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Abstract

Abstract

This study examines the turbulent flow characteristics in a degraded channel bed based on
experimental data. The experiments were performed in the Fluvial Mechanics Laboratory of the
Indian Statistical Institute, Kolkata. A Vectrino velocimeter was used to capture the three-
dimensional velocity components over a degraded channel bed under equilibrium condition at
different spatial locations. The data were further analyzed to investigate structure functions of
turbulence. turbulence anisotropy, intermittency, and turbulent bursting phenomena ete.

The streamwise velocity, Reynolds shear and normal stresses, turbulent kinetic energy (TKE), and
TKE fluxes were examined and compared with existing literature. For the advancement of the
knowledge of flow over a degraded channel bed, the study explored the laws of turbulence and the
TKE budget. In pursuit of this, velocity structure functions of turbulence were applied. Second- and
third-order streamwise velocity structure functions, along with mixed third-order velocity structure
functions, revealed the existence of an inertial subrange. The TKE dissipation rate was estimated
using Kolmogorov’s 4/5-law and Monin-Yaglom’s 4/3-scaling laws of turbulence. The TKE budget
analysis showed that near the bed, at the maximum equilibrium depth of degradation, TKE
dissipation exceeds TKE production and turbulent diffusion, whereas pressure diffusion exhibits
larger negative values. The distributions of anisotropic invariant maps and invariant functions
indicated anisotropic turbulence near the bed, while above the initial bed level (measured before
degradation takes place), turbulence tended toward three-dimensional isotropy.

Furthermore, the velocity data were processed to examine the vertical distributions of turbulence
indicators and turbulence length scales at different locations of flow through a degraded channel bed.
The primary focus of this study was to investigate the influence of bed degradation on flow
intermittency and turbulence anisotropy using high-order structure functions and their scaling
exponents. The extended self-similarity (ESS) technique was employed to estimate the scaling
exponents of high-order structurc functions. The results showed that below the initial bed level, the
scaling exponents deviated significantly from the theoretical (K41) values, indicating enhanced
intermittency. Moreover, data were analyzed to determine the scaling exponents of mixed higher-
order structure functions. In this regard, SO(3) symmetry decomposition was utilized to differentiate
between the isotropic and anisotropic components of the scaling exponents. The anisotropic scaling

exponents obtained from high-order mixed structure functions exhibited higher values than that of
their isotropic parts, demonstrating flow anisotropy.

Finally, an in-depth analysis was conducted on the conditional statistics of streamwise and vertical
velocity components, Reynolds stresses, and turbulent kinetic energy fluxes. Additionally, the
percentage occurrence, mean duration, and frequency of bursting events within cach quadrant were
examined. The primary objective of this analysis was to establish a definition framework for
averaging methods of quadrant analysis of turbulence over a degraded channel bed and the results
were compared systematically. The findings revealed the presence of a top layer where flow
properties closely resembled those of the incoming flow, as well as a mixing layer near the initial bed

elevation. Near the bed, sweeps were dominant, whereas ejections became more prevalent at higher
clevations.

Keywords: Turbulent flow characteristics; Open channel flow; Laws of turbulence; Structure
functions; Turbulence anisotropy; Intermittency; Degraded bed flow; Bursting phenomena.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 General

Fluid flows either in a smooth and orderly manner or in a random and swirling manner
based on several criteria starting from the medium though which it flows to the properties
of the fluid itself. The first category of the flow mentioned above is the laminar flow that
involves particles moving along predictable distinct paths, which can be straight or
curved. In contrast, the second one is the turbulent flow which is characterized by
irregular fluctuations in velocity and other properties, making it unpredictable and highly
sensitive to initial conditions. The transition between laminar and turbulent flow depends

on the generation methods and the flow parameters themselves.

Since the turbulent flow is unpredictable in nature, earlier works does not adequately
define its precious definition. However, they highlighted the key characteristics such as
strong mixing, high velocity fluctuation, non-linearity, dissipative, and sensitivity to
initial conditions, distinguishing turbulence from laminar flow. Hinze (1959) described
turbulence as an irregular flow state with random variations in time and space, allowing
statistically identifiable averages. Modern research describes incompressible turbulence
as a spatially complex pattern of vortices that appears randomly in space and time,
making it a multiscale, non-linear process (Davidson, 2015). However, turbulence is
ubiquitous in nature, influences several features in rivers, atmosphere, oceans,
engineering devices, and astrophysical phenomena, etc. For example, stirring a liquid,
smoke from chimneys, and ocean currents all demonstrate turbulence’s extensive nature.
Despite its ubiquity and importance, turbulence remains a challenging phenomenon to
model and analyze due to its complexity and non-linear behavior. Consequently, its study
is vital in fields like hydrodynamics, fluvial processes, aerodynamics, geophysics,
astrophysics, and so on requiring sophisticated mathematical tools for understanding and

predictions.



Chapter 1: Introduction

Natural flow, such as flow through open-channel streams is turbulent in character due to
high velocity and low viscosity of water, bed roughness of the channel, changes in the
bed topography, presence of bluff-bodies of different size and shapes, etc. Since the river
morphology and river-training works largely depend on the flow characteristics, flow
through natural rough-bed streams remains a topic of continuing interest to the scientific
communities. These natural stream-beds are often made up of sand and gravel of uniform
and non-uniform sizes and shapes which make the near-bed spatially heterogeneous.
Flow over fixed and weakly mobile rough beds, water-worked gravel beds, dunal beds,

and aggraded and degraded beds, etc, are quite common phenomena in natural rivers.

The degraded bed and aggraded beds refer to the distinct morphological adjustments of
the channel bed in response to sediment transport processes and flow conditions in an
open channel. A degraded bed occurs when sediment is moved from the channel bed at a
rate faster than it is replenished. This typically happens due to sediment deficit, where the
transport capacity of the flow exceeds the sediment supply. Due to amplified flow
velocity or discharge that enhances sediment entrainment, decreases sediment supply
from upstream. This often happens due to dam construction or sediment trapping or
channel steepening etc., which increases erosive power being some common reasons of
bed degradation. Over the time, as degradation continues, the channel bed may reach an
equilibrium condition. In this state, sediment transport capacity aligns with the available
sediment supply, halting further erosion. On the other hand, an aggraded bed results from
sediment deposition when the sediment supply exceeds the transport capacity of the flow.
In contrast to the degraded bed conditions, the factors leading to aggradations include low
flow velocity, often caused by channel widening, meandering, or reduced discharge,
excessive sediment input from upstream sources, such as landslides, bank erosion, or
human activities and deposition zones, where sediment-laden flows face obstacles or
changes in slope and so on. When sediment deposition stabilizes, the channel reaches a
new equilibrium condition where sediment transport out of the reach equals sediment

supply into it.

The equilibrium condition represents a dynamic balance in sediment transport processes,

where neither significant degradation nor aggradation occurs. At equilibrium state, the
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channel bed maintains a relatively stable form over the time, where sediment input
becomes equal to sediment output, minimizing long-term morphological changes and
flow energy is optimally distributed between sediment transport and resisting forces. In
both natural and engineered systems, achieving equilibrium is essential for sustainable
channel management, as long-term degradation can damage structures and harm habitats,
while continued aggradations can block the channel and increase flooding risk.

A degraded bed immediately downstream of a solid apron is very common in open-
channel flow and therefore, has vast practical applications in sediment transport, bank-
erosion and river training works, etc. Specifically, it has wide applications in scour
downstream of an apron of a sluice gate, energy dissipater, different shapes of bridge
pier, spur dikes, and various shapes and types of the bluff body and abutments, etc. Due
to its significant applications in geology, open-channel hydraulics, and sediment transport
phenomena, understanding the statistics of turbulence over a degraded bed is crucial.
However, numerous aspects of turbulence over degraded beds remain insufficiently
explored. Therefore, further research is necessary for an extensive knowledge of flow
through both uniform and bimodal degraded beds. Given the above-mentioned
conditions, this research work presents a rigorous study of the flow properties through
degraded channel beds.

1.2 Scope of the Present Work

Laws of turbulence (Kolmogorov’s 2/3, Kolmogorov’s 4/5, and Monin-Yaglom’s 4/3-
laws) and estimation of turbulent kinetic energy (TKE) dissipation rates were analyzed
based on structure function technique. In addition, time-averaged turbulent flow statistics,
spectral analysis, turbulent Kkinetic energy, energy budget were observed for degraded
channel-bed. The turbulence anisotropy analysis using anisotropy invariants map (AlIM)
and anisotropy invariant function (AIF) were performed through degraded channel bed

under equilibrium condition.

High-order structure functions were extensively explored together with the distributions
of velocity vector profile, turbulence indicator, and turbulent length scales in the flow

over degraded channel bed. With the help of extended self-similarity (ESS) technique in
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the inertial subrange, scaling exponents of high-order structure functions were estimated.
The intermittency behavior of the flow was analyzed using intermittency parameter
which can be defined using scaling exponents of the higher order structure functions. In
addition to the high-order single component structure functions, mixed structure
functions and the related scaling exponents were also computed using the SO(3)
decomposition method. The anisotropy of the scaling exponents based on these mixed
high-order structure functions were estimated for different sediment bed under different

flow conditions.

Finally, turbulent bursting phenomena were extensively explored using quadrant analysis
of conditional turbulent characteristics such as streamwise and vertical velocity
components, Reynolds shear and normal stresses, and TKE fluxes in flows over an
equilibrium degraded channel bed. The conditional averaging of turbulent characteristics
can be defined in two different approaches, namely, total- and quadrant-averaging, and
the results were systematically compared.

1.3 Objectives of the Present Investigation

e To investigate the laws of turbulence, turbulence kinetic energy (TKE)
dissipation rate, energy budget along with Reynolds stress anisotropy in a

degraded channel bed under equilibrium condition.

e To examine the impact of bed degradation on turbulence anisotropy and
intermittency using high-order and mixed high-order structure functions, with
their scaling exponents estimated through extended self-similarity (ESS) in flows
over a degraded channel bed.

e To explore turbulence bursting phenomena through quadrant analysis of
conditional turbulent characteristics, employing different frameworks of
averaging methods over a degraded channel bed, with a detailed assessment of

hole size implications.

1.4. Structure of the Thesis
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The thesis is structured into seven chapters. Chapter 1 provides an introduction to
turbulence characteristics in unidirectional flow over a degraded bed under equilibrium
conditions, highlighting its relevance to environmental systems. Chapter 2 presents
theoretical background and a review of relevant literature. Chapter 3 described the
experimental setup and procedures for different conditions. Chapter 4 discusses
fundamental experimental results including turbulence laws, structure functions, energy
budget, and Reynolds stress anisotropy in a degraded channel bed. Chapter 5 explores
turbulence intermittency and anisotropy using high-order structure functions and their
scaling exponents. Chapter 6 examines turbulence bursting phenomena through quadrant
analysis, introducing a definition framework for averaging methods. Finally, Chapter 7

summarizes the conclusions drawn from this investigation.
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Chapter 2

Background and Review of Literature

2.1 General

This chapter presents a comprehensive literature review on turbulent flow statistics over a
degraded channel bed comprised of uniform and bimodal grades of sediment. The review
begins with the fundamental turbulent characteristics, including velocity, Reynolds
stresses, turbulent kinetic energy (TKE), TKE fluxes, etc. Next, the review covers
turbulence anisotropy utilizing the anisotropy invariant map (Lumley triangle) and
anisotropy invariant function through a degraded channel bed. After that the chapter
delves into the study of structure functions, the application of extended self-similarity
(ESS) technique and the calculation of scaling exponents based on high-order structure
functions. The evidences for existence and behavior of intermittency in the flow, as
revealed by these scaling exponents, were also reviewed. Furthermore, the review
explored mixed high-order structure functions as well as their scaling exponents and the
effects of anisotropy on the exponents over both the uniform and bimodal degraded
channel beds. Finally, the studies on bursting phenomena in turbulent flow, utilizing

quadrant analysis were reviewed.

2.2 Turbulent flow

The fluid flows are broadly divided into two categories, namely laminar and turbulent.
Whilst the laminar flow are characterized by a well-defined path of the fluid particle
while is in motion, turbulent flow is considered as a random, highly unpredictable,
diffusive and chaotic one with strong mixing properties. For highly chaotic behavior of
flow parameters, turbulent flow remains a matter of interest to the scientific communities.
However, they can be predicted, if not fully calculated using different statistical
techniques. For instance, turbulent flow in open channels is characterized by turbulent

eddies, vortices, and rapid fluctuations in velocity and pressure. This type of flow is
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common in rivers, streams, and artificial channels where the flow conditions are in favor
of turbulence, making it directly relevant to applications in river engineering,
environmental studies, and hydraulic design. In turbulent flow, hydrodynamic quantities
like velocity and pressure at a specific point in space fluctuate irregularly over time.
Visualization of turbulent flow shows that these fluctuations are caused by the continuous
formation and breakdown of eddies. To describe these hydrodynamic quantities
statistically, it is useful to separate the time-averaged value from the fluctuating
component, known as Reynolds decomposition (Reynolds 1985). We obtain three-
dimensional time-averaged velocity components along with their corresponding
fluctuations by applying Reynolds decomposition to the Navier-Stokes equations. The
product of these fluctuations gives additional stresses known as turbulent stresses or
Reynolds stresses, which consequently lead to the calculation of other turbulent
characteristics. In the next sections and sub-sections, some basic understanding of the

calculation procedure and some terminologies are presented.

