax=-2D + 0 mo
[ ®x=-1.5D [
05T gyetD + 0 maag
T g4 f +x=-085D + 8 me
N + | w2
03+ + a NAD
k + 0 = ra
02+ + O A A0S
+ O L
01+ +++|:| o” IX.A 2;00 e
oy e 0w B0
0 0.2 0.4 0.6 0.8 1 12
UiV,
(b) 0.8 1
[ ®x=-10D
0.7 + ox=-4D a0
F ax=-3D 2 1)
0.6 T Ax=-2D + 0 w0
[ Ex=-1.5D [
05 T ox=-1D roomg
T F +x=-0.85D + 0 e
04 +
N : + o mald
03+ + o CY
E + O "ra
02+ + 0 u aAe
E + O A D
F + [u] B AAO ®
0.1+ R E?D .:AA ‘AQO .
of f RS - S Dol et -2
0 0.2 0.4 0.6 0.8 1 1.2
vy,
(©) 0.8
® x=-10D
0.7 | ox=4D o ¥
A x=-3D [u} +
06 | ax=2D +
o x=-1.5D
05 Ox=-1D
T +x=-0.85D o +
4
RO o+
0.3 a+
o+
0.2 ]
0.1
o = l 1 1 1 = 1 1 1 1 t 1 1 1 1
-0.1 -0.05 0.05 0.1 0.15 0.2
WiU,

Fig. 5.5 Normalized mean velocity profiles on upstream POS: Smooth bed/Regime-2;
(a) longitudinal mean velocity (U/Up), (b) speed up factor (U/U;), and (c) vertical mean
velocity (W/Uy)

161



(@ 0.8

+ ®x=-10D
0.7 + ox=4D + ] = A AO
06 t A x=-3D + 0 H A 4O
© T ax=-2D + o N
[ ®@x=-1.5D
051 gx=1D + 0O A D
T o4 F +x=-0.85D + 0 " Ao
N . + 0 " A0
03 I + O A e
E + ] | +
02+ + O m A M0
E + O B AA
01§ v 0 -g'i‘,&e
T E +
S SRR T - B
0 0.2 0.4 0.6 0.8 12
Uiy,
(b) 0.8
® x=-10D
0.7 + ox=-4D + =) A O
A x=-3D + 0 . AN
0.6 1 ax=20 + O B ALS
u x=-1.5D
051 ox=21D + 0 A D
% 04 £ *x=085D + 0 LRV
+ O AL
03 t0 WA be
+ 0 AL
0.2 + 0O ®W A M
+ 0O H AAQ
+ 0 eAAOO
0.1 .t I A‘é
+ + A o0
0 M % A L: " A 4' S T ll TR S T } e h L
0 0.2 0.4 0.6 0.8 1 1.2
Uiy,
(©) 0.8 :
E ® x=-10D
07 = o o O x=-4D
w oo+ Ax=-3D
0.6 I . ax=-2D
L u x=-1.5D
0.5 Idg A0 Ox=-1D
T o4 O+ 240 +x=-0.85D
Ll g [ o
03 orm £ 80
+o8f AQ
0.2 +0 ® L ph O
+0 18 [ A Q
01 EA IS
A%
0 P I R '} = I R ) L1 |+ Lo 4 ) } P ST S S NS NV R T
-0.1 -0.05 0 0.05 0.1 0.15 0.2
WiU,

Fig. 5.6 Normalized mean velocity profiles on upstream POS: Smooth bed/Regime-3;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U;), and (c) vertical mean

velocity (W/Uy)

162



@

0.8
s ® x=-10D
0.7 + ox=-4D + g B, AO 4
- Ax=3D + O B a0e
06 + ax=-2D + o L'y oo
05 I IX=-1.D5D + O A AO
~E Ox=1 s &
£ + 0
:ﬁ: 04 £ +x=-0.85D + 0 n 20
+ 0 mA a0
03+ + O AW ne
C AN o
r + m] N Ace
0.2 -E ++ g .‘A‘ .o
01+ * o " o ‘Jo
T L N
ooy e+ 9, MAAO 0L
0 0.2 0.4 0.6 0.8 1 1.2
Ui,
(b) 0.8 T
[ ®x=-10D
07 -E 0 x=-4D + g B, 4A0gq
I Ax=-3D + O ®  iCe
0.6 'E A.x=-2DD + O [ o g
r Bx=-1.5 BA A0
05 ouetD v T
E + O
% 04 & +x=-0.85D r o -xA o
E + 0O L A0
03+ + o Al ag
i 'Y
02 f Yy em a0
- + 0 %40
041+ o m
AT o e
E hy El]:\ RN
0 s S SN = B S Sy - Py
0 0.2 0.4 0.6 0.8 1 1.2
u/u,
© 0.8
® x=-10D
0.7 o m 0 x=-4D
(MY A x=-3D
06 o uA Ax=-2D
o [ AA- mx=-1.5D
05 o -+AA ) Ox=-1D
% 04 o L) o) +x=-0.85D
. N
o+
0.3 o+ " AA e
] o)
02 S m op0
o el e
0.1 h‘:'?—:,-f (g
0 R : |
-0.1 -0.05 0 0.05 0.1 0.15 0.2
Wi,
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(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U,), and (c) vertical mean

velocity (W/Uy)
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Fig. 5.9 Normalized mean velocity profiles on upstream POS: Rough bed/Regime-2;

(a) longitudinal mean velocity (U/Up), (b) speed up factor (U/U.), and (c) vertical mean
velocity (W/Uy)
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Fig. 5.10 Normalized mean velocity profiles on upstream POS: Rough bed/Regime-3;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U,), and (¢) vertical mean
velocity (W/Uy)
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Fig. 5.11 Normalized mean velocity profiles on upstream POS: Rough bed/Regime-4;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U;), and (c) vertical mean
velocity (W/Uy)
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Fig. 5.12 Vorticity (my) profile at x=-1D on POS; (a) Smooth bed, and (b) Rough bed
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Fig. 5.13 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles
on upstream POS: Smooth bed/Regime-1
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Fig. 5.14 (a) Logarithmic velocity, (b) defect velocity, and (¢) Clauser’s scheme profiles
on upstream POS: Smooth bed/Regime-2
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Fig. 5.16 (a) Logarithmic velocity, (b) defect velocity, and (¢) Clauser’s scheme profiles

on upstream POS: Smooth bed/Regime-4

172



(a) 25

20 T
A od uuu:]

] 15 - ® x=-10D
3 O x=-4D
> A x=-3D

10 ¢ N A x=-2D
® x=-1.5D
- 0 x=-1D
51 + x=-0.85D
r — Theory
0 [ i 1 L1 } n I 1 1 L1
1 10 100
z/k,
(b) 18
) ® x=-10D
O x=-4D
14 4 A x=-3D
" A x=-2D
B x=-1.5D
510-~D++ 0 x=-1D
= [\o + x=-0.85D
2 +
'y ' m\ O — Theory
2 6 T Q
2t
2 [ } L P L : T L
0 0.2 0.8 1
zId
() 14
L ® x=-10D
i O x=-4D
I A x=-3D
102 ax=-2D
] ®x=-1.5D
3 |+ ax=-1D
= ] +x=-0.85D
2 etd
2 I
2+ %Li!'
I P@mm QorOAe, © e

I o I :

) 0.2 0.4 0.6, 0.8 1 1.2
zIA

Fig. 5.17 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles
on upstream POS: Rough bed/Regime-1
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Fig. 5.18 (a) Logarithmic velocity, (b) defect velocity, and (¢) Clauser’s scheme profiles
on upstream POS: Rough bed/Regime-2
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Fig. 5.19 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles
on upstream POS: Rough bed/Regime-3
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Fig. 5.20 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles
on upstream POS: Rough bed/Regime-4
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Fig. 5.21 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles

on upstream POS using local friction velocity: Smooth bed/Regime-1
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Fig. 5.22 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles

on upstream POS using local friction velocity: Smooth bed/Regime-2
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Fig. 5.23 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles

on upstream POS using local friction velocity: Smooth bed/Regime-3
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Fig. 5.24 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles

on upstream POS using local friction velocity: Smooth bed/Regime-4
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Fig. 5.25 (a) Logarithmic velocity, (b) defect velocity, and (¢) Clauser’s scheme profiles

on upstream POS using local friction velocity: Rough bed/Regime-1
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Fig. 5.26 (a) Logarithmic velocity, (b) defect velocity, and (¢) Clauser’s scheme profiles

on upstream POS using local friction velocity: Rough bed/Regime-2
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Fig. 5.27 (a) Logarithmic velocity, (b) defect velocity, and (c) Clauser’s scheme profiles

on upstream POS using local friction velocity: Rough bed/Regime-3
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Fig. 5.30 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,

(b) transverse r.m.s. velocity, (c¢) vertical r.m.s. velocity, (d) turbulent kinetic energy, and

(e) primary Reynolds stress on upstream POS: Smooth bed/Regime-1
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Fig. 5.31 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,

(b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d) turbulent Kinetic energy, and

(e) primary Reynolds stress on upstream POS: Smooth bed/Regime-2
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Fig. 5.32 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,

(b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d) turbulent kinetic energy, and

(e) primary Reynolds stress on upstream POS: Smooth bed/Regime-3
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Fig. 5.33 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,
(b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d) turbulent kinetic energy, and

(e) primary Reynolds stress on upstream POS: Smooth bed/Regime-4
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Fig. 5.34 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,

(b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d) turbulent kinetic energy, and

(e) primary Reynolds stress on upstream POS: Rough bed/Regime-1
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Fig. 5.35 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,
(b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d) turbulent Kinetic energy, and

(e) primary Reynolds stress on upstream POS: Rough bed/Regime-2
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Fig. 5.36 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,

(b) transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d) turbulent kinetic energy, and

(e) primary Reynolds stress on upstream POS: Rough bed/Regime-3
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Fig. 5.37 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity,

(b) transverse r.m.s. velocity, (¢) vertical r.m.s. velocity, (d) turbulent kinetic energy, and

(e) primary Reynolds stress on upstream POS: Rough bed/Regime-4
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Fig. 5.39 Normalized mean velocity profiles on y=0.8D plane: Smooth bed/Regime-1;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U),
(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.40 Normalized mean velocity profiles on y=1D plane: Smooth bed/Regime-1;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.),
(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.41 Normalized mean velocity profiles on y=0.5D plane: Smooth bed/Regime-2;

(a) longitudinal mean velocity (U/Up), (b) speed up factor (U/U,),

(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.42 Normalized mean velocity profiles on y=0.8D plane: Smooth bed/Regime-2;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.),

(c) transverse mean velocity (V/Uj), and (d) vertical mean velocity (W/Us)
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Fig. 5.43 Normalized mean velocity profiles on y=1D plane: Smooth bed/Regime-2;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U),

(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.44 Normalized mean velocity profiles on y=0.5D plane: Smooth bed/Regime-3;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U;),

(c) transverse mean velocity (V/Uj), and (d) vertical mean velocity (W/Uy)

200



08 0.8 T
[ ®x=-05D [ ®x=-0.5D
0.7 + ox=-0.25D e o a 0.7 £ 0x=-0.25D e o a
L Ax=0 . o a [ Ax=0 o A
06 0.6 T
e o a F e o a
05+ . o a 0.5+ e O a
x E ¢ © A I E e 0 A
0.4+ 04 +
N [ L] O A N £ L] o 4
03T e o A 03+ e o a
F e o a E e O a
02+t e O a 02 ¢ e 0 4
E o o4 %t
01+ . a 01 ¢ s O
b 0% 0 a4 b s & ¢
o+ : A 0¥ : L/
0 0.5 1 1.5 0 0.5 1 1.5
UiU, Uiy,
(@) (b)
08 T 0.8
E ® x=-0.5D ®x=-0.5D
07+ i o 0 x=-0.25D 07 i « 0x=-0.25D
F 2 o Ax=0 o a A x=0
06 06 i
E s © E
05t Ae O 0.5 T a
F L
T F \© T [ oa
04 f 0.4 1
N r 2 o N E f o]
0.3+ a o 0.3 I ae
£ .0 EAO
0.2 ¢ A8 O 0.2 tace
“. S foe,
0.1 ‘E ‘ ° ..%g 0.1 t } o8
0 £ , AT . - I 0 N , ¥o, A
0 0.1 0.2 0.3 04 0.5 0.6 -0.15 -0.05 0.05 0.15 0.25
ViU, Wi,

©

(d)

Fig. 5.45 Normalized mean velocity profiles on y=0.8D plane: Smooth bed/Regime-3;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U,),

(c) transverse mean velocity (V/Up), and (d) vertical mean velocity (W/Uyp)
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Fig. 5.46 Normalized mean velocity profiles on y=1D plane: Smooth bed/Regime-3;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.),

(c) transverse mean velocity (V/Up), and (d) vertical mean velocity (W/Uy)
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Fig. 5.47 Normalized mean velocity profiles on y=0.5D plane: Smooth bed/Regime-4;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U,),

(c) transverse mean velocity (V/Uyp), and (d) vertical mean velocity (W/Uy)
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Fig. 5.48 Normalized mean velocity profiles on y=0.8D plane: Smooth bed/Regime-4;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U;),

(c) transverse mean velocity (V/Up), and (d) vertical mean velocity (W/Uy)
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(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.50 Normalized mean velocity profiles on y=0.5D plane: Rough bed/Regime-1;
(2) longitudinal mean velocity (U/Up), (b) speed up factor (U/U,),

(c) transverse mean velocity (V7Up), and (d) vertical mean velocity (W/Uy)
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Fig. 5.51 Normalized mean velocity profiles on y=0.8D plane: Rough bed/Regime-1;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.,),

(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)