2.2.1 Reynolds averaging and decomposition

In turbulent flow, any stochastic quantity can be presented as the sum of its average and

fluctuation. For velocity components, Reynolds proposed the following (Reynolds 1985):
Uy = Uy T Uy, Uy = Uy, Uy, U, = U, HUy (2.2)
Where u,, u'y, u,, are the deviations of the velocity components Uy, Uy, Uy in the X, y, and z

directions respectively. The Reynolds averaged velocity components are given by

w, = lim ~Jy wedt; W, = Lim [ uydt; = lim ~Jy uzdt  (22)
where T is the total time of observation.
Now the Reynolds averaging method has the following characteristics:
0] The averaged fluctuations of the quantities are zero i.e.,
h=0

(i)  The averaged of the average quantity is equal to the once averaged i.e.,
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h=h
(iii)  The averaged of the sum is equal to the sum of the averaged i.e.,
h+g=h+3g

(iv) Operators of averaging and differentiation are commutative i.e.,

ay 9y, dy _ 3y

at  at’ 9x  ox

(V) Averaged of two fluctuating quantities product is not zero and so on i.e.,
hf #0, hf =hf

hf = f

2.2.2 Equation of motion in turbulent flow (Reynolds-Averaged Navier-

Stokes equations)

The Navier-Stokes equations for viscous incompressible fluid flow in Cartesian
coordinate system in the tensorial form such that the velocity components u, v, and w in

X, ¥, z-directions, respectively noted by ui, i = 1, 2, 3 is written as:
Continuity Equation (Conservation of Mass):

Vu; =0 (2.3)
Momentum Equation (Conservation of Momentum):

Dui _ -10p 2y
bt = 5 axi+vV u;, (2.4)

Where D% = % + u; %, is the material derivative obeying the neighboring fluid particles
]

du; ou; _ —10p 2 2
5 T U ox;, ~ p ox + vVeuy,, (2.5)

The equation can be written as

ou; , ou?  duu;  —109p 2
Pyl 2%, + %, 7 axi+vV u;, (2.6)
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Where u;,u; are the velocity components in the i-th and j-th directions, respectively. The

Xi represents the spatial coordinates, t is time, p is density and p is the pressure.

Now, according to the Reynolds decompositions, the flow variables ujand p can write as
the sum of their averaged and fluctuating part as u; = u; + u;; p = p + p’, the continuity

equations become
V- (u+w) =0, (2.7)

and the momentum equation becomes

O@i+up | d@+u)* | O@Hu)@w) _ _ 10G@+p)

277 '
or ox; 2%, P +uVe(u; + ;) (2.8)

utwurug) 1 a(p+p! u; +ul
JRUEI) 1 @) 4 yvram + ul) (2.9)

6(u_i+u{) 6(ui2+u'l?+u_iu{) + a(uiuj+u
ot 0x; 0x; p 0x;

or,

Taking averaged in time of both continuity and momentum equations and using the

. . . . _ _ _ - _ a__ a_
Reynolds averaging characteristics thatis, u = u,p =p and u; = p’ = 0. Also,f = a—p,
i i
— — = _ a7 o 0w oulw; o
. . = . . 291 = 2 . . —_— = _— _— i = ] =
V-uy=V-u, V?u; =V*-y; and o, 0, o 0, ox; 0, o 0, ” 0
V2] =0,
The followings equations become
V-u;=0,V-uj =0, (2.10)
om; | ou? ou'? ow; | Owu;  -10p o—
at  ox; x; + ox;j + ox;j ) 6xl-+vv Ui (2.11)
. . - PN (TR, [y .
Using the equation of continuity, substituting a—x’_zﬁuf the momentum equation
Jj i
becomes
U | o0 W oo M 10P oo
y + y; axi+ ox, + u; ax,-+ % axi+vV U; (2.12)
U O W A0 oae (owh | i
or, — +u; ox; + u; ox, " p om +vVey; <6xi + ox, (2.13)

Now the momentum equations in component form can be written as



Chapter 2: Background and Review of Literature

ou , —0u , —du , —du _ -109p 2— du'u’  ou'v' | ou'w’
at+uax+vay+waz—pax+vV <6x + 3y + py (2.14)
ov , —0v , —0v —0v _ —-10p 2— aw'u’  oviv'  av'w!
at+uax+vay+waz—pay+vVv (ax + 3y + P (2.15)
ow  —ow  —0w , —ow _ —-13dp 2— aw'u'  ow'v'  oaw'w’
6t+u6x+v8y+waz_paz+vvw (ax + 3y + 5 (2.16)

These equations are called Reynold averaged Navier-Stokes equations (RANS) [Pope
(2000), and Schlichting and Gersten (2001)]. Due to the deviations of the velocity
components, RANS exhibit six additional stress terms such as three shear and three
normal stresses, which are explicitly known as Reynolds stresses. The Reynolds stresses
are given in the matrix form as

—pu'n’  —pu'v’ —pu'w’

—pv'u’  —pv'v’ —pv'w’ (2.17)

—-pw'u’ —pw'v’ —pw'w’

Due to the symmetry characteristics, the Reynolds shear stresses are —u;u; = —u;u; i.e.,

—u'v' = —v'u', —v'w’ = —w'v', —u'w’ = —w'u’, and the normal stresses are —u’u’,
—v'v’, and —w'w’ respectively.

It is clear that the flow system consists of four equations: three momentum equations and
one continuity equation with ten unknowns, three averaged velocity components, the
averaged pressure, and the six Reynolds stresses. Since the number of variables are more
than the number of equations, it is not possible to solve the system explicitly. As a result,
additional equations related to the system are required to express the Reynolds stresses
over the velocity and pressure. In 1925, Ludwig Prandtl introduced the mixing length
hypothesis which describes a direct relation between mixing length and turbulent eddy
viscosity. Later, several researchers and scientists proposed different model equations at
different times for Reynolds stress terms. Nevertheless, the model equations of the
system are always flow-dependent and require experimental data for their accuracy and
validation. This indeterministic characteristic of the system demonstrated that there is no
exact classical and statistical model theory of turbulence. This problem is called as

closure problem of turbulence.

10
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2.3 Reynolds stress anisotropy

The Reynolds stress anisotropy tensor, initially introduced by Rotta in 1951 to assess the
nature and degree of turbulence anisotropy, was significantly improvised in hydraulics by
Lumley and Newman in 1977 [as further explored by Frohnapfel et al. (2007), Dey et al.
(2019), and Penna et al. (2020)]. A key benefit of tensor anisotropy analysis is providing
a comprehensive picture of turbulent flow anisotropy, without any external normalization
of turbulent parameters.

Based on the directions in tensor coordinate systems, the Reynolds stress anisotropy
tensor (aik) can be defined according to Rotta (1951) as

—— 2
Qjj = Uity — 5 G0k, (2.18)

where q is the average turbulent kinetic energy (u;u;/2) and ik is 0 if i =k, or Lif i = k.

The anisotropy tensor can be normalized using the turbulent kinetic energy as

by, = ‘;—; = wju,/(2q) — (6i/3) (2.19)
Each component of the tensor bix is symmetric and traceless, with values ranging from
—1/3 to 2/3. The anisotropy of turbulence can be assessed using a cross-plot of two
principal invariants: 1l (= — bibi/2) and Il (= bijbjkbki/3). This cross-plot, known as the
Anisotropic Invariant Map (AIM), visualizes turbulence anisotropy, where — Il indicates

the degree and I11 describes the nature of anisotropy.

The AIM forms a triangular shape, often called the Lumley triangle, which has three
limiting states that define the boundaries of the map. The bottom cusp of the triangle,
where 1l = 1l = 0 is the 3D isotropic turbulence, is also known as the three-component
(3C) Ilimit. The one-component (1C) limit, representing rod-like or cigar-shaped
turbulence, is located at the triangle’s apex, while the left curved boundary indicates the

two-component (2C) limit, corresponding to “pancake” turbulence.

2.4  Turbulent kinetic energy cascade (Classical and modern views on

turbulence)

11
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Esteemed British fluid dynamicist, Lewis Fry Richardson (1881-1953) was the first to
carry out numerical computations of turbulence in the early 20" century. According to
Richardson’s assumptions, turbulence is a dissipative dynamical process, leading to a
cascading energy transfer across the scales. The turbulent Kkinetic energy cascade
describes the process by which energy is transferred across different scales in a turbulent
flow. Energy is usually input at larger scales in a turbulent system, and it cascades down
to smaller and smaller scales until it is transformed into thermal energy at the molecular

level by viscous forces.

2.5 Turbulent length scales

Turbulent flow spans a wide range of eddy sizes, categorized into three regions based on
length scales. The energy-containing range consists of the largest eddies (integral length
scale), where kinetic energy is generated by external or gravitational forces, making this
region non-universal. In the inertial subrange, energy cascades from larger to smaller
eddies without dissipation, following universal turbulence laws. Finally, in the
dissipation range, the smallest eddies convert into heat through molecular viscosity.
Among these, the inertial subrange is particularly significant for understanding

turbulence due to its universal scaling behavior.

2.5.1 Integral length scale

To measure the integral length scale, energy spectral and correlation functions are the
well-accepted methodologies. However, the calculation using the correlation function is
one of the most robust methods. The autocorrelation functions can be calculated as:
R(x,At) = u'(x,t + At)u'(x, t), where x is the point of location on the (x, z) plane, U’ is
the temporal velocity fluctuation in the streamwise direction, and t is time. With the
transformation from time lag (At) to spatial increment (i.e., R(x,At) = R(x,r)), the
correlation length can be defined as:

1
R(x,0)

Alx,r) = fooo R(x,7)dr (2.21)

12



Chapter 2: Background and Review of Literature

in the case of statistical convergence. Here r represents the spatial increment obtained

using Taylor hypothesis r(x,r) = |i(x, At)|At.

2.5.2 Taylor microscale

The Taylor microscale is an intermediate length scale used to characterize turbulent flow,
where viscosity significantly influences the dynamics of turbulent eddies.

Mathematically, It is defined by

A= (15“"“)0'5 (2.22)

&

where oy is the streamwise Reynolds normal stress and ¢ is the dissipation rate. Taylor
microscale is much smaller than the integral length scale. For isotropic homogeneous

turbulence, they can be related via
=~ Re;"? (2.23)

Here Rea is the Reynolds number, that depend on the integral length scale A. Hence, the

Reynolds number based on the Taylor microscale is given by

Re, = (0,)"?1/v (2.24)

2.5.3 Kolmogorov dissipation scale

In the energy cascade process, viscosity dominates within the dissipation range, where
turbulent kinetic energy (TKE) is converted into heat at the smallest length scales. The
Kolmogorov dissipation scale is used to determine the size of these smallest eddies and
can be estimated using the TKE dissipation rates. According, to Kolmogorov’s first
hypothesis (discussed later), the dissipation rate in small scale at high Reynolds number
depends on the kinematic viscosity, velocity and length scale that is € ~ vu%/n#. Using
the dimensional analysis, we have D[£] = D[v]D[u]*D[7]? where D represents the

dimension of the quantity. This gives

L2T3=L2TY(LTY)2L” which implies that « + 1 =3 and a+ =0, =2, f=-2

13
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which gives & ~ vu?/n?. Similarly smallest velocity scale u with v and g as u ~ (ve)¥*
and time scale t as t ~ (v/£)2. Finally, the Kolmogorov dissipation scale 7 can be written

as

n = (g/v)"Y2u=3/e)t/* (2.25)

2.6 Kolmogorov hypothesis (1941)

In 1941, Russian mathematician and probabilist, A. N. Kolmogorov (1903-1987)
inspired by Richardson's idea of energy cascade, postulated that the cascade process in
turbulent flow. This suggests that statistical behavior of eddy exhibits self-similarity and
is constant across different range of sizes. Thus, Kolmogorov introduced two major
assumptions to explain this behavior and offered the scientific basis for the fundamental

mechanism of turbulence as:

Hypothesis 1: In the turbulent flow at sufficiently high Reynolds number, statistics of
small-scale motions (I << A) are isotropic and have a universal form that is uniquely

determined by viscosity v and the rate of dissipation &.

From the dimensional analysis, we can show the dissipation law at small scales is

according to the first hypothesis is £ ~ vu?/I2.

Hypothesis 2: In turbulent flow at sufficiently high Reynolds number, the statistics of the
motions in the inertial subrange have a universal form that is uniquely determined by &

and independent of v.

Mathematically, the dissipation law in the inertial subrange is given by &~ 1*u”. From the
dimensional analysis, we have L2T3 = L« (LT )4 which implies that o = -1 and g = 3.

This gives

&= C.u%/l with C.= Kolmogorov constant. (2.26)

2.7 Structure functions and laws of turbulence

14
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The structure function analysis has been extensively employed to predict the scaling
laws and to quantify the behavior of scaling exponents in turbulent flows (Kolmogorov
1941).