207



0.8

0.7 £
0.6 A

0.5

08
0.7
0.6

051
To4dt
03
02
01 4

Foex=1D

r Ox=-0.5D a

E ax=0 ®© A

£ A

b "

; [ 1Y

£ OA

F oA

F ® oA

E 004

t °C4A

oe A
T A
o 0, F)
0 : A
0 0.5 1 1.5
UiJ,
(a)
3 ®x=-1D
o 0 x=-0.5D
Fao Ax=0
T o
40

T a0

[ @0

f 40

t AQ0

F

4 a0 0

F » o

'y » O

3 o 92

£ (] o)

. L4 QAL —y } ;
0 0.1 0.2 0.3 0.4 0.5 0.6

(©

0.8 ¢
[ ®x=-1D
0.7 E 0 x=-0.5D a
L Ax=0 ©a
06 t [o7Y
L [
05t .
To41 o4
oA
03 ¢ [ X7
€04
0.2 T [ 173
r oo A
01t 20,4
0 [ I 1 “ n
[¢] 0.5 1 1.5
u/u,
08
@ x=-1D
07 o O x=-0.5D
ho A X=0
0.6 T
| 40
05 T o
T o4 i wo
F &0
0.3 I o«
[ eo®
0.2 F ea
(Y
o1 P ot
0 b - [o ;
-0.15 -0.05 0.05 0.15 0.25
WU,

(d)

Fig. 5.52 Normalized mean velocity profiles on y=1D plane: Rough bed/Regime-1;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.,),

(c) transverse mean velocity (V/U,), and (d) vertical mean velocity (W/Uy)
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Fig. 5.53 Normalized mean velocity profiles on y=0.5D plane: Rough bed/Regime-2;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.),

(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.54 Normalized mean velocity profiles on y=0.8D plane: Rough bed/Regime-2;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.),

(¢) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.55 Normalized mean velocity profiles on y=1D plane: Rough bed/Regime-2;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U),

(c) transverse mean velocity (V/U)), and (d) vertical mean velocity (W/Uj)
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Fig. 5.56 Normalized mean velocity profiles on y=0.5D plane: Rough bed/Regime-3;
(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U;),

(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)

212



08
[ ®x=-05D
0.7 * ox=-0.25D e O a
F ax=0 Y O A
06T e O 4
s e 0O A
0.5 F e O A
Toat e o a
E e 0 A
03 t e O a
E [ ) o
0.2 T e O a
o4 4 e O &
AT L ] (o] A
o : ) e % ,. ?Ao, “,
] 0.5 1 1.5
Ui,
(a)
0.8 ¢
E ® x=-0.5D
07 L a oo 0 x=-0.25D
E A e 0 A x=0
06 + Ae® ©
A® O
0.5 1 Aa® ©
ko I 400
N 04
r A e ©
03 ¢ Ae O
F AeO
0.2 T A
o1 F A 0
1 L,y
o A
0+ : PN SN
0 0.1 0.2 0.3 04 0.5 0.6
ViU,

©

08 ¢
[ ®x=-0.5D
0.7 ¥ 0x=-0.25D
Ax=0

0.6 T

05t
Toat
03 £
02

014

0 ey
Uiy,

(b)

08
07 1
9
0.6 Lop
ae
05 oo

T o4 LR

0.3 o e
0.2

A
A £
0.1 } o o«

® x=-0.5D
0 x=-0.25D
A x=0

@
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(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.),

(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.58 Normalized mean velocity profiles on y=1D plane: Rough bed/Regime-3;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U,),

(c) transverse mean velocity (V/Up), and (d) vertical mean velocity (W/Uy)
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Fig. 5.59 Normalized mean velocity profiles on y=0.5D plane: Rough bed/Regime-4;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U;),

(c) transverse mean velocity (V/Uy), and (d) vertical mean velocity (W/Uy)
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Fig. 5.60 Normalized mean velocity profiles on y=0.8 D plane: Rough bed/Regime-4;

(a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U),

(c) transverse mean velocity (V/Up), and (d) vertical mean velocity (W/Uy)
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Fig. 5.63 Normalized turbulent kinetic energy and primary Reynolds stress profiles on
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Fig. 5.64 Normalized turbulent kinetic energy and primary Reynolds stress profiles on
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Fig. 5.65 Normalized turbulent kinetic energy and primary Reynolds stress profiles on

(a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D plane: Smooth bed/Regime-4
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Fig. 5.66 Normalized turbulent kinetic energy and primary Reynolds stress profiles on

(a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D plane: Rough bed/Regime-1

222



0.8
®x=-1D
0.7 % - ©x=-0.85D
9 o A A x=-0.5D
06 + @
o o
05 ¢ oa
Toaf o4
©
03 «@c
3 oA e
021 P
o o
0.1 7 ea q(?. .
0+ t \ —h
0 2 4, 6
k/u.
(a)
0.8 T
L ¢ x=-0.5D
0.7 t a 0 x=-0,25D
F os Ax=0
06 T om
E o
05 f oo
Toat . °
E ©0
03+ o
021 L2, °
A00
0.1 T Ao o
0+ —t N RN S
0 2 4 2 6
kiu.
()
08 1
F ® x=-1D
0.7 T A0 0 x=-0.5D
E oA A x=0
06 t 0
o
0.5+ 20
To4t o
F os
03+ o a
02+ L o
4: ASO
0.1 g .Q.A%. R
of , LX<z ! S
0 2 4 2 5}
kiu.

(e)

x
N

z/H

T
N

0.8 T
E o x=-1D
07F 0 x=-0.850
Eoae A x=-0.5D
061t w»o
I os
05+ © a
F
04 -E ©
E »o
03+ A0
02+ * % e
E e ©
01 ¢ L b ae0 o
P P I TR . S T T S
-0.3 o 0.3 06 _0.9 2 1.2 1.5 18 241
-uwit.
0.8 T
3 @ x=-0.5D
07§ eou 0 x=-0.250
E ©a Ax=0
06 + .
o
05t o0
04f & a1 o
F we
03 ¢ o« A
E s [
02 ¢ o e
1 E A O®
0.1 ¢ A »
fery 0
b e 0.
03 0 0.3 0.6 _(LQ__2 1.2 1.5 1.8 21
-uw/u.
08
r ®x=-1D
0.7 £ o 0x=-0.5D
[ o a Ax=0
08 T oae
E o
051 40
0.4 ,E o« A
F o * A
03 ¢ o -
02+ “ e
o1 E ea ©
AT ® A0
F A ? 4l
0 Fy + it Py : —
-0.3 0 0.3 06 0.9 12 1.5 18 21

(®

Fig. 5.67 Normalized turbulent kinetic energy and primary Reynolds stress profiles on
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Fig. 5.68 Normalized turbulent kinetic energy and primary Reynolds stress profiles on

(a-b) y=0.5D plane, (c-d) y=0.8D plane, and (e-f) y=1D plane: Rough bed/Regime-3
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Fig. 5.69 Normalized turbulent kinetic energy and primary Reynolds stress profiles on
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bed/Regime-1; (a) longitudinal mean velocity (U/Up), (b) speed up factor (U/U,),
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Fig. 5.77 Transverse profiles of normalized mean velocity on x=0 plane: Rough

bed/Regime-4; (a) longitudinal mean velocity (U/Up), (b) speed up factor (U/U,),

(c) transverse mean velocity (V/Up), and (d) vertical mean velocity (W/Uy)
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Chapter 6: Shallow Turbulent Near-Wakes behind Cylinders

6.1 Introduction

Wakes behind bluff body has been a major research interest in fluid mechanics for
several decades. This is mainly due to immense practical applications and the usefulness
of these flows to validate computational fluid dynamic (CFD) models. Most research in
the past focused on wakes behind circular cylinders in wind tunnels, where the flow was
considerably deep and the aspect ratio (flow depth, H compared to cylinder diameter, D)
was high (e.g. Roshko 1961, Antonia 1991). A shallow wake is defined as the situation
where the horizontal length scale of a typical eddy is significant compared to the vertical
scale or, the depth of flow (Balachandar et al. 2000). Flow past a vertical cylinder in
shallow water gives rise to a wake that has distinctive characteristics compared to a deep
wake (Akilli and Rockwell 2002). It is well known that in a deep uniform flow incident
on a two-dimensional (2D) cylinder with its axis vertical, vortex shedding occurs with
strong three-dimensional (3D) components (Lloyd and Stansby 1997a). On the other
hand, shallow wakes are generated behind obstacles where the incident velocity has
boundary layer profile. Ingram and Chu (1987) observed that bed friction effects become
important in shallow wakes. Therefore, they proposed a stability parameter for shallow
wakes (S,,=C/D/H, where Cyis the skin friction coefficient, D is the characteristic length
of the wake generator across the flow and H is the depth of flow) as a relative measure of
stabilizing effect of bed friction and destabilizing effect of transverse shear. Chen and
Jirka (1995) provided the distinctions between the vortex shedding observed in deep
wake and shallow wake. They experimentally observed in shallow flows around a surface
piercing cylinder that vortex street kind of instabilities occur when the shallow wake
parameter (S,) remains less than 0.2; and beyond this limit the vortex shedding is
annihilated. Chen and Jirka (1995) argued that vortex street type instabilities in shallow
wakes are like Karman vortex street but there are differences between these two. Karman
vortex street occurs for a Reynolds number (Rp) range of 100 to 200 in deep wake, where
the height of cylinder, #>10D. Overall it occurs in laminar unbounded plane wake. On
the other hand, vortex street occurs at high Reynolds number (Rp~10%-10%) in shallow

wake, where the free water surface is not far (i.e. bounded wall wake). Chen and Jirka
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(1995) also attributed that Karman vortex street has well defined streak line, whereas
vortex street in shallow wakes has fuzzy and streaky wakes due to turbulent diffusion
instead of molecular diffusion. Reynolds number (Rp=UyD/v) plays a significant role in
the characteristics of deep wake (Chang 1970). The location of the separation points, drag
coefficient and the Strouhal number (S) are dependent on the flow Reynolds number.
Therefore, there are thousands of studies of cylinder wake in deep flow for a range of
Reynolds number starting from the order of 1 to 10° or infinity. Zdravkovich (1997)
provided a comprehensive guide through flow phenomena, experiments, applications,
mathematical models, and computer simulations on flow around circular cylinders from
creeping flow to extremely turbulent flow conditions. However, the gravity force is more
important compared to viscous force for an open channel flow, and hence Froude number
(F) plays more important role compared to Reynolds number. The critical Reynolds
number (Ry=UpH/v) for ambient open channel flows to be turbulent is only 500 and
when Rp>1500 shallow wake instabilities are uniquely dependent on shallow wake
parameter, S,, (Chen and Jirka 1995). Natural open channel flows are always turbulent
and therefore, the studies of wakes in open channels are confined to turbulent regime

(Rp~10°-10%).

The wake of a bluff body in shallow water has relevance to a number of environmental
and geophysical flow systems (Kahraman et al. 2002). In a study of shallow wake
Shamloo et al. (2001) used hemispherical objects of different levels of submergence to
model simple fish habitat structures. Smith and Foster (2007) studied the wake created by
short submerged horizontal cylinders to model submerged pipelines in rivers. Lloyd and
Stansby (1997a, 1997b) studied instabilities in shallow wakes behind surface piercing and
submerged conical model islands. In a geophysical study, Ingram and Chu (1987)
observed the effect of bottom friction on the wake behind islands in Rupert bay in
northern Canada. Arya and Gadiyaram (1986) studied the atmospheric flow and
dispersion in the wakes downstream of three-dimensional models of low hills. Chen and
Jirka (1995) urged that an improved understanding of the shallow wakes is needed for a
number of reasons, such as the tendency for pollutant trapping in the lee of islands or

headlands, the optimal siting of discharge facilities, and patterns of sedimentation,
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nutrient accumulation, or biological activity for the species of aquatic environment (e.g.
fish habitat). For all the above situations the object that generates shallow wake could be
submerged or surface piercing. Therefore, it is essential to study the hydraulics of
shallow wakes behind objects of different levels of submergence. Moreover, the near-
wake regions immediately downstream of the wake generator appear more important than
the far wake. Far wake studies received a lot of attention from the past, where the
velocity defect is very small compared to the undisturbed or ambient free stream velocity,
and the flow is dynamically similar and self-preserving; i.e. the transverse distributions of
mean velocity and other mean quantities change with distance downstream, but their
distributions retain same functional forms, merely changing their transverse length-scale
and the scales of the mean value quantities (Townsend 1976). On the other hand, near-
wake flows can be characterized by a region of strong vorticity followed by a region of
turbulent diffusion (Sforza and Mons 1970). The purpose of this study is, therefore, to
experimentally investigate the characteristics of shallow turbulent near-wake behind bed-
mounted cylinders of different levels of submergence in open channel flows on smooth

and rough beds.

6.2 Literature Review

There are numerous studies of wakes in literature. Experimental and numerical studies of
plane wakes behind cylinder, wall wakes behind 2D and 3D objects, turbulent mixing,
wake instabilities, vortex dynamics, perturbation or velocity defect etc. occupy the large
portion of literature. However, the subject of interest in wake studies varied among the
researchers from different disciplines; e.g. fluid mechanics, environmental, geophysical
or atmospheric science. Some of the literatures are found relevant for theoretical

considerations and subsequent discussions in the context of the present study.
It is well-known that the velocity distributions in the far wake region of plane turbulent

wakes are similar. Velocity distribution equation (Equation [6.1]) given by Schlichting

(1968) is well-accepted among the researchers.