The general form of structure functions of order p can be written as:

Sp(r) = (u(x + r) —u(x)))° (2.27)

for any p > 0, where X, x + r are two points in the flow field, u is the velocity component
in the r direction, r is the length |r| of r, and the angle brackets denote an ensemble

average
Kolmogorov proposed several scaling laws based on his hypotheses, known as

Kolmogorov’s —5/3, 2/3, and 4/5-laws (Frisch 1995). Among these laws, the widely

accepted power law within the inertial subrange is expressed as:
E(k,) = Ce*/3k,, /3 (2.28)

where E(k,,) is the energy spectrum, C is the Kolmogorov constant, ¢ is the turbulent
Kinetic energy dissipation rate, kw is the wave number of the eddies of sizes | (i.e., kw =
27l).

Furthermore, according to Kolmogorov's second similarity hypothesis, second-order

velocity structure functions within the inertial subrange can be represented as:
(Au)? = C,e?/312/3 (2.29)

This is known as Kolmogorov's 2/3-law and applies under conditions of steady,

homogeneous, and isotropic turbulence.
where C, is a universal constant, with a recommended value of 2.12.

Moreover, the TKE dissipation rate and the third-order velocity structure functions are
connected by the law, known as Kolmogorov’s 4/5-law, which was derived from the von

Karman-Howarth equation and expressed as

aaw? 4

3 _
(4Au)® = 6v . .

(2.30)
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Now, within the inertial subrange, according to Kolmogorov’s second hypothesis, the
kinematic viscosity v is negligible (— 0) and & is constant. Hence, the equation (2.30)

can be rewritten as
(Au)® = —Zer (2.31)

which is known as Kolmogorov’s 4/5-law.

However, for anisotropic turbulence, the third-order mixed structure function, well-
known as Monin-Yaglom 4/3-law is also applicable in open-channel flow which is
expressed as:

(Au[(Au)? + (Av)? + (Aw)?]) = —Zer (2.32)

The third-order moments of velocity increments presented in Kolmogorov 4/5-law and
Monin-Yaglom 4/3-law are used from the assumptions of homogeneous isotropic
turbulence. These exact laws offer unique insights within the inertial subrange, including
length scales and the dissipation rate. The isotropy is often not applicable in realistic
flows, such as in open channel turbulence where physical factors like rotation and shear

layers can affect the flow behavior, disrupt isotropy, and introduce anisotropy.

2.8  Estimation of TKE dissipation rate

The extensive application of the laws of turbulence and the structure functions lies in

estimating the turbulent kinetic energy dissipation rate ¢.

One of the primitive methods to measure the turbulent kinetic energy dissipation rate as
described by Irwin (1973) and Krogstad and Antonia (1999) is

&= (1502 (0u'/t)?, (2.33)

where v is the kinematic viscosity of water and u’ is the deviation of the time-averaged

streamwise velocity component.

¢ can also be estimated from the velocity power spectra by applying Kolmogorov’s —5/3

power law (Kolmogorov 1941 a, b) as

16
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E(kw) = C167%kw >, (2.34)
where E(kw) denotes the energy spectrum, while C; and kw represent the Kolmogorov

constant and wave number, respectively.

Later in 1962, Kolmogorov proposed that the second-order structure function could
provide a more robust approach for estimating the turbulent kinetic energy dissipation
rate. This approach aligns with Kolmogorov’s 2/3-law, wherein ¢ is derived by the

equation
(&) = (Ur) ((Au)?/Cy)3/2 (2.35)
where C: is a universal constant equal to 2.12.

Furthermore, according to the Kolmogorov’s 4/5-law, ¢ can be determined from the
relation based on the von Karman—Howarth equation (Kéarméan and Howarth 1938) which

can be expressed as:
(&) = (-5/4r)(Au3) (2.36)
This equation enables a more precise estimation of &.

The dissipation rate & can also be estimated using the third-order mixed structure

function, commonly known as Monin-Yaglom’s 4/3-law (Karman and Hawarth 1938) as:

(&) = (-4/3r) (Au[(Au)? + (Av)? + (Aw)?]) (2.37)

It is important to note that, Monin-Yaglom’s 4/3-law is derived under the assumption of
isotropic turbulence, which is considered applicable across both high and low Reynolds

numbers.

29 Some of the notable works in open-channel flow and structure

functions

Nikora and Goring (2000) investigated the properties of turbulence structures in quasi-
uniform, two-dimensional flows over a fully rough bed. Their study involved collecting
velocity data under various flow conditions such as at a high flow rate on a weekly

mobile bed and two lower flow rates on a fixed bed. They showed that the mean velocity
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profile for the weakly mobile bed flow (WMBF) does not indicate the wake region,
unlike in the fixed bed flows (FBF) where wake regions are observable. In WMBF, the
von Karman constant was notably lower than in FBF, while the roughness length was
comparatively higher. Additionally, the roughness sublayer in WMBF is thicker, and the
correlation coefficient is reduced, indicating a weaker coherence structure in the turbulent
flow. As for the relative turbulence intensities, they increase from the water surface
towards the bed, but this increase is less pronounced in WMBF. The normalized
durations of ejections and sweeps are slightly extended in WMBF compared to FBF.
Furthermore, there is indication of turbulence anisotropy in WMBF, suggesting
directional variations in the turbulent flow. Whereas turbulence intensities, higher order

moments, velocity auto and co-spectra appeared to be similar among all flows.

Shvidchenko and Pender (2001) explored the general turbulent structures and the
turbulence-driven mechanisms in open channel flow over a mobile gravel bed. They
described the turbulent flow as a sequence of long-lasting, three-dimensional turbulent
eddies. The size of these eddies was predicted to be close to the flow depth in the vertical
direction, and approximately 4 and 2 times the flow depth in the streamwise and
transverse directions, respectively. These eddies move downstream at the same speed as
the bulk flow, generating quasi-periodic fluid motions. These motions include high-speed
downward “sweeps” and burst-like upward “ejections” that occur throughout the flow
depth, resulting in quasi-periodic fluctuations in the flow's direction and speed. The up-
and-down movement of the fluid particles caused by these eddies produces lift and drag
forces on the bed particles, which were strong enough, can cause the particles movement

or displaced.

Banerjee et al. (2007) employed the Barycentric map to examine the turbulence
anisotropy in the flow. They presented an expression of anisotropic invariants derived
from the Reynolds stress tensor’s eigenvalue, dealing with the restrictions of the
nonlinear anisotropic invariant function suggested by Lumley and Newman (1977). The
barycentric coordinates within the map, estimated using eigenvalues, gives a precise
measurement of the weighting of the limiting states. This method allows for the

assessment of anisotropy in various flow conditions using scalar metrics. The capability

18



Chapter 2: Background and Review of Literature

of these barycentric metrics lies in their representation on a barycentric map, an
equilateral triangle with vertices depicting the three limiting states. By plotting the
metrics in 2D, the characteristics of anisotropic stress at specific locations is clearly

illustrated addressing these limiting states.

Mignot et al. (2009) utilized spatial-averaging techniques to explored rough-bed
turbulence statistics over gravel beds in open-channel flows. Their study express that
macro-roughness particles in the bed notably influence the turbulent Kinetic energy
budget in rough bed circumstances. For flows over smooth and uniformly rough beds
without macro-roughness, TKE production peaks very close to the bed. In contrast, for
fully rough beds with macro-roughness elements, maximum turbulence activity and TKE
production occur at the crest of the gravel. At this height, turbulent diffusion also reaches
its peak. Above twice the height of the roughness crest level, TKE production and
dissipation approximately balance each other, similar to the log-law region in smooth
boundary layers, where turbulent diffusion is generally minimal. In the region between
half of the crest level and twice of the roughness crest level, TKE production surpasses
dissipation, and turbulent diffusion is at its highest. This intense diffusion effectively

spreads the turbulence production around the crest level.

Jain et al. (2015) carried out an experiment to measure the three-dimensional velocity
components, turbulence intensity, and Reynolds stress over a degraded sand-gravel bed
formed due to the transport of the bed particles. They also examined the impact of sweep
and ejection events in sediment transport using quadrant analysis. Their observations
revealed that the highest turbulence intensity and Reynolds stress occurred close to the
initial bed level, before the detachment of the bed material takes place, with both values
decreasing as the vertical distance increased. Moreover, as the flow moved spatially
downstream along the degraded bed, the turbulence intensities and Reynolds stresses
diminished, indicating a weakening of vortex structures due to bed degradation. This
trend demonstrates a significant decline in the frequency of turbulent events as the flow
moved downstream to the degraded region. Additionally, ejection and sweep events were

found to be more dominant than inward and outward interactions, with sweep and
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ejection events exhibit the highest occurrence probabilities. However, these probabilities

decreased with increasing hole size, arriving close to zero for larger hole sizes.

Ferraro et al. (2016) examined the characteristics of turbulence over heterogeneous
sediment beds, such as pebbles and gravel, considered as natural bed flow. The study
deeply discussed the laws of turbulence, including Kolmogorov's 4/5-law and Monin-
Yaglom’s 4/3-law. The Taylor frozen-in approximation was implemented to convert the
data from time increment into spatial increments before using the structure functions
methodlogy. Fundamental turbulent characteristics, such as velocity, Reynolds normal
stresses, and shear stress, were examined to validate the results. Applying the structure
functions methodology, the study observed that Kolmogorov's —5/3-law was not
completely satisfied due to the presence of large-scale coherent structures and turbulent
anisotropy in the flow. However, within the inertial subrange, where the third and mixed
third-order structure functions followed their respective laws, the turbulent Kinetic energy
dissipation rate was measure more accurately within this region. Near the crest level of
the natural bed, the Taylor coefficients surpassed a magnitude of 1, violating the validity
of Taylor's hypothesis. Finally, the study detected a two-fifteenth law related to the
cascade of helicity distribution, providing a new perspective in the study of turbulence

through a highly rough bed flow.

Padhi et al. (2018) comprehensively studied the scaling law and turbulent kinetic energy
dissipation rate through water-worked gravel beds (WGB) and screeded gravel beds
(SGB) using the structure functions methodology. To better understand the influence of
shear Reynolds number on WGB, they performed experiments under three different shear
Reynolds number conditions. They observed that the water flow causes the surface
gravels in the WGB to be more spatially organized, whereas in the SGB, the gravels are
arranged more randomly. This spatial arrangement generates the higher roughness in the
WGB compared to the SGB. The second and third-order structure functions exhibited
larger values in the WGB than in the SGB and followed the Kolmogorov's 2/3 and 4/5
scaling laws within the inertial subrange. By utilizing these scaling laws, they determined
the TKE dissipation rate, which was observed to be higher near the bed due to the

influence of bed roughness. Finally, they found the values of TKE, TKE dissipation rate,
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and structure functions all increased or decreased in proportion to the shear Reynolds

number.

Padhi et al. (2019) further carried out an extensive study on the influence of coherent
structures in near-bed turbulent flow over screeded gravel beds (SGB) and water-worked
gravel beds (WGB). Using 2-D particle image velocimetry (PIV) under identical flow
conditions, they investigate the behavior and characteristics of coherent structures in
these different bed configurations. In the near-bed flow zone, the presence of roughness
elements leads to turbulence production, resulting in consistently high turbulence levels
that gradually decrease with increasing vertical distance from the bed. Due to the greater
roughness height of the WGB compared to the SGB, the spatially averaged turbulence
indicators, second and third order moments, and turbulent Kinetic energy budget
parameters are all found to have higher magnitudes in the WGB. The water-worked
gravel bed (WGB) features a more organized and structured roughness, generating from
the natural rearrangement of sediment particles under the influence of water flow. In
contrast, the SGB presents a randomly distributed roughness structure, as it is typically

formed without the influence of water-driven processes.

Penna et al. (2020) conducted an experiment to statistically analyze the turbulence
characteristics over a water-worked gravel bed. They applied the laws of turbulence and
invariant anisotropic stress tensor, along with the anisotropy invariant map (AIM),
Lumley triangle, and anisotropy invariant function, to assess the flow structure. By using
the Taylor hypothesis, the acoustic Doppler velocimeter (ADV) collected velocity data in
time increments, which were then converted into spatial increments. The structure
functions methodology was applied to understand the scaling laws of turbulence for the
experimental condition. These data were then utilized to generate energy spectra,
confirming the existence of an inertial subrange that aligns with Kolmogorov's —5/3-law.
The presence of this inertial subrange was further supported by second and third-order
statistical analyses. Within this subrange, third-order statistics were used to accurately
calculate the turbulent kinetic energy (TKE) dissipation rate. However, when the Monin-
Yaglom four-thirds law was applied to estimate the TKE dissipation rate, the results were

different, indicating the influence of anisotropic effects throughout the flow depth. The
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anisotropy invariant map within the Lumley triangle demonstrated that turbulent
anisotropy was predominant near the gravel bed but gradually transitioned to three-
dimensional isotropy with increasing vertical distance towards the free surface.
Additionally, the anisotropy invariant function revealed confined streamwise variations,

which were attributed to the regular arrangement of the gravel bed’s roughness structure.

Dey et al. (2020) experimentally investigated the turbulence structure in flows over and
within the interface of a series of continuous dunes. Their results showed that the velocity
field and vorticity contour highlighted a decelerated flow zone downstream of the dune
crest. This zone, marked by reduced flow speed, is linked to the formation of a
recirculation zone, starting right after the dune crest where the flow separates from the
bed, creating reverse flow and low-velocity regions. This behavior is common in areas
with prominent topographical features like dunes, resulting in localized zones of reduced
velocity and flow reversal. Additionally, the time-averaged vertical velocity profile
indicated a velocity defect line above the crest, coinciding with the peak in shear stress.
The turbulence indicator revealed high turbulence in the interfacial sublayer below the
crest, peaking at half the dune height, with moderate turbulence levels above the crest.
Third-order correlations showed rapid fluid motion with downward-downstream stress
diffusion in the interfacial sublayer, and slower fluid motion with upward-upstream
diffusion above the crest. The TKE flux followed a similar pattern. The TKE budget
showed significant form-induced diffusion, which was negative in the form-induced
sublayer and positive in the interfacial sublayer, with peaks near the crest. Sweep events
were prominent in the interfacial sublayer, and quadrant analysis showed energetic
fluctuations within the roughness sublayer.

Penna et al. (2021) investigated the interactions between turbulent flow structures and a
naturally rough gravel bed, highlighting its connection to sediment transport using
conditional turbulent statistics and high-order velocity structure functions. They observed
variations in the flow field and turbulence anisotropy near the bed, attributed to the
presence of coherent structures generated by the rough pebble surface. The turbulence
intensity (level) was found to be highest close to the bed, gradually decreasing with

increasing vertical distance. At the roughness crest, sweep and ejection events had
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comparable effects this suggests that the impact of low-speed fluid parcels rising from the
near-bed flow zone is diminished by the arrival of high-speed fluid parcels descending
from the upper flow zone, while sweep events dominated the region above this level. In
contrast, outward and inward interactions consistently had a minimal influence on the
turbulence statistics. Within the scaling region, the scaling exponents of high-order
velocity structure functions revealed the multifractal nature of the flow.

Rathore et al. (2022) studied turbulent characteristics over an open channel where the bed
changed abruptly from smooth to rough. Downstream of the smooth-to-rough interface,
Reynolds shear and normal stresses, along with bed shear stress, increase with
longitudinal flow development. The Reynolds shear stress reaches its peak at one-fifth of
the flow depth in the rough bed zone. Third-order correlations show that the upstream
flow is mainly influenced by the arrival of slower-moving fluid streaks, accompanied by
outward Reynolds stress diffusion. In contrast, the near-bed flow over the downstream
coarser bed is driven by faster-moving fluid streaks associated with inward diffusion of
Reynolds stresses. In terms of the turbulent kinetic energy (TKE) budget, peak values of
TKE production and dissipation rates are greater near the downstream coarser bed than in
the upstream region. In the wall-shear layer, TKE production exceeds dissipation, while
in the near-bed flow of the downstream zone, negative TKE diffusion enhances TKE
levels. Conditional statistics of Reynolds shear stress confirm that sweep events dominate
the near-bed flow in the downstream coarser bed, whereas ejection events control the

upstream flow.

2.10 High-order structure functions

More detailed information on the turbulence structures can be obtained through the
analysis of high-order generalized structure functions Sy(r) defined by the equation
(2.27). For homogenous isotropic turbulence, the scaling behavior of Sp(r) is described as
(Kolmogorov 1941)

Sp(r) ~r < (2.40)
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Where & are scaling exponents of p™ order structure functions. According to the
Kolmogorov theory, in the inertial subrange, the structure function of order p exhibits the
exponents as & = p/3, corresponding to a mono-fractal behavior. However, the presence
of intermittency, characterized by intense changes of turbulence fluctuations, causes
deviations of scaling exponents from the Kolmogorov hypothesis that is &, # p/3, leading
to multi-fractal behavior of turbulence. Over recent decades, high-order structure
function analysis has become a crucial tool for quantifying intermittency in turbulent

flows.

2.11  Extended self-similarity

In 1983 Roberto Benzi was introduced the concept of Extended self-similarity (ESS) to
estimate the scaling exponents of high-order structure functions. In ESS technique to
identify the scaling exponents, the structure functions were plotted against those of

another order. Mathematically,

..
S ~Sm(r)omm, £, = 2 (241)

where Zmn is the relative scaling exponents of order n (i.e., ¢n) with respect to a

particular order m (i.e., ¢m).

In turbulent flow, based on Kolmogorov (1941) theory, the exact exponent {3 = 1, for n
= 3 was used in the ESS technique. Consequently, equation (2.41) take the form, Sn(r) ~
Ss(r)", i.e., the structure functions of order n, Sy(r) can be relatively evaluated from
S3(r).

2.12  High-order mixed structure functions

The mixed structure functions of order n in tensorial form following Frisch (1995),
Dhruva et al. (1997) and Arad et al. (1998) can be written as:

SPT = ([u(x + 1) — u()P[w(x + ) — w(x)]9), (2.42)
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where n = p + q is the order of the mixed structure functions, u and w are the velocity
components in streamwise and vertical directions. According to the SO(3) decomposition
introduced by Kurien and Sreenivasan (2000) in turbulent flow, the scaling exponents for
isotropy and anisotropy can be derived from high-order unidirectional and mixed
structure functions. The scaling exponents of mixed structure functions are referred to as
anisotropic scaling exponents, while those obtained from unidirectional structure

functions are termed as isotropic scaling exponents.

2.13 Some of the notable works on high-order structure functions in

open-channel flow

Benzi et al. (1993 a, b) provided numerical and experimental evidence for the Extended
Self-Similarity (ESS) technique, demonstrating its effectiveness in calculating the scaling
exponents of high-order structure functions over a range that extends beyond the inertial
subrange. They showed that in high Reynolds number turbulence, the scaling exponents
of high-order structure functions are observed not only within the inertial subrange but
across a broader range, including large-scale and dissipation regions. This technique
reveals that the self-similar properties of structure functions persist in both high and low
Reynolds number cases, encompassing the inertial, large-scale, and dissipation ranges.
ESS offers a more precise method for determining the scaling exponents of high-order
velocity increments, enhancing accuracy across the full range of turbulence, such as

inertial and dissipation scales, for both high and low Reynolds number turbulence.

Protas et al. (1996) and Gaudin et al. (1998) numerically and experimentally explored the
spatial behavior of the scaling exponents of high-order structure functions in wake flows
downstream of bluff bodies. The Extended Self-Similarity (ESS) technique was
extensively employed to calculate the scaling exponents of these structure functions at
various locations near and far from the wake flows. It was found that the wake flows near
bluff bodies exhibited shorter scaling regions compared to the far wake flows.
Additionally, the scaling exponents showed greater deviations near the wake, while in the
far wake, they displayed an asymptotic trend with the K41 assumptions, highlighting the
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effects of intermittency and inhomogeneity in the near-wake region. Specifically, for the
second-order structure function, the exponents asymptotically approached Kolmogorov
1941 theory from higher values, whereas for the fourth, sixth, and eighth-order structure

functions, the exponents approached the asymptotes from lower values.

Arad et al. (1998) analytically derived second-order structure functions using two-
directional velocity data at high Reynolds numbers and experimentally validated their
findings with atmospheric surface layer turbulence velocity data. Based on the magnitude
of the scaling exponents, they observed that the purely longitudinal structure function is
less sensitive to anisotropy, whereas the finite @ structure function, which involves
velocity differences in directions other than the flow direction, is more influenced by
anisotropy. They proposed this method as a fundamental way to quantify the degree of

anisotropy using scaling exponents.

Kurien and Sreenivasan (2000) aimed to determine the scaling exponents for the
anisotropic components of high-order structure functions. To ensure that these
anisotropic components were not mixed with their isotropic counterparts at each order,
they exclusively utilized tensor components that are fully anisotropic. This was achieved
by focusing on the isotropic sector corresponding to j = 0 in the SO(3) decomposition of
each tensor, and then constructing components that are explicitly zero within the isotropic
sector. The anisotropic scaling exponents obtained were consistently larger than those
corresponding to the isotropic components across all orders. This provides strong
evidence that anisotropy diminishes as the scale decreases. However, the rate at which

anisotropy decreases is slower than predicted by dimensional analysis.

Warhaft and Shen (2002) described the high-order longitudinal and transverse structure
functions, and investigating their relationship with mixed high-order structure functions
in high Reynolds number shear flow. They found that the scaling exponents of mixed
high-order structure functions were consistently larger than those of single-component
structure functions. Additionally, the ratio of anisotropic to isotropic scaling exponents
tended to decrease with increasing order, indicating a persistent anisotropy even at the
smallest turbulence scales for higher-order structure functions. They also noted a

significant difference between the scaling exponents of the longitudinal and transverse
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structure functions, and used the arithmetic mean of these values when calculating the
ratio of anisotropic to isotropic exponents. Similar to kurien and sreenivasan (2000), they
also found that the effect of anisotropy diminishes with decreasing scale more gradually
than anticipated. The inequality of anisotropic and isotropic exponents weakens
progressively as order increases, indicating that at higher orders, isotropy may not be
fully restored based on this measure.

Shen and Warhaft (2002) conducted an extensive study on the scaling exponents of
longitudinal and two types of transverse structure functions which are included in
measurements of the longitudinal velocity in the transverse direction and the transverse
velocity in the streamwise direction. The experiment was performed in both uniform
sheared and nonsheared flows, at low and high Reynolds numbers turbulence. In high
Reynolds number turbulence, for both sheared and nonsheared cases the scaling
exponents were nearly identical for the longitudinal velocity measured in both the
streamwise and transverse directions. However, at low Reynolds numbers, significant
differences emerged between the exponents. The scaling exponents for the longitudinal
velocity in the transverse direction were consistently smaller than those for the
longitudinal velocity in the streamwise direction. Notably, the exponents for the
transverse velocity measured in the streamwise direction were always smaller than those
for the longitudinal velocity, in both high and low Reynolds number turbulence, and in
both sheared and nonsheared flows. A minor difference between shear and nonshear

flows was that the scaling exponents were slightly higher in nonshear flows.

Aberle and Nikora (2006) experimentally analyzed the statistical characteristics of
armored pebble bed surfaces using high-order structure functions. They used six different
armoring discharges across six separate runs. Their findings showed that, as the armoring
discharge increased, the distribution of bed elevations became more diverse, with fewer
data points near the zero-mean elevation. This was evident in the probability density
functions (PDFs), which revealed increased geometric roughness due to the accumulation
of coarser particles on the bed surface during the progressive development of the armor
layer. Additionally, they observed that similar to second-order structure functions,

higher-order structure functions could be divided into scaling, transition, and saturation
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regions. Notably, the scaling region was influenced by armoring discharge. The scaling
exponents of the structure functions calculated for the scaling region suggested that initial
beds elevation exhibit simple scaling behavior, while water-worked beds elevation tends

to display multiscaling behavior.

Coscarella et al. (2020) conducted an experimental study investigating turbulence
anisotropy and intermittency over a channel bed composed of sediments of different
sizes, leading to different roughness levels. Using particle image velocimetry to measure
flow velocity, they divided the flow region vertically into two zones based on the viscous
shear stress. Zone 1, near the bed, exhibited very small velocity derivatives, while Zone 2
was located above this region. From the contour plots of the second-order structure
function, they observed that anisotropy became more pronounced near the grain crests in
Zone 1, while in Zone 2, the flow tended toward isotropy. The analysis of anisotropy
angle gives small-scale turbulence exhibited more isotropy, whereas large-scale
turbulence near the rough bed was more anisotropic. Additionally, flows over beds with
larger sediment sizes showed more isotropy. The scaling exponents from higher-order
structure functions in the inertial subrange revealed multifractal behavior, with

intermittency occurring near the bed.

2.14  Turbulent bursting process

Studies from the 1960s and 1970s (Kline et al., 1967; Corino and Brodkey, 1969; Grass,
1971) identified the bursting process in turbulent boundary layers, where alternating low-
and high-speed streaks interact through ejections and sweeps. Ejections occur when low-
speed fluid lifts into the main flow, while sweeps bring high-speed fluid downward,

forming a turbulent shear layer with small-scale vortices.

Quadrant analysis quantifies these events by measuring their duration, mean cluster time,
and frequency of transitions. A hole threshold is applied to isolate strong bursts, though
increasing hole size complicates conditional averaging. To address this issue, conditional
means are defined based on the denominator and hole size for a more accurate

representation of turbulent bursting events.
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2.15 Quadrant analysis

Turbulent events in the boundary layer can be effectively characterized using quadrant
analysis, a method introduced by Willmarth and Lu (1972). This approach divides local
flow behavior into four quadrants based on the signs of the streamwise (u’) and normal

(w") velocity fluctuations. The four quadrants are defined as follows:

i) Qq, first-quadrant (u«'w")z1, signifies outward interactions where »">0 and w'>0,
denoting an event in which high speed fluid moves toward the centre of the
flow field,

i) Q2, second-quadrant (u'w")2, signifies ejections where »'<0 and w">0, denoting
an event in which low-speed fluid moves toward the centre of the flow field,
away from the wall;

i) Qs third-quadrant (z'w")s, signifies inward interactions where #'<0 and w'<0,
denoting an event in which low-speed fluid moves toward the wall; and

iv) Q4, fourth-quadrant (u'w')s, signifies sweeps where »">0 and w'<0, denoting

an event in which low-speed fluid moves toward the wall.