244



[6.1] l—]—U1—=(1—0.293/13’2)2

Im

In Equation [6.1] velocity defect, U, =U_ —U where U is the undisturbed ambient

velocity, Uy, is the maximum value of U, A=y/b;, and b=y where U;=0.5U . Uim and
by are considered velocity and length scales for plane wake. Figure 6.1 shows the
definition sketch for plane wake parameters. Using the continuity and Navier-Stokes
equation for 2D flow with zero pressure gradient the rates of growth of wake (i.e. the
transverse length scale, b,) and decay of velocity defect (Um) for plane turbulent wake
were deduced by Schlichting (1968) as power functions of the distance in the

downstream direction as Equation [6.2] and [6.3].
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6.2 Im —C
SRS

oo

Coh

bl X 0.5
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DC,, C,D

In Equation [6.2] and [6.3] Cp is the drag coefficient, D is the cylinder diameter, C;=1
and C,=0.25.

[6.3]

When a uniform approach flow separates at the top edge of a 2D obstacle forming a
recirculation region behind it and becomes reattached to the wall after a certain distance,
the disturbed flow in the far downstream appears to possess the characteristics of a wake
in the outer region while the inner region is affected by the wall. Such a wake can be
called a plane wall wake (Rajaratnam and Rai 1979). In a wind tunnel study Rajaratnam
and Rai (1979) observed that a two-layer model perform adequately in the far wake
region for 2D turbulent wall wakes. They found that the simple wake equation (Equation
[6.1]) given by Schlichting (1968) can describe the velocity distribution in the outer
region, whereas in the inner region the Prandtl-Karman’s law-of-wall equations perform

satisfactorily. Rajaratnam and Rai (1979) also provided equations for plane wall wake
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scales similar to plane wake equations (i.e. Equation [6.2] and [6.3]) given by Schlichting
(1968). The power function equations for plane wall wake are similar to Equation [6.2]
and [6.3], except the values of the coefficients. For plane wall wake C1=1.3 and C,=0.46;
and the length scale is in the vertical direction. The exponents representing the rates of
decay of velocity defect and growth of wake were similar (i.c. -1/2 and 1/2 for velocity
and length scales respectively). Figure 6.2 shows the definition sketch of a plane wall
wake. For clarity in future discussions a different set of notations for the velocity and

length scales U and b, are considered.

Sforza and Mons (1970) studied 2D and 3D turbulent wall wakes. They found that the
bulk properties of the flow and the applicability of theoretical models are highly
dependant on obstacle geometry. Sforza and Mons (1970) defined the velocity defect to
be (U, —U), where U, is the mean velocity U at z=c0. For their models being deeply

submerged the mean velocity U at z=o0 were unchanged in disturbed flow compared to
undisturbed flow condition. Sforza and Mons (1970) observed that the decay of mean
velocity defect in the wake is dramatically rapid in 3D wake compared to 2D wake. They
considered a different form of power function, as given in Equation [6.4], and found the
exponent () of power function for the rate of decay of velocity defect to be -2.55 for 3D
obstacle, compared to -1 for a 2D obstacle. However, the length scales were found to
grow almost at the same rate (with exponents~0.4) for both 2D and 3D obstacles in the
far wake region, though there were almost no change in length scale in the near-wake

region up to 10 characteristic length x/h, where A is the height of object.

[6.4] (Uoo _ U)max oc (ij

Sforza and Mons (1970) characterized the wake behind three-dimensional obstacle on a
flat plate by three sequential regions as shown in Figure 6.3. 1) Recirculation region,
where the effects of the vorticity induced by the obstacle dominate over the effects of
viscous diffusion. The velocity profiles were characterized by zero and slightly negative

velocities (i.e. reverse flow) directly behind the obstacle changing to considerably greater
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than free stream velocity near the exposed edges of the obstacle. 2) Characteristic decay
region, where the mixing effects due to the obstacle permeate the flow field and the flow
field is highly sensitive to the obstacle geometry. 3) Asymptotic decay region, where the
viscous effects dominate the flow field and the flow asymptotes to the undisturbed

boundary layer, i.e. the boundary layer becomes oblivious to the initial perturbation.

Studies of the near-wake regions are relatively new. The advent of sophisticated
measuring techniques; such as laser anemometry, Acoustic Doppler Velocimeter (ADV)
and Particle Image Velocimetry (PIV) opened up the prospect of experimental research
on near-wake turbulent region. Recently, Balachandar et al. (2000), Tachie and
Balachandar (2001), Balachandar et al. (1999), Akilli and Rockwell (2002), Perrin et al.
(2006) studied the near-wake flow of surface piercing objects. Balachandar et al. (2000),
and Tachie and Balachandar (2001) used sharp-edged 2D plates as wake generator to
demonstrate similarity of mean velocity profiles across the wake away from the channel
boundary with slightly modified length scale (b) in the transverse direction. They
considered that the length scale b=y where (U-Unin)/(Unax-Umin)=0.5; however the
velocity scale (Umax-Umin) Was equivalent to Ujy,. Balachandar et al. (1999) provided
theoretical models for the prediction of the growth of deep and shallow wake behind
surface-piercing objects. According to their model, a deep wake can grow indefinitely,
however a shallow wake spread assumes an asymptotic value when the dimensionless
bed friction number S=Cyx/H reaches a critical value Sg (S=Sr when the development
of vortex street is annihilated), where Cr 1s the skin friction coefficient, x is the
longitudinal distance in the downstream direction from the center of the wake generator
and H is the depth of flow. Akilli and Rockwell (2002) and Perrin et al. (2006) studied
the topology of vortex field in the near-wake region of circular cylinder. Akilli and
Rockwell (2002) also studied the vortex formation and their interactions with the channel
bed in shallow flows. Both of these studies could nicely demonstrate the instantaneous
and mean properties of the flow, wake vortices and the streamlines on the plane across
the cylinder. Akilli and Rockwell (2002) observed that the formation of large-scale
Karman-type vortex involves upward ejection of fluids through its center, which

eventually leads to a horizontal vortex that includes significant distortion of the free
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surface. They also observed that the streamline topology that shows the structure of wake
vortices changes with elevation. Bed roughness has been found to be very important in
stabilizing the shallow wake instabilities (Chen and Jirka 1995, Ingram and Chu 1987
etc.). Tachie and Balachandar (2001) observed that the ratio of transverse shear parameter
(computed as a non-dimensional transverse slope of the velocity défect profile) to bed
friction coefficient is relatively smaller for rough bed than smooth bed. Interestingly
Kahraman et al. (2002) found that the influence of localized roughness elements, placed
immediately downstream of the base of the cylinder, to alter the streamline topology and
Reynolds stress is not only near the bed but also global extending up to the plane at mid-
height of the cylinder. They observed from the patterns of instantaneous velocity and
vorticity that the consistent formation of large-scale vortices in the near-wake region is

attenuated with very small surface roughness on the bed.

Only a few studies are there in literature on shallow wakes in open channels behind
submerged obstacles (e.g. Shamloo et al. 2001). Shamloo et al. (2001) studied the
shallow wakes behind hemispherical objects with different levels of submergence in open
channels. They resolved the complexity of studying 3D wake produced by submerged
objects by considering a wall wake on the vertical plane and a horizontal wake similar to
plane turbulent wake as shown in Figure 6.4. Shamloo et al. (2001) analyzed velocity
profiles on the downstream plane of symmetry for moderate to deeply submerged
hemispheres using the concept of two-layer model for plane wall wake as given by
Rajaratnam and Rai (1979). They could demonstrate good wall wake similarity in the
outer region at z/6,>1, but the inner region profiles produced similarity with logarithmic
profile only in the far-wake region at x/D>10. Shamioo et al. (2001) could also
demonstrate similarity of velocity profiles across the wake on the horizontal plane at
different elevations for slightly submerged and surface piercing hemispheres with the
plane wake equation given by Schlichting (1968) in region relatively far from the
hemispheres at x/D>4. However, moderate to deeply submerged hemispheres did not
produce good similarity with plane wake equation as the data were random. Shamloo et
al. (2001) expressed a general power function from a group of relatively random data for

the decay of velocity defect (Uy./Up, where U is the cross-sectional mean velocity) in
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the downstream direction of the shallow wakes of hemispheres with an exponent of -
0.792. However, they did not explain the variation of wake length scales with
downstream direction. For all these analyses of wake and velocity defect, Shamloo et al.
(2001) used only smooth bed measurements. Research into the flow around bodies
submerged in a fluid is more common in atmospheric and geophysical sciences (e.g. Arya
and Gadiyaram 1986, Arya and Shipman 1981, Castro and Snyder 1982, Pingree and
Maddock 1979, Wolanski et al. 1984). Arya and Gadiyaram (1986), Arya and Shipman
(1981) and Castro and Snyder (1982) experimentally studied the perturbation of flow and
dispersion in the wakes of two and three-dimensional low hills in a wind tunnel. They
observed that the mean velocity defect, and the increased Reynolds stress and variances
of velocity fluctuations in the wake at x/A>4 decay with x/k according to some power
laws. The hill slope had significant effect on the rate of decay of mean flow defect. The
mean flow perturbation decayed faster in the wake of gentler hill. However, the rates of
decay of turbulence were more or less constant with hill slope. Unlike Sforza and Mons
(1970) the perturbation studies conducted by the researchers from atmospheric sciences
considered an unusual velocity scale U, (i.e. U at z=h in undisturbed flow, where /4 is the

height of the model) for normalizing velocity defects defined as (U w—U ) Arya and
Gadiyaram (1986) found the exponent of power function relating (U »—U )/ U, and x/h
to be -1.1 and -1.5 for steeper (26.5° side-slope) and gentler (17.5° side-slope) conical

hills with bed and model surface roughness in a deeply submerged flow condition. The
exponents of power functions representing decay of turbulence perturbations were -1.5 to
-1.7 (on average -1.6). Pingree and Maddock (1979) and Wolanski et al. (1984) studied
the shallow wake in coastal water to investigate the effect of sand mounds, tidal banks
and coral reefs on the general flow field, vertical mixing, sediment processes, including

the dynamics of their own formation and erosion.

6.3 Experimental Setup and Procedure

General description of the experimental setup and procedure is given in Chapter 2. The
experiments were carried out with a discharge of 50 L/s with 22 cm water depth (H) on
smooth and rough beds to produce a turbulent (Ry=UpHA=40000) subcritical flow
(F=0.13). For the purpose of studying shallow turbulent wakes in the immediate
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downstream of bed-mounted cylinders [see Fig. 2.8], the aspect ratio (H/D) was kept low

(~2). The experimental flow conditions are summarized in Table 2.1.

At first the flow development was studied on smooth and rough beds without any
cylinder and the approach flow velocity and bed shear stress were measured at the
channel center [see Chapter 3]. A set of flow visualization tests was conducted prior to
the detailed measurements of velocity. Flow visualization test results are presented in
Chapter 4. The 3D turbulent velocity was measured using a 10 MHz Acoustic Doppler
Velocimeter (ADV) at a sampling rate of 25 Hz for durations of 2-3 min. A typical
diagram showing the velocity measuring stations in the wake of a cylinder is shown in
Figure 6.5. Details about the application of ADV and data processing procedure are
explained in Chapter 2.

6.4 Result Analysis and Discussions

6.4.1 Mean velocity on downstream plane of symmetry

The general flow patterns in the near-wake plane of symmetry (POS) on smooth bed in
different flow regimes can be realized from Figure 6.6-6.9. In these figures near-wake
streamlines are plotted along with the measured 2D velocity vectors on the downstream
POS. In order to present the results in the same relative scale of magnitudes, the velocity
vectors are normalized by the cross-sectional mean velocity Up. The size of closed
recirculation zone and the point of reattachment on the bed in Regime-1 (x~+3D) and
Regime-2 (x~+3.5D) are noticeable from Figure 6.6 and 6.7. The vertical flows tend to
diminish quickly after the closed recirculation zone in Regime-1. However, it takes
longer (x>+4D) in Regime-2 to overcome the strong vertical flow in the downstream

direction.

On the horizontal plane the streamlines in the back of the surface piercing cylinders form
shapes of bubble or owl-face due to reverse flow (Akilli and Rockwell 2002 and Perrin et
al. 2006). The length of wake-bubble or recirculation zone can be identified from the line
of farthest points of reverse flow on the vertical plane in near-wake region. Figure 6.8

and Figure 6.9 show the size of wake-bubble immediately behind the cylinders, which is
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~1.5D near the surface and ~1.8D near the bed in Regime-3 and ~1.1D over the entire
depth in Regime-4. There are distinct differences in Regime-3 and Regime-4 in the
vertical flow patterns inside the wake-bubble. Strong upward flow in a short length of
wake-bubble can be observed in Regime-4 (Fig. 6.9), whereas strong downward flow
with small extent (only up to z<0.2H) of upward flow can be observed in relatively longer
(1.5D-1.8D) wake-bubble in Regime-3 (Fig. 6.8). In Regime-3 the downward and upward
vertical flows tend to converge at z~0.15D and quickly straighten in the downstream
direction. However, such vertical flow convergence is apparent at z~0.6H in Regime-4

and near-bed upward flow does not cease considerably even at x=+4D.

U/Uy vs z/H, U/U; vs z/H and W/U, vs z/H profiles for Regime-1 on smooth bed are
plotted in Figure 6.10(a-c). Similar set of profiles are plotted for other flow regimes on
smooth bed in Figure 6.11(a-c) to 6.13(a-c). Here, U. is the mean velocity U at any
elevation z in undisturbed flow on smooth bed. U/U, vs z/H profiles show the relative
speed of the flow at different elevation of different station as the flow moves away from
the cylinders in different flow regimes on smooth bed. U/U, vs z/H profiles show the
relative speed of the disturbed flow compared to the undisturbed flow. Vertical flow

intensities can be studied from the W/U, vs z/H profiles.