In open channel flow, events in the second and fourth quadrants are important. Near the
wall, sweep events are more dominant, while farther from the wall, ejection events
become more significant. These events play a major role in generating Reynolds stresses

and maintaining the turbulent structures within the boundary layer.

2.15 Some of the notable works on bursting phenomena in open-channel

flow

Kline et al. (1967) were among the first to investigate the flow structure in a turbulent
boundary layer. Using a hydrogen bubble visualization technique, they revealed that the
near-bed region exhibits a highly complex structure, organizing into alternating, unsteady

patterns of high-speed (+«') and low-speed (—u') regions relative to the mean streamwise
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velocity. Fluid migrates laterally from areas of high speed to those of low speed. This
streaky structure in the boundary layer interacts with the outer flow through a sequence of

gradual outflow, lift-up, sudden oscillation, and eventual breakup.

Grass (1971) examined the structural characteristics of turbulent flow over both smooth
and rough beds. Near the boundary, he identified two distinct intermittent flow features:
sweep and ejection, present in both types of beds. Through conditional averaging, he
found that these events are strongly correlated with significant contributions to Reynolds

stress, which drives maximum turbulence production close to the boundary.

From their experimental results, Lu and Willmarth (1973) concluded that a burst occurs
when the streamwise velocity at the edge of the viscous sub-layer becomes low and
decreases, while a sweep happens when the streamwise velocity becomes high and
increases. Across the turbulent boundary layer, ejection events are the primary
contributors to Reynolds shear stress production, with sweep events being the second
largest contributors. They also determined the characteristic mean time intervals for
ejection and sweep events, finding that these intervals were approximately equal and

remained constant throughout most of the turbulent boundary layer.

Raupach (1981) investigated turbulent structures over smooth and rough surfaces under
zero pressure gradient conditions. Quadrant analysis revealed that sweep events dominate
stress generation near rough surfaces, with their relative contribution increasing both with
surface roughness and proximity to the surface. In the remaining portions of the inner and
outer layers, the flow adhered closely to established similarity laws concerning surface
roughness. Furthermore, the disparity between sweep and ejection events was found to be
closely associated with the third-order moments of the streamwise and vertical velocity
fluctuations throughout the flow field.

Cellino and Lemmim (2004) conducted an experiment under three different flow
conditions, measuring turbulent characteristics in both clear water and particle-laden
open channel flow with varying suspension concentrations. Quadrant analysis was
employed to examine turbulent features, focusing on conditional averages of velocity,
root mean square (RMS) values of streamwise and vertical fluctuations, and turbulent

kinetic energy (TKE) fluxes. Notably, quadrant-based averaging was applied only to the
30



Chapter 2: Background and Review of Literature

streamwise velocity, while total averages were used for the RMS values of the
streamwise and vertical fluctuations, as well as the TKE fluxes, to capture all bursting
events. The results revealed that ejection and sweep events are the most significant
contributors to sediment suspension and transport. In the near-bottom layer, ejections and
sweeps exhibited comparable influences, while across the remaining water depth,
ejections dominated the flow dynamics.

Balachandar and Bhuiyan (2007) investigated the influence of surface roughness on
higher-order velocity moments in turbulent open channel flow with pronounced bottom
roughness. They examined flow over two types of rough beds and compared the results to
those from a smooth open channel. Their study included the analysis of higher-order
velocity fluctuation moments, conditional statistics using quadrant analysis, and turbulent
kinetic energy production. The findings revealed that third-order moments were highly
sensitive to wall conditions, with significant effects observed throughout the flow depth.
Comparisons between rough and smooth beds indicated that the impact of bed roughness
extended beyond the near-bed region. The authors also highlighted that higher-order

moments provide valuable insights into the coherent structures within the flow.

Padhi et al. (2019) explicitly explore the contributions of bursting events to the total
turbulent characteristics in water-worked and screeded gravel bed flows. All bursting
events of turbulent characteristics have been computed using quadrant-based average.
Vertical profiles of turbulent bursting events and total turbulent quantity gives that within
the roughness layer sweep is the most dominating and give highest contributions to
produce the total turbulent quantities. Moreover, above the roughness layer ejection

governs the flow.

Dey et al. (2020) demonstrated the effectiveness of bursting events in flow over a series
of two-dimensional dunes. Quadrant-based turbulent characteristics namely streamwise
velocity, Reynolds shear and normal stresses and TKE fluxes has been analyzed
explicitly. Below the crest level of the dunes sweep dominates the flow whereas ejection

dominates and contributes most above the crest level in the remaining flow region.

Matsumoto et al. (2024) performed quadrant analysis of Reynolds Shear stress using total

averaged bursting events. According to a quadrant analysis of the conditional Reynolds
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stresses, the near-bed flow’s Reynolds shear stress production is primarily caused by
sweeps and ejections, while the sweeps acting as the governing event close to the bed

level.

However different researchers used different averaging methods to demonstrate the
bursting process using Quadrant analysis of turbulent quantities, although we assert that
conditional properties require a well-defined framework. For that, we introduce a
definition framework incorporating two averaging methods: total-averaging and
quadrant-averaging. Total-averaged quantities, which always use the total sample size in
the denominator, have the advantage that their sum across all four quadrants equals the
mean quantity before conditioning. However, they may not accurately capture the
dynamics within a specific quadrant, which could be more relevant for understanding
flow interactions with surrounding bodies. This limitation may encourage the use of

quadrant-averaged quantities.
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Chapter 3

Experimental Setup and Procedure

3.1 General

This chapter presents the experimental facilities in the Fluvial Mechanics Laboratory of
Physics and Applied Mathematics Unit (PAMU), Indian Statistical Institute, Kolkata,
India. A detailed description of the experimental setup, experimental design,

experimental procedure, and measurement techniques are discussed here.

3.2 Experimental facilities

All the experiments related to this research work were conducted in a hydraulic flume of
the Fluvial Mechanics Laboratory of Indian Statistical Institute, Kolkata. The flume
measured 20 m in length, 0.5 m in depth, and 0.5 m in width. To facilitate clear
visualization of the flow, the sidewalls were constructed from transparent Perspex sheets,
allowing for direct observation. Water was supplied to the flume using two high-power
centrifugal pumps. Flow rate monitoring and regulation were achieved using an
electromagnetic flow meter and a control valve, respectively. To minimize initial
disturbances caused by turbulence, waves, or external influences, a pair of honeycomb

structures was installed at the flume inlet.

3.2.1 Additional Attachments

An instrument carriage with a main unit and an auxiliary unit was used to mount the
instruments over the flume. The main unit spanned the flume and moved along two
parallel rails in the streamwise direction. The auxiliary unit, which held instruments like
the point gauge and Vectrino and others, could be adjusted across the flume. This setup
allowed the Vectrino to take measurements at different vertical, transverse, and

streamwise positions.
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3.3 Scheme of Experiments

The whole experimental programme was divided into two phases. At first, a number of
experiments were performed over a degraded bed made up of bimodal (a 1: 1 mixture of
two different sizes of uniformly graded) noncohesive sediments. The second set of
experiments was preformed over a degraded bed created by uniform grade of sediments.
The details of the experimental parameters are also presented in the respective chapters.

3.3.1 Uniform and Bimodal gravel

The Indian Standard sieves were used to prepare various sediment samples. To determine
the values of d;g and dgs of the sediment samples sieve analysis was perform using grain
size distribution curves. Here, dig and dgs represent the sediment sizes for which 16
percent and 84 percent of the sample, respectively, are finer. The degree of uniformity in
the particle size distribution of a sediment sample was assessed using the geometric
standard deviation oy, defined as (dga/d16)>° According to Dey and Raikar (2007), a
sediment sample is considered uniform if oy is less than 1.4. Based on this criterion,
uniform sediment samples were prepared. Similarly, for the bimodal bed, gravel with the

required dsp value was selected.

3.3.2 Final Preparation of Sample

All sediment samples were thoroughly washed to remove any greasy material, dust, or
other foreign particles. After cleaning, they were dried completely and carefully stored in

labeled containers for proper identification.

3.4 Method of Measurement
3.4.1 Discharge

The discharges were measured using two electromagnetic discharge meters. The
discharge meters are attached to the delivery pipe of the pumps. Total discharge capacity
of the pumps is approximately 0.25 m%s. The valves of the pumps can be regulated
manually to fix the discharge according to the requirement of the experiments. An

indirect measurement of discharge was also carried out by integrating the measured
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velocity distribution profiles along different vertical lines across the flume as a cross-

verification.

HIGH

DISCHARGE §
METER

Figure 3.2: Photograph of the electromagnetic discharge meter installed in the Fluvial
Mechanics Laboratory, Indian Statistical Institute, Kolkata, India.

3.4.2 Bed and Water Surface Levels

The bed and water surface levels were measured using a Vernier point gauge with an
accuracy of 0.1 mm. The gauge was mounted on an instrument carriage, allowing
movement in both the streamwise and transverse directions. Additionally, a transparent
graph sheet was affixed to one side of the glass panel in the data collection zone, enabling

water surface profiles to be visually recorded directly from the graph sheet.
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3.4.3 Velocity and Flow Field

A 5 cm downward-facing Acoustic Doppler Velocimeter (ADV) probe, Vectrino,
manufactured by Nortek, was employed to capture instantaneous velocity components.
This high-resolution acoustic velocimeter is widely used for measuring three-dimensional
(3D) water velocity in both laboratory and field applications. The instrument operated at
an acoustic frequency of 10 MHz with a sampling rate of 100 Hz, which could be
increased to 200 Hz. However, tests indicated that a 100 Hz sampling rate minimized
noise in the recorded signals.

The sampling volume of the Vectrino probe was cylindrical, with a 6 mm diameter and
an adjustable height ranging from 1 mm to 9.1 mm. The sensor system comprised one
transmitting transducer and four receiving transducers, with the addition of the fourth
receiver enhancing turbulence measurements and providing redundancy. As the
measurement volume was located 5 cm below the probe, the instrument's presence had
negligible influence on the recorded velocity data.

The Vectrino also featured an adjustable transmit pulse length ranging from 0.3 mm to
2.4 mm. Increasing the transmit pulse length improved the signal-to-noise ratio (SNR),
whereas a shorter pulse length was used near boundaries to reduce the sampling volume.
The processing module executed digital signal processing to determine Doppler shifts,
and the data acquisition software provided a real-time graphical and tabular display of the
measurements.

During the experiments, no external seeding was required, as the ambient particles in the
flow ensured that the SNR remained at or above 17. Uncertainty analyses were conducted
to assess the accuracy of the velocity data. Furthermore, velocity power spectra from
unfiltered Vectrino data confirmed that the measurements were free from spikes. The
lowest vertical resolution of the Vectrino measurements was 0.3 cm, with a minimum

sampling length of 1 mm.
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Figure 3.3: Vectrino probe in the flume at Fluvial Mechanics Laboratory, Indian
Statistical Institute, Kolkata, India.
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(b)

Figure 3.4: (a) Uniform (unimodal) fine sediment with dso = 0.25mm, (b) Gravel with
dso = 3.5mm in the flume at Fluvial Mechanics Laboratory, Indian Statistical Institute,
Kolkata, India.
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Chapter 4

Hydrodynamics of flow through a degraded channel bed

41 General

The work of the present chapter was devoted to the experimental study of turbulent flow

through a degraded channel-bed comprised of bimodal sediment.

The study of turbulent flow through natural rough-bed streams has remained a subject of
scientific interest for several decades due to its practical implications. These streambeds
typically consist of sand and gravel with varying sizes and shapes, creating a
heterogeneous near-bed environment. Natural erosional processes lead to the detachment
of bed particles, resulting in deformed surfaces known as degraded beds in the fields of
geology, hydraulics, and sediment transport. However, due to experimental limitations,
degraded sedimentary beds have received less attention compared to rigid beds. While
extensive experimental research has been conducted in recent years on sediment
entrainment thresholds, fixed and weakly mobile gravel beds, water-worked gravel beds,
dunal beds, and aggraded beds, relatively few studies have focused on the turbulent flow
characteristics over degraded channel beds. Given the complexity of natural streambeds,
a comprehensive understanding of flow dynamics requires studying beds composed of

bimodal or, more specifically, polymodal gravels.

The flow over mobile and degraded gravel beds is quite different from the rigid
sedimentary beds of uniformly graded sand or gravels. For instance, based on the rigid
and weakly mobile gravel bed experiments, Nikora and Goring (2000) observed that the
hydrodynamics of mobile granular beds are significantly different than those of rigid bed
streams. One of the most important findings of their study was the reduction of von
Kéarman constant due to bed mobility for the weakly mobile bed. Shvidchenko and
Pender (2001) experimentally studied the turbulent structures over mobile gravel beds
with different size of gravels. The experimental data showed that lift and drag forces

generated due to eddy motion of fluid is responsible for movement of fluid particles.
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Wilcock et al. (2001) measured transport rates of sediment particles during a laboratory
experiments on various sand and gravel mixtures. They also calculated the bed shear
stress for a bed of sand-gravel mixture. They observed that due to sand content, sediment
transport gets isolated by using the same gravel population. Based on the experiments
carried out over a bed of immobile coarse sediments feeded with fine sand, Grams and
Wilcock (2007) reported that the proportion of a gravel bed stream covered by the sand
strongly affects the amount of sediment transportation. Partial filling of grain interstices
were observed over a narrow range of flow and transport rates indicating a sharp
threshold between no interstitial sand storage and a sand-covered bed. The relationship
between bed coverage, transport rate, and bed shear stress were also observed. However,
in their studies the turbulent flow characteristics were not fully understood. Later, using
an acoustic Doppler velocimeter, Wren et al. (2011) studied turbulent flow field over an
immobile coarse gravel bed into which sand was added gradually. The additions of sand
over gravel-bed lead to remarkable changes in the bulk flow and turbulent characteristics.
It was evident from the experimental findings that because of changes in the rough nature
of the sedimentary bed, individual velocity profiles varied significantly. Also, an increase
in the elevation of sand layer relative to that of the gravel resulted in lowering the bed
shear stress and the Reynolds stress. They also observed the raising of the relative
turbulence intensity and a near-bed shift toward the sweep-dominated turbulence. Jain et
al. (2015) performed an experimental study on the turbulent flow over degraded bed
comprised of sand-gravel mixture. They observed that the Reynolds shear and normal
stresses attain their respective maximum values at the initial bed-level and their values
reduce as one moves towards the downstream along the degraded bed signifying the
weakening of vortex structure by bed degradation. The bursting analysis results suggest
that sweep and ejections are the most important bursting events in comparison to those of
inward and outward interactions. However, the study of turbulent flow over bimodal
degraded gravel beds are mainly confined within the flow characteristics like, velocity,
Reynolds shear and normal stresses, turbulent kinetic energy (TKE), etc. where there is
no precise information of the velocity structure functions, scaling laws of turbulence,
TKE budget, Reynolds stress anisotropy, etc. Note that such information is certainly

important parameters to have a precise understanding of the flow characteristics. The
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present problem is therefore aimed at to the following objectives: Comparing with the
flow properties like, velocity, Reynolds stresses, TKE, TKE fluxes with the existing

literatures and investigates other essential characteristics which are yet to be explored.

Turbulence characteristics such as scaling laws of turbulence, TKE dissipation rates,
length scales, and anisotropy can be understood more lucidly by applying the structure
functions method which was introduced and pioneered by Kolmogorov (1941a, b). The
method is in principle combination of some theories based on the energy spectrum and
second and third-order velocity structure functions (Kolmogorov and Obukhov 1941).
However, the structure function methods have been widely accepted in predicting the
dissipation rate of turbulent flow in open channel. It is important to mention here that
Kolmogorov (1941a, b) formulated his scaling theory of turbulence based on the second-
and third-order structure functions. Later, the theory of Kolmogorov was challenged by
several researchers (Landau, 1959) and therefore modified (Kolmogorov and Obukhov
1962) and extended beyond third-order (Anselmet et al. 1984, Boschung et al. 2017). In
this regard, it is important to admire some recent studies on open-channel turbulence. For
instance, Ferraro et al. (2016) conducted a laboratory experiment in a natural pebble-bed
channel and observed that the velocity power-spectra follow Kolmogorov’s 5/3rd power
law (1941a, b) which reveals the presence of inertial subrange. The experimental data
were also verified with Kolmogorov’s 4/5-law and Monin-Yaglom’s 4/3-law (Yaglom
1949, Monin and Yaglom 1975). TKE dissipation was estimated by using different laws
and they concluded that these scaling laws are best suited to estimate the value of
dissipation rate accurately. Kolmogorov’s 4/5-law was also used by Coscarella et al.
(2017) for a satisfactory estimation of & values for flow over a highly rough bed. Later,
Padhi et al. (2019) calculated TKE dissipation rate ¢ over water-worked and screeded
gravel bed using Particle Image Velocimetry (PIV) in laboratory experiments using the
spatial-averaging methodology. The second- and the third-order velocity structure
functions revealed the evidence of an inertial subrange where Kolmogorov’s 2/3rd and
4/5-laws were preserved for both the experimental conditions. They estimated the value
of & using Kolmogorov’s 2/3rd and 4/5-laws. Quite recently, Penna et al. (2020)

estimated the value of ¢ using Kolmogorov’s 4/5-law and Monin-Yaglom’s 4/3-law
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experimentally for flow over a water-worked gravel bed. The results of their study
showed that there can be differences in the values of & estimated by these Kolmogorov’s
4/5- and Monin-Yaglom’s 4/3-laws. The Reynolds stress anisotropy was also studied in
details using tensor analysis. Kurien et al. (2000) studied the variation of scaling
exponents for the anisotropic components of structure functions of high-order. The
scaling behaviour of high-order structure functions for a variety of turbulent flow was
observed by Water et al. (1999). Importantly, Coscarella et al. (2020) analyzed the
turbulence anisotropy based on second-order structure functions and anisotropy angle.
The scale-dependent anisotropy level was quantified based on high-order structure
function to examine the tendency of the system from large-scale anisotropy to small-scale
isotropy. However, the experimental setup of the present study is substantially different
from that of Padhi et al. (2019) and Penna et al. (2020). It is therefore well-understood
that there remains enough scope to understand the hydrodynamics of flow through
degraded channel beds with sand-gravel mixtures using the scaling laws of turbulence.
The present problem is therefore aimed at to observe scaling laws of turbulence, TKE
budget and Reynolds stress anisotropy along with the streamwise velocity, Reynolds
shear and normal stresses, TKE and fluxes, etc. It is pertinent to mention here that the
present study was confined within the third-order structure functions and its applications.

4.2 Description of experimentation

A total number of six experiments were performed in the Flume Laboratory of Indian
Statistical Institute, Kolkata, India. The laboratory is equipped with a hydraulic flume of
20 m long, 0.5 m wide and 0.5 m depth and a pair of centrifugal pumps to supply water
into the flume with a capacity of 0.25 m3/s. Its Perspex-made transparent side-walls ease
the visual observation of the flow. The flow rate can be observed and controlled by using
an electromagnetic flow meter and a regulatory valve, respectively. A6 m x 0.5 m x 0.5
m test section was fixed at a distance of 5 m from the entrance of the flume. To reduce
the initial disturbances created by turbulence, wave etc. a pair of honeycomb structures

were placed at the entrance of the flume inlet.
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At first, a bimodal sediment mixture was prepared by mixing uniformly graded natural
sand with a median diameter of dsp = 0.25 mm (uniformity coefficient og = 1.25 and
relative density s = 2.65, dgs and dis are the particle size at which 84 percent and 16
percent of the sediment particle were smaller) and gravel with a median diameter of Dso =
3.5mm (oq = 1.2 and s = 2.65) in equal proportions by weight. The sand-gravel mixture
was then spreaded on the floor of the flume to create a sedimentary bed 0.2 m thickness
with a predetermined slope. The bed surface was leveled from upstream to downstream
end of the test section maintaining a thickness of 0.2 m throughout and was measured
using a Vernier point gauge with an accuracy of = 1 mm. An approximately 10 hour time
was given each time to drench the sedimentary bed so as to make them void-free. Then
water was drained out and the bed level was checked again and the necessary adjustment
was made to maintain the required slope. Once the bed became fully saturated and bed
slope was ensured, the centrifugal pump was employed to supply water and the pre-

calculated discharge was applied to the bed to achieve the required flow depth.

Section | Section Il Vectrino Section I Point gauge

! ] Water-surface

Y4

Initial bed-level Solid apron

N N
Sand-gravel mixture Degraded bed-level

Figure 4.1: Schematic of the experimental arrangements in the Fluvial Mechanics

Laboratory, Indian Statistical Institute, Kolkata, India.

Two solid aprons each of 1 m length were used at the upstream and downstream of the
test sections. Measurements were taken after one hour since the bed reaches the

equilibrium condition. After completion of one run, the bed was removed, the mixture
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was again prepared and the bed was made ready for a new set of experiment. All the
experiments were conducted under shallow depths with aspect ratio b/h < 2 (where, b
refers the width of the channel and h is the flow depth above the bed-level before
detachment of the sediments measured by a Vernier point gauge). Figure 4.2 shows the
graphical presentation of the degraded bed profile in normalized form. In the figure, z* (=
z/d, where d is the maximum equilibrium depth of degradation) is the normalized vertical
distance, and x/L (L is the longitudinal distance between sections | and II) is the
normalized streamwise distance. Velocities were measured at three different sections for
each run. Section | was chosen at x/L < 0.4, whereas Section Il was located at x/L = 1,
and Section Il was at x/L >1.8. The location of sections | was at a streamwise distance of
more than 6 m from the entrance of the flume where the flow was observed to be fully
developed according to the velocity profiles measured at different steamwise locations
before starting the experimental runs. It was therefore assured that all the measurements
were taken within the fully-developed turbulent flow zones. As the experiments were
conducted under the shallow depth conditions, there was no side-wall effect in the

measurement. Figure 4.1 presents the schematic of the experimental set up.

A four-beam Vectrino velocimeter was used to collect instantaneous velocity components
in three dimensions, such as u (streamwise), v (lateral), and w (vertical) in the x, y, and z-
directions, respectively. A sampling duration t = 180 s was adequate to achieve the time-
independent averaged velocity components. The velocity fluctuations u’, v', and w' in X, ,
and z-directions were obtained by subtracting 0, vV, and W from the corresponding time-
averaged values u, v, w respectively. The Vectrino was operated with a data collecting
frequency of 100 Hz and an acoustic frequency of 10 MHz. The signal-noise ratio (SNR)
value was above 18 and the correlation coefficient was more than 70 which established
that sufficient care was taken in collecting the readings. For all the runs, the shear
Reynolds number R~ > 70 (R~ = u+Dso/v, where u= is the shear velocity and v is the
kinematic viscosity of water) indicated that experiments were conducted under
hydraulically rough bed conditions. Near the bed, at some locations data were
contaminated by the spikes which were filtered and replaced by using phase-space

thresholding method and by the median of the neighbouring samples, respectively as was
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suggested by Goring and Nikora (2002). However, in most of the cases, the unfiltered

data were used so that the natural turbulence properties were not destroyed.
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Figure 4.2: Degraded bed profile. In the figure, zero-line shows the initial bed level i.e.,
the level before the detachment took place

TABLE 4.1: Experimental parameters

Run

S o1 A W DN P

d50 (mm)

0.25
0.25
0.25
0.25
0.25
0.25

Dso (mm)

35
3.5
3.5
35
35
3.5

d (m)

0.09
0.082
0.098
0.04
0.076
0.082

h(m)

0.1
0.13
0.105
0.115
0.12
0.1

45

S

0.0035
0.004
0.0045
0.0033
0.0045
0.005

U
(m/s)

0.47
0.64
0.65
0.62

0.61
0.68

u=(m/s)

0.06
0.072
0.068
0.061
0.073

0.07

Time for
equilibrium
(hr)

12

12
10
10
12
12
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Figure 4.3: Velocity power spectra for Run 5, Section Il data at z+ = -0.75, -0.5, —0.25,
0, 0.25, and 0.5.
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4.3 Spectral analysis and validation of turbulent data

Figure 3 presents the velocity power spectra at Section Il for Run 5 at the vertical
distance z* = -0.75, -0.5, -0.25, 0, 0.25, and 0.5. In general, all the velocity power-
spectra shown here followed f->3-slope within the inertial subrange. It was observed from
the power spectra that they obey the relation Fu, > Fw > Fuw below the degraded bed-level
z" = 0. However, above z" = 0, the velocity power spectra follow Fu, ~ Fw > Fuw
indicating closer to the three-dimensional isotropy toward water-level. However, for a
clear understanding of anisotropy, the anisotropic invariant map and invariant functions
will be used later. Table 1 shows the details of the experimental parameters. The depth
averaged-velocity U for the runs were in the ranges of 0.48 to 0.68 m/s. The
corresponding Froude numbers F [= U/(gh)®®, g is the acceleration due to gravity] of the
experimental runs 1-6 were 0.5, 0.57, 0.64, 0.58, 0.56, 0.68 confirming that all the
experiments were conducted under subcritical conditions. The Reynolds numbers were R
[= 4 Uh/v] were 2 x 105, 3.3 x 105, 2.73 x 105, 2.85 x 105, 2.9 x 105, 2.72 x 105 for
Run 1, 2, 3,4, 5 and 6, respectively.

4.4 Time-averaged streamwise velocity

Figure 4.4 presents the vertical profiles of normalized time-averaged streamwise velocity
u* at sections I, Il, and Il for runs 1-6. Note that the time-averaged streamwise velocity
o was scaled by the shear velocity u= (i.e., u™ = T /ux) obtained from the slope of bed that
was measured before the detachment of the bed took place (i.e., u== (ghS)®®, S is the bed
slope) and the vertical distance z was scaled by the maximum equilibrium depth of

degradation d (i.e., z* = z/d) for a run.