It can be observed in Regime-1 and Regime-2 (Figure 6.10(a) and 6.11(a)) that there are
small zone of jet-like flow above the cylinders. However, this jet-like high velocity
profile can persist only up to x~+2D. The profiles of U/Uy vs z/H in Regime-1 and
Regime-2 have two opposite curvatures in the near-wake zone. The profiles at stations
outside the recirculating zone show a gradual retrieval towards flow development. The
profiles of U/U, vs z/H in Regime-1 and Regime-2 (Fig. 6.10(b) and 6.11(b)) show that
the flows in the wake gradually overcome the disturbance caused by the cylinders, though
there are some extent of speed up near the bed due to impinging flow downstream of the
closed recirculating zone. As a result, Figure 6.10(b) and 6.11(b) show some acceleration
(i.e. U/U>1) in the zones of jet-like flow above the height of cylinders and near the bed
relatively far downstream. However, in general the velocity defects in the wake of

Regime-1 and Regime-2 compared to undisturbed flow can be observed from Figure
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6.10(b) and 6.11(b). Velocity defect in the wake is found to be stronger in Regime-2
compared to Regime-1. Significant upward and downward flow can be observed in the
wake of Regime-1 and Regime-2 (Fig. 6.10(c) and 6.11(c)). The maximum intensities of
vertical flow can be observed at z=0.1H to 0.25H (i.e. 0.4 to 1h) in Regime-1 and at
7=0.25H to 0.45H (i.e. 0.45Ah to 0.8%) in Regime-2.

The profiles of U/Uy vs z/H in Regime-3 and Regime-4 (Fig. 6.12(a) and 6.13(a)) show
the intensity of reverse flow in the zone of wake-bubble. It is interesting to note that in
spite of longer wake bubble the reverse flow intensity is higher in Regime-3 as compared
to Regime-4. Flow tends to develop quickly immediately after the zone of wake bubble in
both Regime-3 and Regime-4, but the process slows down in far wake. The profiles of
U/U; vs z/H (Fig. 6.12(b) and 6.13(b)) show that the disturbance caused by the cylinders
cannot be recovered even at x=+20D, though the near-bed magnitudes of U/U, approach
the unity. This gives indication that the near bed velocities can overcome the cylinder
induced disturbance faster than the upper velocities. The impinging vertical flows in
Regime-3 diminish within the top half-height of the cylinder (Fig. 6.12(c)). In general the
intensity of vertical flow in Regime-4 (Fig. 6.13(c)) is insignificant compared to Regime-
1, Regime-2 and Regime-3 (Fig. 6.10(c), 6.11(c) and 6.12(c)). However, the near-bed
(z<0.25H) upward flow in Regime-4 after the wake-bubble (i.e. at x>1.1D) could have

considerable effect on local scour for similar flows on erodible bed.

Similar to the smooth bed, the rough bed results are presented in Figure 6.14 to 6.21.
Near-wake streamlines and 2D velocity vectors in Regime-1 and Regime-2 on rough bed
(Fig. 6.14 and 6.15) are similar to those on smooth bed. However, the streamlines in
Regime-3 and Regime-4 on rough bed (Fig. 6.16 and 6.17) are found to be significantly
influenced by bed roughness. Regime-3 on rough bed has relatively thicker upflow zone
(up to z=0.25H), but the length of wake-bubble (x~1.75D) are more or less similar to that
of smooth bed. Surprisingly Regime-4 on rough bed has almost equal length of wake
bubble as that of Regime-3 on rough bed. Moreover, the length of wake-bubble is more
or less uniform over the entire depth in both Regime-3 and Regime-4. This indicates that

bed roughness tends to stabilize the near-wake flow behind the cylinders in Regime-3 and
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Regime-4. The nature of the profiles of U/Uy vs z/H, U/U, vs z/H and W/U, vs z/H on
rough bed (Figure 6.18 to 6.21) in all four flow regimes are more or less similar to those
on smooth bed. However, the near-bed velocities in Regime-4 have some distinctions;
longitudinal mean velocities (U) in the wake-bubble are almost zero, while the upward
flow at z<0.25H has increased considerably as compared to smooth bed. The maximum
upward velocity on rough bed occurs at x=1.5D and it is more than two times bigger than
that on smooth bed. This indicates that the bed roughness enhances local scour potential

downstream of the cylinders in Regime-4.

Logarithmic [U/ux vs zuw/'v] profiles for all flow regimes on a smooth bed are plotted in
Figure 6.22(a-d). Similarly logarithmic [U/ux vs z/ks] profiles for all flow regimes on a
rough bed are plotted in Figure 6.23(a-d). Here, u+ is the friction velocity of the
undisturbed approach flow, £, is the Nikuradse’s equivalent sand thickness Theoretical
lines showing the law-of-the-wall are also plotted in Figure 6.22(a-d) and Figure 6.23(a-
d). It can be observed from these figures that the bottom portion of the measured profiles
of all flow regimes on smooth and rough beds fall close to the theoretical line of the law-
of-the-wall when the measuring stations are far away from the cylinders. For stations
closer to the objects the measured profiles are away from the theoretical line indicating
significant flow disturbance. Velocities measured sufficiently above the cylinder height
in Regime-1 and Regime-2 do not experience much disturbance, and hence the data
points corresponding to upper elevations from all the downstream stations collapse in a
narrow band and remain closer to the theoretical line. However, the measured logarithmic
profiles in Regime-3 and Regime-4 are found way below the theoretical line, but parallel
to the most downstream profiles. This indicates that the entire profiles at all stations are
subjected to disturbances which are gradually released in the downstream direction.
However, it is interesting to note that the measured logarithmic profiles in all flow
regimes approach towards the theoretical line faster than those on smooth bed. Therefore,
bed roughness seems to remove the defect in mean velocity profile and helps the

development of flow in the wake behind cylinders.
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6.4.2 Turbulence on downstream POS

For a turbulent wake, the self-preserving flow far downstream of a long cylinder is better
known than the apparently non-preserving flow immediately behind the body (Chang
1970). In the immediate downstream region of cylinders (i.e. at small values of x/D), the
variations of turbulence intensities are much larger than those at greater x/D, i.e. far
behind the body where these values are small and vary slightly with x/D, indicating that

self-preserving flow prevails.

The normalized profiles of three components of r.m.s. velocities (1", v/u+« and w'ux),

turbulent kinetic energy (k/u+°), and the primary Reynolds stress (— uw/u, 2) for Regime-

1 on smooth bed are plotted in Figure 6.24(a-¢). Similar set of profiles are plotted for

other flow regimes on smooth bed in Figure 6.25(a-¢) to 6.27(a-e). Here, u- is the friction
velocity of the undisturbed approach flow at the channel center, and u, is the cross-

sectional average of the friction velocities of the approach flow. Longitudinal, transverse

and vertical turbulent intensities (i.e. #”/U, v/U and w'/U), normalized turbulent kinetic

energy (k/U°) and normalized primary Reynolds stress (—ﬁ/UZ) contours in the near-
wake region of Regime-1 on smooth bed are plotted in Figure 6.28(a-¢). Similar contours
in other flow regimes on smooth bed are plotted in Figure 6.29(a-¢) to 6.31(a-¢). Results
of similar turbulence estimates of different flow regimes on rough bed are presented in

Figure 6.32 to 6.39 in similar sequence of smooth bed results.

Increased turbulence in the near-wake region is the common observation in all flow
regimes on both smooth and rough beds. However, increase in turbulence inside the
closed wake envelope in Regime-1 and Regime-2 is significant. It is also common to
observe that the turbulence estimates gradually decay in the downstream direction in all
flow regimes. Profiles of the turbulent quantities may often be appeared to be scattered or
random, but the contours clearly represent the pattern of variations in turbulence in the
near-wake region. It can be observed from the contours that bed roughness damped near-
wake turbulence in general and also interfere with its structure. It is interesting to note

that the leading edges from the center of the closed recirculating wake of both Regime-1
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and Regime-2 are associated with extreme turbulent intensities, kinetic energy and stress
(Fig. 6.28(a-¢), 6.29(a-¢), 6.36(a-¢) and 6.37(a-¢)). However, Regime-1 on smooth bed
has been found to create greater turbulence compared to Regime-2 on smooth bed at the
closed wake leading edge. Bed roughness has been found to push the turbulence core
away from the bed to a relatively higher elevation, especially in Regime-2. Moreover,
Regime-1 has no longer been found to create greater turbulence compared to Regime-2
on rough bed. Regime-3 on both smooth and rough beds is found to create an intense
turbulent zone where the high velocity over flowing water impinge behind the slightly
submerged cylinders at z~0.7H (Fig. 6.30(a-¢) and 6.38(a-¢)). Surprisingly, this intense
turbulent zone in Regime-3, despite being extremely away from bed, has been found to
be damped by the change in flow structure caused by bed roughness. This observation is
in accordance with Kahraman et al. (2002) who found that even localized bed roughness
could influence the gross turbulent structure in shallow wake. However, near-bed
turbulence at the edge of wake-bubble in Regime-3 has been increased significantly on
rough bed as compared to smooth bed. Similar to Regime-3, Regime-4 has created
intense turbulence at the edge of wake-bubble, but not near the bed on smooth bed (Fig.
6.31(a-e)). However, bed roughness has made all the difference in creating significant
turbulent core near the bed at the edge of wake-bubble in Regime-4 (Fig. 6.39(a-¢)).
These observations of turbulence behind cylinders of four flow regimes indicate that the
turbulence related local scour potential on natural stream is significant in the near-wake

region.

6.4.3 Closed wake envelope and vorticity inside the recirculation zone

Flow visualization tests reveal that there are closed recirculation wake in Regime-1 and
Regime-2, whereas alternate vortex shedding is observed in Regime-3 and Regime-4 [see
Chapter 4]. The primary vorticity is observed on the downstream vertical plane in
Regime-1 and Regime-2, whereas Regime-3 and Regime-4 have primary vorticity on the
horizontal plane. Therefore, @, and w, are the primary vorticity in the near-wake regions
of moderate to deeply submerged regimes (Regime-1 and 2) and slightly submerged to
non-submerged flow regimes (Regime-3 and 4) respectively. Many investigators (e.g.

Akilli and Rockwell 2002 and Perrin et al. 2006) had already studied the topology of
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vortex field in the near-wake region of circular surface piercing cylinder. Yakhot et al.
(2006) conducted a direct numerical simulation of turbulent flow around bed-mounted
cube, without any comparison to the experimental observations. The present study shows
experimental observations of closed recirculating wake in moderate to deeply submerged

flow regimes (Regime-1 and Regime-2).

Chang (1970) stated that according to the classical concept of two-dimensional and
axisymmetric flow zero incidence identifies separation of flow by the inception of reverse
flow, the separation point being the forward boundary of a vortex sheet embedded within
a separated region. However, on a three-dimensional body the separated region consists
of a vortex embedded between the body surface and a stream surface attached to the body

in a closed curve.

Tracing the locus of zero velocity (i.e. U=0) and 6°U/dz°=0 on the plane of symmetry
downstream of the cylinders two set of envelopes are drawn in Figure 6.40(a-b) for
Regime-1 and Regime-2 on both smooth and rough beds. Zero velocity envelopes
represent the boundary of forward and reverse flow region. On the other hand, 6*U/dz°=0
envelopes indicate the dividing streamline emanating from the top edge of the cylinders.
The envelopes are very similar for Regime-1 on smooth and rough beds. It is, however,
slightly different in Regime-2. Rough bed envelopes are a little shorter than those on
smooth bed. It can be noticed from Figure 6.40(a-b) that the reverse flow zone covers
most of the height enveloped by the dividing streamline on the plane of symmetry. This
observation is consistent with Chang (1970), who found that for a backward facing step
back flow covers a considerable height from the bottom surface and extends almost the

total length of the region of free shear layer.

Chang (1970) also stated that sheets of vorticity leave the surface when flow separation
occurs. Immediately after separation, most of the vorticity in the separated flow is
perpendicular to the direction of free stream velocity and parallel to the separated surface
streamline sheet. Besides this primary vorticity, a secondary vorticity can be created by

the turning of flow before or after separation. This secondary vorticity causes the
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separated surface streamline to roll up into a vortex and this secondary vorticity is
parallel to the direction of the main flow bounding the separated surface streamline

skeleton.

The primary vorticity (e,) inside the zone bounded by the line of separation are

computed as Equation [6.5].

65] o =22 "
Y0z Ox

The results of primary vorticity (@) inside the closed recirculating wake in Regime-1 and
Regime-2 on smooth and rough beds are presented in Figure 6.41(a-d). It is interesting to
note that the strength of vorticity is relatively greater in Regime-1 as compared to that of
Regime-2 on both smooth and rough beds. It can also be noticed from Figure 6.41(a-d)
that the strengths of vorticity in Regime-1 and Regime-2 are relatively higher on rough

bed as compared to smooth bed.

6.4.4 Wall wake analysis

The mean velocity (U) distributions on the downstream POS in Regime-1 and Regime-2
on smooth and rough beds (Fig. 6.10(a), 6.11(a), 6.18(a) and 6.19(a)) show that the
profiles outside the closed recirculation region (i.e. where U>0) are very similar to the
profile of wall wake (see Fig. 6.2). The velocity profiles in Regime-3 and Regime-4 (Fig.
6.12(a), 6.13(a), 6.20(a) and 6.21(a)) are not similar to plane wall wake profile at all.
Therefore, a wall wake analysis is conducted for the velocity profiles of Regime-1 and
Regime-2 on the downstream POS. In addition a similarity analysis for the turbulence

properties (turbulent kinetic energy and primary Reynolds stress) of the near-wake flow

in Regime-1 and Regime-2 has been conducted.