It is quite evident from the experimental data that irrespective of the streamwise
locations, u™ starts with a small value near the bed which goes on increasing with increase
in the vertical distance until it attains the maximum value at z* ~ 0.6. Above z* = 0.6, u*
becomes almost invariant with depth. Above z* = 0, the profiles of u™ are almost similar at
different sections for a run except small differences in their values. Below z* = 0, there

are considerable differences in the values of u*. It was observed that except Run 1, the
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values of u” is the smallest at Section | than Sections Il and Ill below z* = 0 which
indicates that the maximum retardation in the streamwise velocity took place at the
upstream side of the maximum equilibrium depth of degradation. Interestingly, negative
streamwise velocity was found in the vicinity of the bed surface at Section | that clearly
signify the reversal of flow which may be a strong contribution to form vortex structure.
This is in conformity with the findings of Jain et al. (2015). However, no negative
streamwise velocity was observed in sections Il and Il although their values are very
small near the bed which indicates that no significant reversal flow took place as one

move towards downstream. It can therefore be concluded that the degradation has a

considerable impact in the streamwise velocity over a degraded bed.
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Figure 4.4: Vertical profiles of mormalized time-averaged streamwise velocity u* at

sections I, Il, and 11 for runs 1-6.
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45 Time-averaged Reynolds shear and normal stresses

The vertical distributions of normalized Reynolds shear stress (RSS) for different

locations under different experimental runs were depicted in the Figure 4.5. The

Reynolds shear stresses were scaled by square of the shear velocities (uw* = —pW/uf :

where —pW is the RSS and p is the mass density of fluid). In general, the normalized

RSS uw™ for an open channel flow follows the traditional gravity line of uw*-distribution
(i,e., uw" =1atz" =0and uw" = 0 at z" = 1) with permissible scatter in values occurred
due to the laboratory measurements. However, it is understood form Figure 4.5 that due
to the degradation in the bed, the RSS-profiles were shifted from the gravity line which
was more prominent at sections | and Il than Section Ill. Near the bed at Section I, the
RSS starts with a small value that goes on increasing with an increase in the vertical
distance until it attains the maximum value near z* ~ 0. Beyond that, uw" decreases with
increase in vertical distance. The RSS-profile for Section Il is almost similar to that of
Section | with difference in values. On the other hand, the RSS-profile for Section Il is
quite different from that of sections | and Il. At Section II, uw* starts with a value that
increases very little with an increase in the vertical distance and attains the maximum
value at z* ~ 0 and above that uw™ decreases with increase in z*. However, the maximum
value of uw* was found around z* ~ 0 irrespective of the sections and runs. In this regard,
it is important to mention that Jain et al. (2015) also found similar profiles of RSS. For
some cases it was at the bed-level and for some cases it was slightly below the bed-level.
However, the uw* in the present study is quite different from that of Jain et al. (2015).
The differences in the values of uw* are attributed to the differences in values of shear
velocities and the bed roughness. The amplification in the RSS-values signifies maximum
turbulent mixing at the bed level before start of detachment. It was also observed that as
one move further downstream from the maximum degraded depth, the RSS decreases
throughout the depth. Interestingly, the magnitude of RSS attains maximum value at
Section I than that of sections Il and 111 indicating more prominent vortex structure at the
upstream of the degraded bed which then reduce as one move towards the downstream

direction indicating the weakening of the vortex structure along the degraded bed.
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The Reynolds normal stresses (RNS) in streamwise, lateral and vertical directions are

calculated by ow = —pu'u’, ow =—pVV' and oww = —pW'W', respectively. The normalized

+

form of ow, ow, and ow are: o, o., o, = (ow, ow, cw)l/(pu’). The vertical

uu ? w

distributions of o

uu ?

o, , and o, at different locations are shown in Figure 4.6 — 4.8.

The overall behavior of o

oy On,and o, aresimilari.e., o, >0, > o,, irrespective of
the experimental runs and locations. They start with a lower value in the vicinity of the
bed that increases with an increase in the vertical distance until attains the maximum
value at the bed-level or slightly below the initial bed-levels. The reason behind this is
that the maximum turbulent mixing takes place at this level. However, below and above
this level, their values decrease, although for runs 5 and 6 the peak value occurs slightly
below the bed-level showing the effect of intense turbulent mixing even slightly below
the bed-level. However, below further downward, the effect of turbulent mixing reduces

and values of fluctuations in the velocity components decrease that dampens the values of
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the o

uu ?

o,,, and o, . Moreover, for an isotropic turbulence, the value of o, /o, is
unity whereas, for the anisotropy of the turbulence o, /o, is less than unity. According
to the figures 4.6 and 4.7, the basic trend of o, /o, indicates that the turbulence is

strongly anisotropic in nature as o,, /o, < 1 irrespective of experimental runs and

locations.

4.6  Turbulent kinetic energy

Figure 4.9 shows the vertical distributions of normalized turbulent kinetic energy (TKE)
at different locations for runs 1 — 6. The TKE is defined as the mean kinetic energy per
unit mass of fluid associated with the eddies in a turbulent flow and calculated by
summing up half of the three-dimensional RNS components as

k=05(uu’+ vv' + ww') (4.1)
where, u'u’, v'v' and w'w' are the RNS in the streamwise, lateral and vertical directions,

respectively. The normalized TKE is calculated by k* = k/u’. It is quite predictable from

the RNS-profiles that in the vicinity of the degraded bed, the turbulent kinetic energy
starts from a smaller value which increases with an increase in the vertical distance and
attains the peak value on or slightly below z* = 0 signifying the maximum turbulent
mixing at the initial bed level. Above z* = 0, the k¥ decreases with an increase in the
vertical distance. This is the general tendency of the TKE-profiles irrespective of the
streamwise location along the degraded bed. Interestingly, the peak value of k* at section
| is more than that of the values at sections Il and I11. It can therefore be concluded that as
one moves downstream, the peak value of k™ decreases and at section 111 the k* decreases
for throughout the depth. The turbulent kinetic energy is indeed responsible to detach the
bed particles from the bed and its effect minimizes as the bed starts to be free from

detachment of the particles.
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Figure 4.9: Vertical profiles of normalized turbulent kinetic energy k* at sections I, 11,

and 111 for runs 1-6.

4.7  Turbulent kinetic energy fluxes

Figure 4.10 shows the vertical distributions of normalized streamwise and vertical TKE
fluxes, Fxs and Fww, respectively. The TKE fluxes are calculated from the third-order
moments of velocity fluctuations. The streamwise TKE flux, fw is calculated by the
equation:

fru=05(u” + UV + u'w’) (4.2)
and the vertical TKE flux, fiw is calculated by the equation:

fiw = 0.5(0" "W + VW + W) (4.3)
and normalized as Fx and Fuw (i.e., Fin = fiw/uland Fw = fu/ul), respectively. It is
understood from the equations of fx, and fkw that the positive values of Fyu indicate the
streamwise TKE flux transport towards the downstream whereas; negative values of Fyy

indicate the streamwise TKE flux transport towards the upstream. Also, the positive

values of Fw indicate the vertical TKE flux in the upward direction and the negative
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values of Fyy indicate the vertical TKE flux in the downward direction. Most importantly,
the TKE fluxes give an indication of the predominance of turbulent bursting events (Lu

and Willmarth 1973) due to their sign conventions.
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Figure 4.10: Variations of normalized streamwise and vertical turbulent kinetic energy
fluxes Fxu and Fxw with normalized vertical distance z* at different locations. Data were
shown from Run 3 and Run 5.
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The +u’ that makes positive Fx, and —w’ that makes negative Fxw together gives the
indication of the predominance of the sweep events in the vicinity of degraded bed. On
the contrary, —u’ that makes negative Fx, and +w’ that makes positive Fiw together give
rise to the ejection events that were observed with an increase in the vertical distance.
The present findings are in confirmation with Jain et al. (2015) who also observed that
sweep is predominating in the near-bed and above that ejection is predominating,
whereas inward (+u’, +w’ ) and outward interactions (—u’, —w’ ) are the least important

events throughout the vertical distance.

It is evident from the figures that although the values of Fy, and Fiw are different at
different locations, their overall behaviors are similar above z* = 0.2 for both the runs.
However, below z* = 0.2, the enhancement in the values of Fi, and Fiw was noticed. The
values of Fy, and Fyware in comparison with Dey et al. (2012), Dey et al. (2011), Bigillon
et al. (2006) and Mignot et al. (2009). The experimental data of Lépez and Garcia (1999),
Hurther and Lemmin (2000), and Bigillon et al. (2006) showed that irrespective of the
roughness of the bed Fiw ~ 0.3 within 0.2 < z* < 0.5 at large Reynolds numbers. For the
flow regions other than 0.2 < z* < 0.5, the Fxw decreases both towards the bed and towards
the free-surface. Mignot et al. (2011) also found that above the crest level of the gravel-
bed, Fw = 0.7 and Fww = 0.2-0.3. According to Bigillon et al.(2006), the values of Fiw
may vary depending upon the bed roughness and Reynolds numbers, whereas Mignot et
al. (2011) believes that the disparity of the Fx, and Fiw is due to the normalizing
parameter (u=) that is used to scale the fxu and fiw. In addition, Sarkar and Dey (2011)
argued that due to the changes in the bed roughness, Fxy, and Fxw can vary significantly.
However, the values of Fxy, and Fw in the present study is more than that of the values of
Lopez and Garcia (1999), Hurther and Lemmin (2000), and Bigillon et al. (2006), and
Mignot et al. (2009) which suggests that degradation of the sedimentary bed is also
responsible to get amplified values of Fix, and Fiw.

4.8 Scaling in turbulence

In the energy cascading process, scaling of turbulence is one of the most fascinating

aspects in characterizing open channel flow which can more perfectly be understood by
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using the structure functions analysis. Since the pioneering work of Kolmogorov (1941a,
b) which is popularly termed as K41, structure function analysis has been extensively

used to predict the scaling behaviour in turbulent flow.

The general form of structure functions of any order can be written as:

Sp(r) = ((U(X + 1) = u(x))°), (4.4)
for any p> 0, where X, X + r are points in a turbulent flow field, u is the component of the
velocity in the direction of r, r is the length |r| of r, and the angle brackets denote an
average. However, due to the measuring limitations of the velocity measuring methods by

ADV, it was necessary to transform the time lags into spatial increment r using the

Taylor hypothesis i.e., r(x, z) = |U(x, z) |At, where At is the time lag.

4.9 Taylor hypothesis and Taylors Coefficient

As in the present study, the time lag was transformed into the spatial increment following
the Taylor frozen-in hypothesis, it was important to verify its validity. To this end, the
relation that should be satisfied for the Taylor approximation is 27, kE(k,z) << T(z). It

was therefore required to estimate the energy spectra Ey with respect to the wave number

k. While performing so, the energy spectra Eu(f, x) was estimated applying the discrete

fast Fourier transform of the autocorrelation functions Ru(x, At) = u’(x,t+At)u’(x,t) of

the streamwise velocity and plotted them on a frequency f-scale (as shown in Figure 4.2) ,
with a resolution frequency defined by Fs/n, where n is the total number of samples
captured for a sampling duration and Fs is the sampling frequency. Once the Ey(f, x) was
estimated, they were transformed into Eu(k, X) by using k = f/T according to the Taylor
hypothesis. The energy spectra Ey(k, X) are in agreement with Kolmogorov’s 5/3-law
where the Eu(k, X) follow k™>3-slope within the inertial subrange. The energy spectra Eu(k,
X); and the graphical verification of the Taylor hypothesis taken at different vertical

distances of Section Il of Run 5 are shown below:
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Figure 4.11: Energy spectra Ey(k) (using Taylor hypothesis) at different normalized
vertical distance z* = —-0.85, —0.75, —0.5, —0.25, 0, 0.25, and 0.5. Data were shown from
Section Il of Run 5.

It is evident from Figure 4.11 that the Taylor coefficient 2zKE(K,z) ;T (z) = w(k, 2)

close to the degraded bed, in the injection region (or rough region) of small-scale
turbulence, the Taylor hypothesis is partially violated which was also observed by
Ferraro et al. (2016) in the vicinity of the pebble bed. In fact, Penna et al. (2020) and
Ferraro et al. (2016) truly pointed out that it is not uncommon to be violated the Taylor
hypothesis in some cases, for example, wall-bounded flow and in the vicinity of the
permeable pebble bed flow. In the present problem, the main reason for such thing may

be due to the fact that U(z) -values are very small in the vicinity of the degraded bed as

shown in figure 4.12.

58



Chapter 4: Hydrodynamics of flow through a degraded channel bed
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Figure 4.12: Taylor coefficient y(k, z*) as a function of k at normalized vertical distance
z" =-0.85, -0.75, -0.5, -0.25, 0, 0.25, and 0.5. Data were shown from Section Il of Run
5.