Only the stations (i.e. x/D) where the entire profile shows positive velocity (i.e. U>0) are
considered for the purpose of wall wake similarity analysis. Similar to Rajaratnam and

Rai (1979) the velocity profiles are first plotted in logarithmic scales (i.e. Ulu+' vs zux'/v
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or z/k;) in Figure 6.42(a-d). The local magnitudes of friction velocity u+', measured
previously [see Chapter 4], is used for this purpose. Yaw probe measured bed shear
stresses were negative at few stations downstream of the cylinders. For the purpose of
wake analysis in this study only the stations having positive shear stresses are considered
for plotting in logarithmic scales in Figure 6.42(a-d). Unlike the far-wake velocity
profiles of 2D wall wake of Rajaratnam and Rai (1979), the near-wake profiles of the
present study are away from the theoretical line representing the law-of-wall. The
logarithmic profiles (Fig. 6.42(a-d)) indicate that the inner layer is still developing in the
near-wake region. Wall wake similarity in the outer region is, however, achieved for
Regime-1 and Regime-2 on both smooth and rough beds. Fig. 6.43(a-d) show the
similarity profiles for the mean velocity (U). For the present shallow wake study U,

replaces U_, (ambient velocity), where U, is the free stream velocity (assumed to be

equal to the velocity in the upper layer where there is almost no gradient) at each
individual measuring station. U, and b, are the velocity and length scales for wall wake

computed as Rajaratnam and Rai (1979), where the velocity defect, U, =U, —U , Ua, is

the maximum value of U,, and b=z where U,=0.5U>,, (see Fig. 6.2). The variations of the
velocity and length scales (Us,, and b,) in the downstream direction are plotted in non-
dimensional terms in Figure 6.44(a-d) and 6.45. The results (Fig. 6.44(a-d)) show that
Usm/ U, has good correlation with x/A in all cases with regression coefficients ~0.99. The
rate of decay of U,,/U, is faster on smooth bed (as the exponent=-2) compared to rough
bed (as the exponent=-1.3). However, the rate of decay of U,,/U, observed in the present
study of 3D wall wake on both smooth and rough beds is very fast compared 2D wall
wake as observed by Rajaratnam and Rai (1979), as the exponent was only -0.5. Sforza
and Mons (1970), however, indicated that the rate of decay of velocity defect is faster in
3D wall wakes compared to 2D wall wakes, though they used a different scale other than
Uom (see Equation [6.4]). On the other hand, the length scale is found to be more or less
constant, except far downstream on rough bed (Fig. 6.45). Interestingly, by/h values
remain similar for smooth and rough beds in a given flow regime. It is approximately 0.6
for Regime-1 and 0.5 for Regime-2 on smooth and rough beds. This indicates that though
there is distinct evidence of wall wake similarity in the outer region (i.e. away from the

bed), the wall wake does not grow in the shallow near-wake region bounded by channel
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bed and free water surface. Wind tunnel experimental data of Sforza and Mons (1970)
also showed similar results in the near-wake region up to x//#=10, though the length scale

grew (with exponent~0.4) for both 2D and 3D obstacles in the far-wake region.

Similar to mean velocity turbulence profile similarity is investigated in the near-wake

region of Regime-1 and Regime-2. The profiles of turbulent kinetic energy (k) and
primary Reynolds stress (—Ev) are examined for similarity. The similarity profiles for

turbulent kinetic energy are plotted in Figure 6.46(a-d) considering k, = k —k,, where £,

is the turbulent kinetic energy in the upper layer where there is almost no velocity
gradient (i.e. 8U/0z=0) at each individual measuring station, and &, = maximum value of

ki, and b=z where k;=0.5k,. Again, the similarity profiles for primary Reynolds stress

(’CF—;/l—M:) are plotted in Figure 6.47(a-d) considering 7, =7, —7,,, where 1, is the
Reynolds stress in the upper layer (which is approximately zero) where there is almost no
velocity gradient (i.e. 0U/6z=0) at each individual measuring station, and 7, = maximum
value of 74, and b=z where 14=0.5 7. The results [Fig. 6.46(a-d) and 6.47(a-d)] show
that the turbulent kinetic energy and primary Reynolds stress profiles are considerably
similar in the near-wake region of Regime-1 and Regime-2 on smooth and rough beds for
some distance downstream (up to x=+4D) of the cylinders, as the data points collapse in a
narrow band. The characteristic profiles of similarity in turbulent structure of shallow
near-wake region would be very useful for future applications (e.g. numerical
simulations). The variations of the turbulence scales (k, and 7,,) in the downstream
direction are plotted in non-dimensional terms (k,/Uy* and tm/us* vs x/h) in Figure
6.48(a-b). Here, Uy is the cross-sectional mean velocity and u« is the approach flow
friction velocity. The results show that the scales decay faster in Regime-1 compared to
Regime-2 in the downstream direction , and the effect of bed roughness is negligible in
the decay of turbulence scales (k,/Uy> and 7,,/u+") as smooth and rough bed data grouped
together for Regime-1 and Regime-2. The length scales b; and b, are also plotted in
Figure 6.49(a-b) in non-dimensional terms. It can be observed from Figure 6.45 and

6.49(a-b) that the turbulent length scales (b; and b;) are smaller than the mean velocity

length scale (b;) in the wall wake. Most data from Regime-1 and Regime-2 on smooth
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and rough beds in Figure 6.49(a-b) collapse in bands of 0.3-0.4 and 0.2-0.3 for by/h and
b/h respectively in regions close to the cylinders, indicating non-growing wake as

observed from the variation of length scale (b,) related to mean velocity [see Fig. 6.45].

6.4.5 Decay of longitudinal mean velocity defect on downstream POS

For the purpose of this analysis the velocity defect is defined as the deviation from
undisturbed velocity profile; i.e. the deviation of mean velocity (U) at any elevation z
with respect to the undisturbed velocity at the same elevation U, is considered as the
defect. Therefore, velocity defect, -~AU=U.-U. Sforza and Mons (1970), Arya and
Gadiyaram (1986) or any other studies of atmospheric sciences defined the velocity

defect as (U, —U), where U_ is the mean velocity U at z=00. However, the present

open channel flow study put significance on the approach flow boundary layer.
Moreover, for atmospheric studies the models are always deeply submerged and the
mean velocity U at z=o0 is unchanged in disturbed flow compared to undisturbed flow
condition. But for the present study the disturbance reaches the water surface, especially
in Regime-3 and Regime-4. Therefore, a different definition of velocity defect has been

adopted for the present study of decay of mean velocity defect.

In order to observe the relative variation of speed of the disturbed flow compared to the
undisturbed approach flow the profiles of U/U, vs z/H (Fig. 6.10(b), 6.11(b), 6.12(b),
6.13(b), 6.18(b), 6.19(b), 6.20(b) and 6.21(b)), presented earlier, are first examined to
know the pattern of velocity defect in different flow regimes with distance (i.e. x/D).
Then the maximum defect (-AU,,,) at each station (i.e. x/D) are computed for all the flow
regimes on smooth and rough beds. The variations of -AU,./Uy with x/D are presented
in Figure 6.50(a-b) for four flow regimes on smooth and rough beds, respectively, in
normal scale. Here, Uy is the undisturbed mean longitudinal velocity at the free surface
(l.e. at z=H, where H is the water depth). Figure 6.50(a-b) show that the near-wake
regions have significant velocity defect. The velocity defects are found to increase in the
near-wake before decaying in the downstream direction. The maximum defects in mean
longitudinal velocity (U) are observed at the center of the closed recirculating wake in

Regime-1 (at x=+0.75D to +0.8D) and Regime-2 (at x=+0.9D to +1D) on both smooth
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and rough beds. Similarly, these are observed at or near the center of the wake-bubble in
Regime-3 (at x=+1D) and Regime-4 (at x=+0.75D and +1D) on smooth and rough beds.
However, the velocity defect decays monotonically in the downstream direction. In order
to study the rate of decay of velocity defect, the variations of AU,/ Uy with x/D are
plotted in logarithmic scales in Figure 6.51(a-b) for smooth and rough beds respectively.
Figure 6.51(a-b) show that power function relationships can be established between -

AUpa/'Uy and x/D for different flow regimes as Equation [6.6].

_ sl
[6.6] “AUna _ al(—J—c—]
U, D

The coefficients and the exponents of the above function for different flow regimes on
smooth and rough beds can be computed from the logarithmic distributions shown in
Figure 6.51(a-b). Table 6.1 shows the computed magnitudes of the coefficients and
exponents of Equation [6.6]. The exponents of the power functions (i.e. slope of the
profiles in logarithmic scale) represent the rate of decay. The rates of decay immediately
downstream of the station of maximum defect and far downstream (e.g. x>10D) from the
cylinders are observed to be considerably less compared to those observed in the
intermediate region (e.g. x~1D-10D). Therefore, the power functions are fitted with good
agreement for the region where the rate of decay is dominant and also consistent for a

considerable distance along the plane of symmetry.

The above results (Table 6.1) show that the rate of decay of velocity defect (-AU,qy) is
related to the level of submergence of the cylinders (i.e. flow regimes) and bed
roughness. Regime-1 with deeply submerged cylinder releases mean velocity defect very
quick on both smooth and rough beds. With the increase in object height relative to the
water depth the rate of decay is found to reduce. Thus Regime-4 is found to preserve
mean velocity deficit in the wake longer than any other regime. However, bed roughness

has been found to promote the rate of decay of mean velocity defect in all flow regimes.

261



Figure 6.52(a-b) show the variations of z,,,/H vs x/D for all the flow regimes on smooth
and rough beds respectively. Here, z,,, is the elevation z where the defect is maximum
(i.e. -AUpgy). Unlike wind tunnel studies (e.g. Arya and Gadiyaram 1986) growth and
relaxation of the wake is complicated in open channel. It can be observed from these
figures (Fig. 6.52(a-b)) that there is no definite trend in the variations of z,,,/H with x/D

in the shallow near-wake region of open channel flow.

6.4.6 Decay of vertical mean velocity on downstream POS

The vertical mean velocity (W) in the approach flow is negligible compared to the
longitudinal mean velocity (U). However, the disturbance caused by the cylinders
produce 3D velocity field in the near-wake region. The pattern and intensity of vertical
flow on the downstream POS can be observed from the streamlines and W/U, vs zZH
profiles presented in Fig. 6.6-6.21. The significant vertical flow could be upward or
downward depending on the flow regimes. Therefore, only the magnitudes of vertical
mean velocities (W) are considered for the study of decay of vertical flow in the wake.
Wmae/Un vs z/H profiles for Regime-1, 2, 3 and 4 on smooth and rough beds are plotted in
Figure 6.53(a-d) and 6.54(a-d). These figures show the relative intensity of vertical flow
and their location in the wake of cylinders. The maximum values of W,,.,/Uy for all the
regimes on smooth and rough beds are then plotted against x/D in Figure 6.55(a-b) and
6.56(a-b) in normal and logarithmic scales respectively. It can be observed from (Fig.
6.53(a-d) and 6.54(a-d)) that the intensity of vertical flow in the near-wake region for a
given regime remains similar in trend on both smooth and rough beds. However, Regime-
2 has been found to produce most intense vertical flow compared to other flow regimes.
It is also observed from Fig. 6.55 and Fig. 6.56 that Regime-2 takes longer distance than
any other regimes to suppress the vertical flow in the wake on both smooth and rough
beds, though the logarithmic profiles of (Wiuag/Un)max Vs x/D (Fig. 6.56(a-b)) show that
Regime-1 and Regime-2 have similar rate of decay of vertical flow. Regime-3 and
Regime-4 can gradually eliminate vertical flow in the downstream direction, but the rates

increase significantly on rough bed.
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6.4.7 Decay of increased turbulence on downstream POS

In order to study the decay of increased turbulence in the wake, the maximum values of

the normalized turbulence quantities (i.e. k/u+> and — ;V/u*z) are plotted with the distance
(x/D) in the downstream direction behind the cylinders for all flow regimes on smooth
and rough beds in Figure 6.57(a-b) and 6.58(a-b). Here, u+ is the friction velocity of the
undisturbed approach flow. All the profiles of maximum non-dimensional turbulence are
first plotted in normal scale (Fig. 6.57(a-b) and 6.58(a-b)), and then in logarithmic scale
(Fig. 6.59(a-b) and 6.60(a-b)) to investigate the pattern of variation in turbulence and the

rate of decay in different regimes.

It can be observed from the figures (Fig. 6.57 to 6.60) that the wake turbulence increases
up to a certain distance in the near-wake, and then starts to decay in the downstream
direction in all flow regimes on smooth and rough beds. Similar to mean velocity defect,
turbulence attains maximum values at or near the center of circulation inside the closed
wake of Regime-1 and Regime-2. On the other hand, unlike mean velocity defect
Regime-3 and Regime-4 attain maximum turbulence at the edge of the wake-bubble. The
above observations of location of maximum turbulence hold true for both smooth and
rough beds. These observations are similar to those of Castro and Snyder (1982), who
studied the near-wake dispersion with a deeply submerged 3D model in wind tunnel and
found that turbulent kinetic energy increases in the near-wake region reaching maximum
at x~2h (Here, h is the object height) and thereafter decays with distance. It is interesting
to note from Figure 6.57 to 6.60 that most of the wake turbulence decays within x=+4D
in Regime-1, and at x=+10D in Regime-3, but it continues to decay up to x=+10D in
Regime-2 and x=+20D in Regime-4 on smooth bed. These observations are similar on
rough bed, except in Regime-2 where most of the wake turbulence decays in x=+7D.
Unavailability of data at x=+7D in Regime-2 on smooth bed might be the reason of such
variation of observations on smooth and rough beds. Another important observation in
Regime-2 (Fig. 6.57 to 6.60) is that there is hardly any decay of turbulence up to
approximately x=+2.5D, whereas in the subsequent downstream stations the rate is very
high on both smooth and rough beds. This indicates that the closed recirculating wake

preserves the flow turbulence generated by flow separation and vortices due to flow
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around cylinders in Regime-2. Similar observations can be found in Regime-1 on smooth

bed (Fig. 6.57 and 6.59), but not on rough bed (Fig. 6.58 and 6.60).

For the purpose of studying wake turbulence decay the variations of turbulence quantities

are expressed by power functions as Equation [6.7] and Equation [6.8].

pl
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Then the coefficients and the exponents of the above functions are computed from the
logarithmic distributions shown in Figure 6.59 and 6.60. Table 6.2 shows the computed
magnitudes of the coefficients and exponents of Equation [6.7] and [6.8]. As the rate of
decay (i.e. slope of the profiles) can be observed to be considerably receded far
downstream of the cylinders, these power functions are fitted with good agreement for
the region where the rate of decay is dominant and also consistent for a considerable

distance along the POS.

Overall the decay of turbulence in Regime-1 and Regime-2 is rapid on both smooth and
rough beds, and bed roughness makes the rate of decay faster in Regime-2 than on
smooth bed. However, Regime-1 has relatively reduced rate of turbulence decay on rough
bed. Level of submergence of the cylinders has significant effect on the decay of
increased turbulence. Regime-4 can release the increased wake turbulence very slowly
compared to other flow regimes. However, the increased turbulent kinetic energy decays
much quicker on rough bed in Regime-4, though turbulent stress decays very slowly. The
rates of turbulence decay in Regime-3 are quite high as compared to Regime-4 on smooth
bed, but the rough bed results for these two regimes are very similar, except for the decay

of turbulent stress.
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6.4.8 Wake analysis on horizontal plane

In previous studies of deep unbounded flows around cylinders wake analyses were
conducted for mean velocity (U) on the horizontal plane in the far-wake regions
considering the wake to be two-dimensional. Velocity distribution equation (i.e. Equation
[6.1]) given by Schlichting (1968) could define the similarity of the profiles for deep and
far-wake flows. However, the effect of bed and free surface on the wake similarity could
be enormous in flows around surface piercing cylinders on open channels. Moreover, the
near-wake unsteady flow could make the flow more complicated to obtain similarity.
When the cylinders are subjected to submergence the wake is completely three-
dimensional and even more complicated. For the purpose of analysis 3D wake behind
submerged cylinders (e.g. in Regime-1 and Regime-2) could be resolved into two
separate wakes on vertical and horizontal plane (Shamloo et al. 2001). The vertical plane
wake analyses for Regime-1 and Regime-2 are already presented as wall wake analysis
earlier in this chapter. Now, the wake analysis is performed on the horizontal plane for all

four regimes on smooth and rough beds.

First of all, the mean velocity profiles U/U; vs y/D for all flow regimes on smooth and
rough beds are plotted across the channel for different elevations (i.e. z/H) at x=+0.7D or
+0.8D to +3D in Figure 6.61(a-¢) to 6.68(a-¢). These figures show that the profiles U/U,
vs /D for Regime-3 and Regime-4 are similar at all elevations on smooth and rough
beds, as the profiles collapse in a narrow band. However, the profiles U/U., vs y/D for
Regime-1 and Regime-2 can be considered similar at all elevations below the object
height (i.e. at z<h) only very close to the objects (i.e. at x=+0.7D to +1D). The upper (i.e.
at z>h) velocity profiles across the wake are least disturbed and hence remain close to
U/U~1. Gradually the profiles of U/U; vs y/D at z<h approach towards U/U~1 in the
downstream direction (at x/D>1), indicating the release of velocity defect (-AU=U.-U) for
Regime-1 and Regime-2. Bed roughness has been found to produce relatively increased

defect, as the values of U/U; on rough bed are less compared to smooth bed.

The variation of the mid-height (i.e. at z=h/2) wake profiles (U/U, vs y/D) for different

regimes on smooth and rough beds at different downstream distances can be observed
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from Figure 6.69(a-€) and 6.70(a-e). The profiles are very similar for all flow regimes
immediately behind the cylinders. However, the wake profiles of Regime-1 move away
from those of the other regimes at x> +1D. It is interesting to note that though Regime-2
apparently produces wake (e.g. closed recirculating wake) similar to Regime-1, the wake
profiles at x< +3D on the horizontal plane are similar to Regime-3 and Regime-4. Bed
roughness has minor effect on the wake profiles of Regime-2 to move away from those of

Regime-3 and Regime-4.

In order to compare the shallow near-wake flows with deep far-wake flow the plane wake
similarity equation (i.e. Equation [6.1] given by Schlichting (1968)) has been adopted
with a simple modification. According to Schlichting (1968) velocity defect,

U =U,—-Uwhere U, is the undisturbed and uniform ambient velocity. In present
study the approach flow has a boundary layer profile; therefore the term U in the wake

similarity equation needs a modification. Since the wake similarity investigation has been
carried out only at the mid-height (i.e. at z=h/2) of the cylinders, the undisturbed
approach velocity at z=h/2 (Uyp) is considered as U, i.e. U is replaced by Uypn. The

other parameters (e.g. velocity scale Ujm, length scale b, etc.) are defined similar to the
description given by Schlichting (1968) for plane turbulent wake. The near-wake
similarity profile [(U-Umin)/ Uim Vs y/b], as suggested by Balachandar et al. (2000), is also
tried to obtain similarity on wakes on the horizontal plane. A fourth-order polynomial
equation (Equation [6.9]) for near-wake similarity profile is derived in the present study
for the purpose of comparison using the conditions: a) (U-Unin)/Uin=0 at y/b=0, b)
gradient of (U-Umin)/ Uim=0 at y/b=0, ¢) (U-Uin)/Uin=0.5 at y/b=1, d) (U-Upyin)/Ur1m=1 at
y/6=2.25, and e) gradient of (U-Upin)/Uin=0 at y/b>2.25.

U _ U 2 3 4
[6.9] min — 0.8616(1) _0.4148(1) + 0_0532(1]
U b b b

1m

The wake similarity profiles at mid-height of the cylinders in four flow regimes on

smooth and rough beds are presented in Figure 6.71(a-d) and 6.72(a-d). Plane wake
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similarity equation (i.e. Equation [6.1]) and near-wake similarity equation (i.c. Equation
[6.9]) are also plotted in these figures for comparison. It can be observed that there are
fair agreement between the shallow near-wake data of Regime-3 and Regime-4 with
plane wake similarity equation, but the Regime-1 and Regime-2 data are relatively
scattered and away from the theoretical line. However, the wake profiles are found to be
considerably similar when plotted in terms of the near-wake similarity equation. The
variations of the velocity and length scales (Ui, b; and b) with downstream distance
(x/D) are also studied from Figure 6.73(a-d), 6.74(a-d) and 6.75(a-b). The exponents of
the power functions [Uyy/Uyn=Cin(x/D)""] representing the trend line of the experimental
data in Figure 6.73(a-d) and 6.74(a-d) indicate the rate of decay of Uim/Upn. The effect of
submergence has been found to be significant on the rate of decay of Uipn/Unpn, while the
effect of bed roughness is apparently insignificant except in Regime-1. Except for
Regime-4 on smooth bed, there is no definite trend of variations of length scale (/D and
b/D) with x/D (Fig. 6.75(a-b)). Moreover, the growth rate (exponent of the power
functions [bl/D=C2h(x/D)n2]) observed in Regime-4 on smooth bed (with an exponent of
0.503) agrees very well with the theoretical growth rate of plane turbulent wake
(exponent=0.5) around cylinders in unbounded flow. Table 4 shows the coefficients and
exponents of the power functions obtained from horizontal wake analysis at mid-height

of the cylinders.

Finally, the turbulence similarity has been investigated across the wake on horizontal

plane. Only turbulent kinetic energy (k) and primary Reynolds stress (1=— ;t—v;) are
considered for turbulence similarity investigation. The profiles of k/k. vs y/D and 1/, vs
y/D for all flow regimes on smooth and rough beds are plotted (not shown here) across
the channel for different elevations (i.e. z/H) at x=+0.7D or +0.8D to +3D. Only the
profiles of k/k, vs y/D at z=h/2 for all flow regimes on smooth and rough beds (Fig. 76
and 77) and the profiles of Tyt vs y/D at z=h/2 for Regime-1 and 2 on smooth and rough
beds (Fig. 78 and 79) are presented.

It can be observed from the distribution of turbulent kinetic energy across the wake (Fig.

76 and 77) that there is a pattern. Though the experimental data points fall in a band with
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some scatter depending on the distances (i.e. x/D), a general distribution can be
approximated for different regimes. These distributions are found to be dependant on
channel bed roughness and flow regimes (i.e. submergence of the cylinders), as the
magnitudes of k/k; vary with bed roughness conditions and flow regimes. However, the
profiles of k/k; vs y/D at different elevations z/H (not shown here) suggest that for z<h,
the patterns are similar but the magnitudes of k/k. are relatively smaller at z<h/2 and
greater at z>h/2. Therefore, a general similarity profile for turbulent kinetic energy could

not be established.

The profiles of t/7, vs y/D at different elevations z/H for different downstream stations
(not shown here) cannot produce a general pattern. This is mainly because of change in
direction of mean flow in the ncar-wake measuring stations. Another reason for this
discrepancy could be the smaller channel aspect ratio that has produced considerably
smaller turbulent shear stress in the undisturbed flow (1) compared to linear stress
profile [see Chapter 3]. The magnitudes of turbulent shear stress were very small or small
negative at z<0.34H [see Fig. 3.10]. Therefore, the profiles of t/t; vs y/D at z=h/2 are
plotted only for Regime-1 and 2 on smooth and rough beds in Figure 78 and 79. The
velocity measuring stations at x/D>1.5, where the mean longitudinal velocities are
positive, are considered for these figures. These results show a pattern of turbulent shear

stress distribution in the near-wake region, at least for Regime-1 and Regime-2.

6.5 Conclusions

The present study provides a good understanding of the three-dimensional shallow
turbulent near-wake flows behind bed-mounted cylinders with different levels of
submergence in an open channel. Mean and turbulent flow fields in the near-wake region
are explained with reliable ADV measurements. Two sets of measurements in similar
flow conditions on smooth and rough beds are consistent; and thus provide valuable
knowledge on the effect of bed roughness on shallow near-wake flows and the reliability

of the measurements as well.
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The general near-wake flow patterns on the POS are demonstrated by streamlines
accompanied by 2D vectors. The complex three-dimensional flow in the near-wake
region with significant variations in the vertical flow components can be realized with
distinctions for different regimes on smooth and rough beds from this study. The size of
closed recirculation zone and the point of reattachment in Regime-1 and Regime-2; and
the length of wake-bubble or recirculation zone in Regime-3 and Regime-4 can easily be

noticed from the presentations.

Two sets of closed wake envelopes are drawn for Regime-1 and Regime-2 tracing the
locus of zero velocity and zero shear on the plane of symmetry downstream of the
cylinders. Zero velocity envelopes represent the boundary of forward and reverse flow
region, while the zero shear envelopes indicate the line of flow separation emanating
from the top edge of the submerged cylinders. The primary vorticity (@,) in the near-
wake region of moderate to deeply submerged regimes (Regime-1 and 2) are also
presented. It has been found that the deeply submerged object creates stronger vorticity
compared to moderately submerged object; and bed roughness enhances the strength of

the vorticity in the closed wake region.

Wall wake analyses conducted for the velocity profiles of Regime-1 and Regime-2 on the
downstream POS reveal that the inner layer remains in a developing stage in the near-
wake region; however the outer region produces great similarity with the well-known
plane wake equation. Moreover, the non-dimensional velocity scale U,,/U, has produced
good correlation with x/A, indicating the rate of decay of U,,/U, for different regimes on
smooth and rough beds. It has been found that the rate of decay of U,,/U, is faster on
smooth bed (power function exponent~-2) compared to rough bed (exponent=-1.3); and
these rates are significantly faster than 2D wall wake (exponent=~-0.5) as known from
previous study. On the other hand, the length scale (b,) is found to be more or less
constant; 0.6 for Regime-1 and 0.5 for Regime-2 on smooth and rough beds, indicating
non-growing wake. Surprisingly similarity has been observed for the turbulence
properties (turbulent kinetic energy and primary Reynolds stress) in the wall wake

profiles of Regime-1 and Regime-2. Results show that the profiles of turbulent kinetic
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energy and primary Reynolds stress collapse in a narrow band, indicating considerable

similarity for some distance downstream (up to x=+4D) of the cylinders.

The study of mean velocity defect compared to the undisturbed velocity reveals that the
near-wake regions of all flow regimes are associated with significant defects. The mean
velocity defects are found to increase in the near-wake before decaying in the
downstream direction. The maximum defects in mean longitudinal velocity (U) are
observed at the center of the closed recirculating wake in Regime-1 and Regime-2.
Similarly, the defects reach maximum at or near the center of the wake-bubble in
Regime-3 and Regime-4. The power function relationships established between -
AUnmq/Uy and x/D show that the rate of decay of velocity defect (-AU,4y) is related to the
level of submergence of the cylinders (i.e. flow regimes) and bed roughness. With the
increase in object height relative to the water depth the rate of decay is found to reduce.
Thus Regime-4 is found to preserve mean velocity defect in the wake longer than any
other regime. However, bed roughness has been found to promote the rate of decay of
mean velocity defect in all flow regimes. Three-dimensional velocity field in the near-
wake region has significant vertical flow depending on the flow regimes; however the
three-dimensionality of the wake is most pronounced and longest persistent in Regime-2

than any other regimes.

It was known from previous studies that the level of turbulence increases in the near-
wake region. The present study extends the knowledge to demonstrate the variations of
magnitude, location and the rate of decay of increased turbulence in different flow
regimes on smooth and rough beds. Similar to mean velocity defect, the center of the
closed recirculating wake of both Regime-1 and Regime-2 are associated with extreme
turbulent intensities, kinetic energy and stress. On the other hand, unlike mean velocity
defect Regime-3 and Regime-4 attain maximum turbulence at the edge of the wake-
bubble. Bed roughness is found to have a general dampening effect on near-wake
turbulence. Similar to mean velocity defect, wake turbulence starts to decay in the
downstream direction after the peak. The rate of decay of increased turbulence in the

wake has been studied using power function relationship between the normalized
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turbulence quantities (i.e. k/us* and - W/u*z) and the distance (x/D). Level of
submergence of the cylinders has significant effect on the rate of decay of increased
turbulence. Most of the wake turbulence decays within x=+4D in Regime-1, +7D to
+10D in Regime-2, and +10D in Regime-3; but it continues to decay up to x=+20D in
Regime-4. Overall the rate of decay of turbulence in Regime-1 and Regime-2 is rapid on
both smooth and rough beds, and bed roughness promotes the rate of decay. The rates of
turbulence decay in Regime-3 are quite high as compared to Regime-4 on smooth bed,
but the rough bed results for these two regimes are very similar, except for the decay of

turbulent stress.

Wake analyses on the horizontal plane reveal that similarity of mean velocity profiles
(U/U; vs y/D) exist in the near-wake region for Regime-3 and Regime-4 at all elevations
on smooth and rough beds; and at all elevations below the object height (i.e. at z<h) only
very close to the objects (i.e. at x=+0.7D to +1D) for Regime-1 and Regime-2. The upper
(i.e. at z>h) velocity profiles across the wake in Regime-1 and Regime-2 are least
disturbed and hence remain close to U/U.~1. It is interesting to note that though Regime-
2 apparently produces wake (e.g. closed recirculating wake) similar to Regime-1, the
mid-height wake profiles at x< +3D on the horizontal plane are similar to Regime-3 and
Regime-4. In an attempt to investigate wake similarity with well-known plane wake
equation fair agreement has been found for Regime-3 and Regime-4; but the profiles of
(U-Upin)/ Ui with y/b for all flow regimes have been found to exhibit considerable
similarity with near-wake similarity equation as given by Equation [6.9]. The effect of
submergence has been found to be significant on the rate of decay of velocity scale
(Uin/Upp), while the effect of bed roughness is apparently insignificant except in
Regime-1. Finally, the turbulence similarity has also been investigated across the wake
on the horizontal plane. The present study shows that the turbulence similarity does not
exist among the profiles at different elevations; but the pattern of turbulent kinetic energy
distribution (k/k. vs /D) across the wake are similar for different regimes on smooth and

rough beds.
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It is, therefore, evident that the results of the present study will provide a database for use

in computational fluid dynamic (CFD) modeling, and overall significant advancements of

the knowledge of flow hydraulics in shallow turbulent near-wake of bed-mounted

objects. This study will improve our understanding of the complex three-dimensional

wake, and facilitate in practical engineering applications in environmental and

geophysical flow systems.

Table 6.1 Power Function Parameters for the Decay of Mean Velocity Defect

Parameter Smooth Bed Rough Bed
R-1 R2 R3 R4 R1 R2 R3 R4
ol 140 256 205 126 123 290 232 244
p1 -2.15 -1.71 -131 -1.14 -231 -1.99 -1.52 -1.39

Table 6.2 Power Function Parameters for the Decay of Wake Turbulence

Parameter Smooth Bed Rough Bed
R1 R2 R3 R4 R1 R2 R3 R4
Cr 13.17 20.00 2436 1550 9.00 2436 18.03 18.28
C. 433 500 261 169 421 400 157 0.50
pl -1.17 -0.98 -0.79 -0.55 -0.94 -1.28 -0.85 -0.85
ql -1.72 -140 -1.12 -094 -1.64 -1.54 -094 -0.47

Table 6.3 Power Function Parameters Obtained from Horizontal Wake Analysis

Parameter Smooth Bed Rough Bed
R-1 R-2 R-3 R-4 R-1 R-2 R-3 R-4
Cin 0.810 1.180 1.175 1.020 0.890 1.200 1.320 1.268
Con 0.417 0799 0.502 0.383 0.355 0.824 0.540 0.706
nl -1.890 -1.080 -0.902 -0.882 -1.357 -1.170 -0.980 -0.750
n2 0.760 0.089 0.172 0503 0.172 -0.230 0.395 0.102
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Fig. 6.1 Definition sketch for plane turbulent wake
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Fig. 6.2 Definition sketch for plane wall wake in deep flow
(Adapted from Rajaratnam and Rai 1979)
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Fig. 6.3 Schematic diagram of three-dimensional wall wake regions

(Adapted from Sforza and Mons 1970)
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Fig. 6.4 Schematic diagram of the velocity profiles of a shallow three-dimensional wake
(Adapted from Shamloo et al. 2001)
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Fig. 6.7 Near-wake streamlines with velocity vectors on POS: Smooth bed/Regime-2
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and (c) vertical mean velocity (W/Uy)
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Fig. 6.11 Normalized mean velocity profiles on downstream POS:
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Fig. 6.12 Normalized mean velocity profiles on downstream POS:

Smooth bed/Regime-3; (a) longitudinal mean velocity (U/U,), (b) speed up factor (U/U),

and (c) vertical mean velocity (W/Uyp)
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Fig. 6.13 Normalized mean velocity profiles on downstream POS:

Smooth bed/Regime-4; (a) longitudinal mean velocity (U/Uyp), (b) speed up factor (U/U),

and (c) vertical mean velocity (W/Uy)
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Fig. 6.18 Normalized mean velocity profiles on downstream POS:

Rough bed/Regime-1; (a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U.),

and (c) vertical mean velocity (W/Uy)
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Fig. 6.19 Normalized mean velocity profiles on downstream POS:

Rough bed/Regime-2; (a) longitudinal mean velocity (U/Up), (b) speed up factor (U/U7),

and (c) vertical mean velocity (W/Uy)

285



(a)

0.8 r
r @ x=+0.7D
0.7 /D +15 X & O ©Ox=+0.75D
o + [ S 3, A x=+0.8D
06 BA O® + T e x * © A x=+0.9D
A 09 + t B X ® Oxs  mx=+1D
05 BOA O®+ F I x & ox DOx=+1.2D
r +x=+1.5D
a0 + I = * %
04 L ) » x=+2D
W AO + t = X & & x x=+3D
03 |mooe + 1 . % ox=+4D
1 AOS o b3 g & x=+7D
0.2 t . * G
E?-AA‘?:“ ’.5‘ X e onx  x=+10D
0.1 + X e onx x x=+20D
g, | RENLE
0 N A8 F XLJ[’ PAEXL P
-0.5 ¢] 0.5 1 1.5
Uiy,
(b)
0.8
[ ® x=+0.7D
0.7 o T < o o O x=+0.75D
aa + E P X & A x=+0.8D
06 maoe+ T » x e o & x=+0.9D
KLWACe + E o X & O mx=+1D
0.5 u"We R X * ox Ox=+1.2D
F + x=+1.5D
| mFe) + L w *
04 F ) » x=+2D
HIAO + E L] X & & % x=+3D
0.3 mace + e . e ox=tdD
W AOH L £ x ) o x=+7D
0.2 E?.AA“:” T " x" . ; :x % x=+10D
T 3 =3
0.1 ‘E§§+ + r PRRIRXTS x x=+20D
m | - D. E‘»‘ x> : % o %
0 il 1 T I —t PR } L 1 1 1 ’ i L
-0.5 0 0.5 1 1.5
Uiy,
©  os
® x=+0.7D
0.7 | ©x=+0.75D
A x=+0.8D
0.6 | ax=+0.9D
mx=+1D
0.5 | ox=+1.2D
+x=+1.5D
I
N04 | « x=+20
x x=+3D
0.3
* x=+4D
0.2 O x=+7D
| = x=+10D
0.1 | *x=+20D
0 I ’ 1
-0.4 -0.3

Fig. 6.20 Normalized mean velocity profiles on downstream POS:
Rough bed/Regime-3; (a) longitudinal mean velocity (U/Uyp), (b) speed up factor (U/Uy),
and (c) vertical mean velocity (W/Uy)
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Fig. 6.21 Normalized mean velocity profiles on downstream POS:
Rough bed/Regime-4; (a) longitudinal mean velocity (U/Uy), (b) speed up factor (U/U;),
and (c) vertical mean velocity (W/Uy)
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Fig. 6.27 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity, (b)

transverse r.m.s. velocity, (c¢) vertical r.m.s. velocity, (d) turbulent kinetic energy, and (e)

primary Reynolds stress on downstream POS: Smooth bed/Regime-4

293



0.7

0.6}

0.5¢

0.4}

z/H

0.3

0.2

0.1

%)

0175

)

0.5

Fig. 6.28(a) Longitudinal turbulent intensity contour on DPOS: Smooth bed/Regime-1

0.7

0.6

0.5f

0.4

z/H

0.3f

0.2

0.1

04

8.

0.5 1 1.5 2 25 3
x/D

Fig. 6.28(b) Transverse turbulent intensity contour on DPOS: Smooth bed/Regime-1

294



0.7

0.6} .
0.5 .
0.4t .

T

N
0.3} !

\_\__0.7
0.2 \\0 ]
0.1 S A \ ]
ﬁj@M”\ '~
R5s 0 05 1 15 2 25 3
x/D

Fig. 6.28(c) Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-1

0.7

0.61 .

0.51 .

0.4r .

z/H

0.3f T

0.2

0.1

35 0 0.5 25 3

Fig. 6.28(d) Normalized turbulent kinetic energy (k/U°) contour on DPOS:
Smooth bed/Regime-1

295



0.7

0.6

0.5}

0.4

z/H

0.3f

0.2

0.1

Fig. 6.28(e) Normalized primary Reynolds stress (~ uw/U%) contour on DPOS:

0.7

0.6}

)

Smooth bed/Regime-1

0.5

04

z/H

0.3

02

0.1

oL

]%’,Zi\\/\d\

)

0.5

1

x/D

3

Fig. 6.29(a) Longitudinal turbulent intensity contour on DPOS: Smooth bed/Regime-2

296



0.7

0.6

0.5

04

z/H

0.3

02

0.1

(4
o)

8

05

15
x/D

2 2.5

3

Fig. 6.29(b) Transverse turbulent intensity contour on DPOS: Smooth bed/Regime-2

0.7

0.6}

0.5

0.4

z/H

0.3

0.2

0.1

Fig. 6.29(c) Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-2

&

&
»

™~ J/;%r -

4

)

0.5

1

1?5
x/D

2 25

3

297



0.7

0.6r

05

04

z/H

0.3

"TL

05

0.1 W
\ordso-\

-8.5 0 0.5 1 1. 5 3
x/D
Fig. 6.29(d) Normalized turbulent kinetic energy (&/U°) contour on DPOS:

Smooth bed/Regime-2

0.7

0.6

0.5

0.4

z/H

0.3
0.2

0.1

850

Fig. 6.29(e) Normalized primary Reynolds stress (— uw/UP ) contour on DPOS:
Smooth bed/Regime-2

298



z/H

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

()66

k)

Fig. 6.30(a) Longitudinal turbulent intensity contour on DPOS: Smooth bed/Regime-3

z/H

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
02
0.1

ﬂ

%

Qgﬁ.”ﬁ'

L/

07 7
-2
By .

05—

8

0.5

1.5 2

x/D
Fig. 6.30(b) Transverse turbulent intensity contour on DPOS: Smooth bed/Regime-3

2.5

3

299



1

0.9 ]
0.8 .

VI : g

z/H

0.5 5
0.4
0.3

0.2
0.1

-8.5 0

Fig. 6.30(c) Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-3

1 ' '

0.9 .
0.8
0.7
0.6
0.5

z/H

0.4

0.3
0.2

0.1

-%.5 0

Fig. 6.30(d) Normalized turbulent kinetic energy (k/U°) contour on DPOS:
Smooth bed/Regime-3

300



1 —

09
0.8
0.7 1
0.6
0.5

z/H

0.4

0.3
02
0.1

-%.5 0

3

Fig. 6.30(e) Normalized primary Reynolds stress (— u—w/U2) contour on DPOS:
Smooth bed/Regime-3

1

0.9
0.8
0.7
0.6
0.5

z/H

0.4
0.3
0.2
0.1

®5 "0 o5 1 15 2 25 3
x/D
Fig. 6.31(a) Longitudinal turbulent intensity contour on DPOS: Smooth bed/Regime-4

301



1

0.9
0.8
0.7
0.6

0.5

z/H

0.4
0.3
0.2
0.1

-8.5 0

2.5 3

Fig. 6.31(b) Transverse turbulent intensity contour on DPOS: Smooth bed/Regime-4

1

0.9 7
0.8
0.7
0.6

-l

0.5

z/H

y |
0.3
02

0.1 \ “’ ie\
2 25

-(8).5 0 05 1 1?5

x/D
Fig. 6.31(c) Vertical turbulent intensity contour on DPOS: Smooth bed/Regime-4

dem.

302



1

0.9
0.8
0.7
06

505
0.4
0.3
0.2
0.1

-(8).5 0 0.5 3

Fig. 6.31(d) Normalized turbulent kinetic energy (k/ U?) contour on DPOS:
Smooth bed/Regime-4

1

0.9 .
0.8
0.7

0.6
0.5

z/H

0.4
0.3
0.2

0.1

-8.5 0

Fig. 6.31(e) Normalized primary Reynolds stress (— uw/U? ) contour on DPOS:
Smooth bed/Regime-4

303



08 T 08
F ®x=+0.7D b ®x=+0.7D
0.7 + o ageo 0 x=+0.75D 07 T o o 0x=+0.75D
ano O A x=+0.80 Py o A x=+0.8D
06 f & e o Ax=+0,9D 06+ (g;’ 2x=+0.9D
E [ V< S | Wx=+1D omx (1 wx=+1D
0.5 T Y VN Ox=+1.2D 05 ¢ - Ox=+1.2D
T I s amt A +x=+1.5D - i pr— +x=+1,5D
NO04T » x=4+2D N04T ‘ © x=+2D
03 <E L) = x x=+3D 03 £ « &z x x=+3D
ST 3% & x=+4D - >, * x=+4D
£ “+ O W& = £ s+ OmA AOD =
02 o &7, o ©x=+10D 02+ o BLOmAAS o x=+10D
o ¢ ex0ca A wO J” o e & AWE
01+ o% Y éﬁ* 0.1+ o%gg .-§1+
S .‘.%‘.‘...H‘L..JL; P A BT ,
0 + + + } 0 t t t
0 1 2 3 4 5 0 1 2 3 4 5
u'lu. v'iu.
(a) (b)
08 T 038
E o x=+0.7D & x=+0.7D
0.7 + oy ox=+0.gSD 071 o amwo 0 x=+0.75D
E A x=+0.8D 2 O A x=+0.8D
06 g Ax=+0.8D 06T 3 o A x=+0.9D
E - |x=+1D F [ < o u ax=+1D
0.5 E - DOx=+1.2D 057 o Ox=+1.20
T +x=+1.5D T F + x=+1.5D
R 04T - » x=42D RO4f 4O  x=+2D
3 D x x=+3D r & & x x=+3D
+ X I x=
031 gquae oxeaD 03} 4D
£ x = 4+ B AD O x=+10D X =+ 0 MA AO o x=+10D
02 + o & 7 eto Om 024+ © ¢ . » ocoam *
01 o e ek :a M +O o1 o ®0 & A W+O
A1 > @+ 1t o wen 4
0 % o n_O
T 3 e . IS M .
} t t t 1 {
0 0.5 1 1.5 25 3 0 5 ) 10 15
w'lu. klu.
(c) (d)
08
@ x=+0.7D 0x=+0.75D
07 Ax=+0.8D Ax=+0.9D
[ ®x=+1D Bx=+1.2D
06 . +x=+16D = x=+2D
05 . xx=+3D  ®x=+4D
' o x=+10D
Tos a
03 ae
x » + O W A®
0.2 ‘e o A+ m
L J A & xB +0
0.1 * & +u
ex
0 ; B : ' '
-1 05 0 05 _J_ 15 2 25 3
-uw/u.

(e)

Fig. 6.32 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity, (b)

transverse r.m.s. velocity, (c¢) vertical r.m.s. velocity, (d) turbulent kinetic energy, and (e)

primary Reynolds stress on downstream POS: Rough bed/Regime-1
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Fig. 6.33 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity, (b)

transverse r.m.s. velocity, (¢) vertical r.m.s. velocity, (d) turbulent kinetic energy, and (e)

primary Reynolds stress on downstream POS: Rough bed/Regime-2
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Fig. 6.34 Normalized profiles of turbulence quantities (a) longitudinal r.m.s. velocity, (b)

transverse r.m.s. velocity, (c) vertical r.m.s. velocity, (d) turbulent kinetic energy, and (e)

primary Reynolds stress on downstream POS: Rough bed/Regime-3
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primary Reynolds stress on downstream POS: Rough bed/Regime-4
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Fig. 6.37(d) Normalized turbulent kinetic energy (k/ U?) contour on DPOS:
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Fig. 6.39(b) Transverse turbulent intensity contour on DPOS: Rough bed/Regime-4
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Fig. 6.39(d) Normalized turbulent kinetic energy (k/ U2) contour on DPOS:
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Fig. 6.42 Inner region similarity with logarithmic law in wall wake;
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Fig. 6.46 Similarity profiles for turbulent kinetic energy (k-ke)/km vs z/by;
(a) Smooth bed/Regime-1, (b) Smooth bed/Regime-2,
(c) Rough bed/Regime-1, and (d) Rough bed/Regime-2
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Chapter 7: Conclusions and Recommendations

7.1 Summary

The results of a systematic experimental investigation of flow around bed-mounted
cylinders in open channels were presented in this thesis. The quality of experimental data
was demonstrated with repeated measurements. The results of an investigation of the
undisturbed approach flow structure are presented in order to provide for better
understanding of the changes in flow caused by the cylindrical objects. The changes in
approach flow were subsequently studied in the upstream region surrounding the
cylinders. Deflected velocities were also studied in terms of existing three-dimensional
turbulent boundary layer theories. Flow visualization and direct measurements of bed
shear stress around the cylinders have enhanced our understanding of the complex
structure of these flows. This study also provided a detailed study of the three-
dimensional shallow turbulent near-wake flows behind bed-mounted cylinders with
different levels of submergence in an open channel. Mean and turbulent flow fields in the

near-wake region were examined using reliable ADV measurements.

7.2 Conclusions of the Study
Conclusions of the study were presented in previous chapters according to the focus of
study region. The general conclusions of the entire study are summarized in the following

paragraphs.

A fully developed and symmetric approach flow was confirmed by the study of the
undisturbed flow. The channel aspect ratio was chosen to be 5.5 because of unavoidable
physical limitations of the experimental setup, as explained in Chapter 2. The impact of
the small channel aspect ratio was that the straight approach flow experiences turbulence
driven secondary currents. The effect of these secondary currents on the mean flow
structure is minor, since the secondary flow velocities were only a few percent of the
main stream velocity. However, these secondary currents were found to alter the
turbulence characteristics of the open channel flow significantly compared to 2D wide

channel. The study shows that the major difference in turbulence characteristics occur in
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the primary Reynolds stress. The turbulent shear stress profiles do not agree with linear
stress profile and the measured values of turbulent shear stress near the bed at the channel
center are 1.5-2 times smaller than the bed shear stress (tg). Bed roughness was found to

suppress the development of turbulence driven secondary currents.

Flow visualizations revealed that when the cylinders became more deeply submerged the
upstream boundary layer separation point moved closer to the object, and as a result the
size of the horse-shoe vortex system became smaller. However, bed resistance to the
backward flow upstream of the cylinders held the separation point with the short region
between -1D to -1.2D irrespective of the level of submergence. It was also observed that
the horse-shoe vortex trails were relatively wider (~0.4D) and further away from the
cylinder surface on a rough bed. Wake vortices were found to shed in alternate fashion
with §~0.2 for the slightly submerged and non-submerged cylinders. The width of the
wake, however, was less for the non-submerged cylinder. A closed recirculating wake
was found to be a characteristic feature of the flows around moderate to deeply
submerged objects. Bed roughness has been found to interrupt wake vortices and their
interaction with the horse-shoe vortex system near the bed. Dye plume was found to

spread away from the cylinder near the bed (at z<0.2 H) without forming wake vortices.

Bed shear stress amplification near the shoulder of the cylinders occurred in all flow
regimes. However, the relative increase in bed shear stress was found to be inversely
related to the level of submergence of the cylinders. The maximum amplification of bed
shear stress (i.e. Tomax/Too) for a deeply submerged cylinder was 3.5, while it is
approximately 5.5 for a surface piercing cylinder on smooth bed. In general, the ratios of
Tomax/Too WeTe approximately twice as large on a rough bed compared to a smooth bed for
similar flow conditions. Bed shear stress results presented in this study provide
qualitative information on the scour potential of the flow around submerged cylinders in

natural rough bed streams.

Skewed 3D flow around cylindrical objects on smooth and rough beds were explained

with the help of Prandtl and Johnston’s cross-flow models. The existence of the collateral
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and skewed zones in the boundary layer was observed at stations upstream of the
cylinders on smooth bed. Bed roughness is found to inhibit the effect of the lateral
pressure gradient that causes skewing in the boundary layer. As a result, theoretical
models did not agree well with the rough bed measurements. This study showed that
Perry and Joubert’s velocity defect function can be a useful tool for predicting the
deflected flow around submerged objects on smooth and rough beds. Specifically the
theory can be used to predict the magnitudes of velocity in the deflected flow around fish

habitat structures, water intake or outfall structures and submerged islands.

The study of flow in the upstream region surrounding the cylinder showed that in spite of
deceleration of the approach flow on the plane of symmetry, the mean longitudinal
velocity profiles plotted in terms of Clauser’s scheme collapsed in a narrow band in all
flow regimes on both smooth and rough beds. These results indicate that an approximate
relationship can be determined to describe the approach flow profiles subjected to an
adverse pressure gradient. Flow deflections in the transverse as well as vertical direction
in the upstream region surrounding the cylinders were enormous irrespective of the level
of submergence. The influence of bed roughness on the flow deflection patterns and the
lateral spread of increased turbulence were nominal for different flow regimes. Increased
turbulence region on x=0 plane spread up to y=1.2D. In the upstream region surrounding
the cylinders, the near-bed turbulent kinetic energy and turbulent shear stress were
increased as much as 2-3 times compared to the values observed relatively far away from
the cylinders. Near-bed turbulent kinetic energy at x=0 was found to be approximately
2.5% of the mean kinetic energy for all flow regimes on smooth and rough beds. Near-
bed observations of increased turbulence surrounding the cylinders and velocity
amplification at x=0 could be indicators of local scour. Future studies of similar flows on
erodible beds could enhance our knowledge regarding the influence of flow structure on

local scour.
Study of the shallow turbulent wake on the downstream plane of symmetry revealed the

general flow patterns in the shallow near-wake region for different levels of

submergence. The size of the closed recirculation zone and the point of reattachment for
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moderate to deeply submerged cylinders; and the length of the wake-bubble or
recirculation zone for slightly submerged and surface piercing cylinders were observed. It
was found that the deeply submerged object (Regime-1) creates stronger vorticity
compared to moderately submerged object (Regime-2); and bed roughness enhances the

strength of the vorticity in the closed wake region.

The mean velocity defect and wake turbulence were found to increase in the near-wake
before decaying in the downstream direction. The rates of decay of the velocity defect
and wake turbulence were found to be related to the level of submergence of the
cylinders and bed roughness. Flows behind moderate to deeply submerged cylinders
(Regime-1 and 2) were found to overcome the defects of mean velocity and turbulence
faster than slightly submerged and surface piercing cylinders (Regime-3 and 4).
However, bed roughness was found to promote the rates of decay of the mean and
turbulent flow defects behind slightly submerged and surface piercing cylinders (Regime-
3 and 4).

Wall wake analyses demonstrated that the flows in the region away from the bed are
quite similar and can be described with the well-known plane wake equation. Wall wake
similarity was also observed for the turbulence properties, such as the turbulent kinetic
energy and primary Reynolds stress for moderate to deeply submerged cylinders
(Regime-1 and 2). Wake analyses on the horizontal plane showed that the mean velocity
profiles were similar across the flow in the near-wake region at all elevations for slightly
submerged and surface piercing cylinders; and at all elevations below the object height
very close to the moderate to deeply submerged cylinders. Normalized mean velocity
profiles across the wake on the horizontal plane for slightly submerged and surface
piercing cylinders (Regime-3 and 4) were in fair agreement with the well-known plane
wake equation. However, the normalized mean velocity profiles were found to exhibit
considerable similarity in all flow regimes when a slightly modified transverse length

scale (i.e. half-width) was used.

358



Therefore, the present study provides valuable understanding of the flows around bed-
mounted objects such as fish-rocks for different levels of submergence. Knowledge of
hydraulics in terms of bed shear stress amplification, vortex structures, near-bed
turbulence and high velocity around the cylinders will serve as qualitative indicators for
local scour potential. Thus the observations of this study would be very useful for
improving engineering judgment for the design and implementation of simple fish habitat
structures. This study also provides valuable quantitative information for the design of
simple fish habitat structures. More specifically, the results of wake similarity, the rates
of decay of wake turbulence and velocity defect, and the applicability of Perry and
Joubert’s model for upstream deflected flow regions will serve as tools for computing the
magnitudes and the area of reduced velocity and increased turbulence. The results of
normalized bed shear stress distributions with respect to upstream bed shear stress would
be useful for determining the variation in bed shear stress around a fish-rock. Assuming a
scale model (i.e. geometric and Froude number similarity) the essential habitat conditions
in the prototype (i.e. velocity, turbulence and shear stress) can be predicted from the
observed conditions of the physical model used in this study. Unavailability of scour
depth measurements will limit the results to provide information regarding the change in
water depth. A future study on mobile bed with similar flow conditions can contribute to
predict the variation in water depth caused by local scour and deposition in the
surrounding regions of a fish-rock. The extensive and reliable database obtained from this
study could be utilized for numerical studies to overcome the limitations of
computational modeling applied for the design of habitat structures. All these

achievements can lead us towards an improved habitat enhancement design in future.

7.3 Recommendations for Future Study
In order to enhance our understanding of flow around bed-mounted cylinders in open
channels that will ultimately lead to effective design of simple fish habitat structures the

following studies are recommended.

o Study of local scour around cylinders for similar flow conditions would be extremely

valuable. Measurements of velocity and bed shear stress would be an asset.
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Numerical study of similar flow around cylinders is highly recommended. The
present experiments provide a database for use in computational fluid dynamic (CFD)
modeling.

Further experimental studies of flow and scour can be conducted using different
object shapes (e.g. cones). However, it would be more useful if the objects are used in
different orientations in a cluster. The effect of object surface roughness can also be
investigated, as the natural rocks are rough in texture.

Future experiments can be conducted in different experimental flow conditions,
especially with different Froude numbers. The influence of bed roughness can be

further investigated by using different roughness elements.
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