410 Second-order structure functions

Figure 4.13 presents the variations of second-order velocity structure function with time
lag at different sections I, Il, and 11 at different vertical distances for Run 3 and 5. It is

important to note that the Au? is presented here with respect to time lag which is different

from that of Padhi et al. (2018) because of taking the advantage of showing them on a
same horizontal axis. A careful observation of R data reveals that the R follows the

2/3-law within the shorter span of time lags. Interestingly, for Section I, the Au? follows
2/3-slope for a shorter time lags than those for Section Il and I1l. The possible reason for
this is that due to the initialisation of the degrading, the second-order structure function
losses its validity with 2/3-slope and the length of inertial subrange decreases. However,
as the streamwise distance increases the length of inertial subrange increases and the

second-order structure function follows the 2/3-slope for a longer span of time lags. It
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was also observed that in the vicinity of the bed, the second-order structure function
follows 2/3-slope for a shorter span of time lags than the depths above z* = —0.75.

However, at higher values of time lags, the significance of the second-order structure

function is lost and
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Figure 4.13: Variations of second-order velocity structure function with time lag at

sections I, I, and 11 at different vertical distances. Data of runs 3 and 5 are presented.

Au® becomes almost asymptotic. However, there were no significant changes of the Au?

-profiles for other runs and therefore data were plotted here for Runs 3 and 5 only.

4.11 Third-order structure functions
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Figure 4.14 presents the variations of third-order velocity structure function with time lag
at different sections I, I, and 1l at different vertical distances. Data were plotted with
respect to time-lag to show them on a same horizontal axis. The general observation of
the plots are that within a shorter span of time-lag, the third-order statistics follow
Kolmogorov’s 4/5-law and losses its significance at a higher values of time lags.
Interestingly, in the vicinity of the bed for Section I, the third-order structure functions
stops following 4/5-slope than sections Il and Il which suggests that the third-order
statistics are influenced by the degradation of the bed. In addition, the near-bed third-
order structure functions losses its validity with the slope for a shorter time lag than that
for the remaining depth of the flow. It is pertinent to mention here that Padhi et al. (2018)
also observed the similar behavior at near-bed zone for screeded gravel beds. However, a
direct comparison between the present work and Padhi et al. (2018) is not done here

because Padhi et al. (2018) have presented the nondimensional values of Au® with respect
to nondiemensional separation distance which were calculated from the measuring
locations on the bed, whereas in the present study the separation distance was
approximated by multiplying the time-lag with the point-averaged streamwise velocity.

412 Mixed third-order structure functions

The velocity data were further processed for mixed third-order structure function which is

expressed as Au[(Au)? + (Av)? + (Aw)?] is shown in Figure 4.15. Like the second- and

third-order structure functions, mixed third-order structure functions follow 4/3-solpe for
quite a shorter time-lag span in the vicinity of the bed. However, as the time lag
increases, the mixed third-order structure function shows less validity with 4/3-slope.
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Figure 4.14: Variations of third-order velocity structure function with time lag at

sections I, I, and 111 at different vertical distances. Data of runs 3 and 5 are presented.
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Figure 4.15: Variations of third-order mixed structure function with time lag at sections

I, 11, and Il at different vertical distances. Data of runs 3 and 5 are presented.

4.13

Monin-Yaglom 4/3-law

Estimation of TKE dissipation rate with Kolmogorov 4/5-law and

One of the most important applications of structure functions is the estimation of the

turbulent Kinetic energy dissipation rate . According to the literature, there are several

methods to estimate the TKE dissipation rate.

For instance, according to Irwin (1973) and Krogstad and Antonia (1999), the £ may be

calculated from the equation:

&= (150/u%) (u'/ )
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where v is the kinematic viscosity of water and u’ is the fluctuation of the time-averaged

streamwise velocity component.

The & can also be estimated from the velocity power spectra using the Kolmogorov’s

5/3rd power law (Kolmogorov 1941) based on the expression

E(kw) = C167kw >3, (4.6)
where E(kw) represents one-dimensional energy spectrum, C: and kw represent the
Kolmogorov constant and wave number of the eddies (271, | = size of the eddies),
respectively (Zhu et al. (2006), Wan et al. (2010), Singh et al. (2014), Sarkar et al.
(2016), Han et al. (2017), etc.). However, the value of £ obtained from 5/3rd power law is

biased by the value of Kolmogorov universal constant C: that varies from 1.5 to 2.

It is important to mention here since Kolmogorov’s pioneering work, it has been
modified by Kolmogorov and several researchers. Kolmogorov (1962) and Padhi et al.
(2018) suggested that second-order structure function could be more useful in estimating
the & value which is analogous to Kolmogorov’s 2/3rd law where the ¢ is estimated from
the second-order structure function that follows 2/3-line within the inertial subrange.
However, the £ may also be biased by the universal constant used in the equation:

(&) = (1r) ((AuYY/C2)*?, 4.7
where C is an universal constant value of which is 2.12 (Sreenivasan 2019).

For large Reynolds number, Kolmogorov derived 4/5-law using the von Karman-

Howarth equation (Ferraro et al. 2016) which is written as:
(AU®Y = (-5/4(&)r), (4.8)

where (A_uS> represents third-order streamwise velocity structure function. Using this
equation, the & can be estimated more accurately for flow with high Reynolds number.

The third-order structure functions can be plotted in a log-log scale and the values of ¢
can be estimated from a constant value of (-5/4r) (A_u3> in the inertial subrange.

In the present study, third-order and mixed third-order structure functions were used to

estimate the & It is important to note that the angle bracket () used here is to show the
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results with respect to spatial increment. According to figure 4.16, the r versus (-5/4r)
A_u3> presents the value of &where the (-5/4r) <A_u3> has nearly a constant value within r

< 0.1 m signifying the length of inertial subrange. Beyond that, the (-5/4r) (A_u3>
decrease and do not follow any constant value any more. In the figure 4.14, Section 1l
data of Run 5 have presented only as it was experienced that for other runs and sections
also they follow the same trend with different values. However, at the near-bed the (-
5/4r) (E}values are little bit inconsistent than those of the remaining vertical

distances.

The & can also be estimated from the third-order mixed structure function also known as
Monin-Yaglom’s 4/3-law (Karman and Howarth 1938, Antonia et al. 1997). From third-

order mixed structure function, ¢ can be calculated from the equation

(&) = (-4/3r) { AU[(AU)? + (AV)” + (AW)°]), (4.9)

considering that the third-order mixed structure function follows 4/3-slope within the
inertial subrange located within r < 0.7 m. However, Monin—Yaglom’s 4/3-law is based
on the assumption of isotropic turbulence at low Reynolds number. The procedure of
estimating the value of (&) using Monin-Yaglom’s 4/3-law is as same as that using the

third-order structure function.
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Figure 4.16: Kolmogorov’s 4/5-law at different vertical distances z* = -0.75, -0.5, -0.25,
0, 0.25 and 0.5. Section Il data of Run 5 are presented.
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Figure 4.17: Monin-Yaglom’s 4/3-law at different vertical distances z* = -0.75, -0.5, —
0.25, 0, 0.25 and 0.5. Section Il data of Run 5 are presented.

The (¢) estimated from Monin-Yaglom’s 4/3-law gives lesser value (0.65 to 0.75 times
that of Kolmogorov’s 4/5-law). The discrepancies in the values of ¢ are due to the fact
that the Kolmogorov’s 4/5-law is based on the assumptions of flow to be anisotropic in
nature for high Reynolds numbers, whereas the Monin-Yaglom’s 4/3-law is based
isotropic turbulence at low Reynolds number. However, for flow over plane rough-bed
and water-worked gravel beds, Ferraro et al. (2016) and Penna et al. (2020) also
experienced the similar discrepancies in the values of (g). However, in the cases stated
earlier, the discrepancies were more than that of the present study that may be due to the

differences in flow and bed conditions. However, Penna et al. (2020) concluded that the

due to the anisotropic turbulence at large scales, o,, > o,, > o,, Was observed that was
responsible to give lesser values of (&) based on Monin-Yaglom’s 4/3-law.

The third-order structure functions and the mixed structure functions data were compared

and shown in figure 4.18. It was found that the third-order structure function data are
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higher than that of the mixed structure function below the initial bed level. However,
above the bed-level, their differences are less. Below the bed-level, the values of & from
third-order structure functions are approximately 0.75 times of the values from mixed
structure functions. However, for the remaining part, the (&) estimated from the third-
order structure functions were used as it was suggested by Penna et al. (2020) that for an
anisotropic data, the third-order structure function is more appropriate than the mixed
structure function. However, the near-bed and above z* = 0.2, the data becomes isotropic
in nature and therefore the third-order and mixed structure function both are valid.

However, the anisotropy will be discussed in details afterwards.
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Figure 4.18: Comparison the (¢)-values estimated from the third-order mixed structure
function and mixed structure function. Data of Run 3 and Run 5 at section Il are

presented.

4.14  Turbulent kinetic energy budget

Turbulent Kkinetic energy budget includes different energy terms and their balance in a
turbulent fluid flow. These energy terms are: the turbulent production tp, the turbulent
dissipation &, turbulent energy diffusion tp, pressure energy diffusion pp and viscous
diffusion. For a uniform two-dimensional open-channel flow, TKE budget is calculated
by Nezu and Nakagawa (1938) written as
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ty = &+ (Ofnl02) + (110)(0 p'W 162) — (0k/6Z%) (4.10)

According to Nezu and Nakagawa (1938), in turbulent energy budget, tr is calculated
from the Reynolds shear stress and velocity gradient in vertical directions as tp = —u'w’
(ouloz). In TKE budget of the present study, the TKE dissipation rate ¢ estimated from
third-order structure functions (g) was used. The turbulent energy diffusion tp is

calculated from the formula: ofww/0z, where fw vertical flux of TKE.
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Figure 4.19: Vertical distribution of Tp, Ep, Tp and Pp. Data are shown here for runs 3
and 5 at sections I, 11, and I11.

The viscous diffusion term vp was estimated from —u(6%k/0z%). The pressure energy
diffusion may be estimated from pp = o( p'W'/ p )/oz, where p’ is the pressure fluctuation.

However, in the present study it was not feasible to measure the p’ and therefore it was
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calculated from the balancing equation of the TKE budget. Importantly, for all the
measuring locations, the viscous diffusion vp was negligibly small as found in the open
channel turbulence. The pressure energy diffusion pp is thus obtained from the energy

budget relationship, as an unknown, as pp = tp — ¢ — to. The normalized form of these
parameters are expressed as Tp, Ep, To, Po = (tp, &, to, pp) x (d/u’). The TKE budget at

sections I, 11 and 1l for Runs 3 and 5 are shown in Figure 4.19. It was observed from the
figure that below z* = 0, over the degraded bed show that at Sections | and Il, Ep is
greater than Te and Tp which continues till z* ~ 0 where Tp and Ep crosses each other.
Above this level, Tp is more than all other TKE budget parameters for the remaining
depths. Importantly, above z* ~ 0, the values of Tp decrease with increase in depth and
attain the lowest value slightly above z* ~ 0.3. Beyond that, the Tp becomes very low and
almost invariant with respect to depth. The profile of TKE budget at Section Il is almost
similar to that of Section I. However, TKE budget at Section Ill is quite different in
which throughout the depth Tp maintains the maximum values than the remaining terms,
whereas Pp is significantly small throughout the depth which is very common for flow

over plane rough bed.

4.15 Reynolds stress anisotropy

Reynolds stress anisotropy tensor introduced by Rotta (1951) is one of the preeminent
tools to examine the degree and nature of turbulence anisotropy, and fully developed in
hydraulics by Lumley and Newman (1977). Since the work of Lumley and Newman
(1977), Reynolds stress anisotropy has become an important aspect to explain the
turbulent flow characteristics (Banerjee et al. (2007), Frohnapfel et al. (2007), Sarkar and
Dey (2015), Sarkar and Dey (2015), Dey et al. (2019) , Sarkar et al. (2019), and Penna et
al. (2020) ). The main advantage of the tensor anisotropy analysis is that it does not
require any additional or external component to normalize the turbulent parameters but it

gives a complete idea of the turbulent flow characteristics in the form of anisotropy.

Based on the directions in tensor coordinate systems, the Reynolds stress anisotropy
tensor aik can be defined according to Rotta (1951) as
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ot 2
& = U;Uy _gqé}k ' (4.11)

where q is the average turbulent kinetic energy (uui /2) and & is the Kronecker delta

function, the value of whichisOifi=k, or1ifi=k.
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Figure 4.20: AIM for runs 3 and 5 at section I, 11, and 111 are presented.

The anisotropy tensor then normalized by the turbulent kinetic energy q as

by, = 2—(; — U] /(26) — (Sul3) (4.12)

Each term of bik is symmetric and traceless tensor and their values ranges from —1/3 to
2/3. The anisotropy of turbulence can be estimated and described by using a cross-plot of
two principal independent invariants Il (= — bikbik/2) and I11 (= bijbjkbki/3). The cross-plot
is termed Anisotropic invariant map (AIM), in which —II represents the degree and Il
represents the nature of anisotropy. The AIM forms a triangle known as Lumley triangle.
The triangle has three limiting states that define the boundaries of the map. In the map, —

I1 =111 = 0 belongs to the bottom cusp represents the 3D isotropic turbulence also called
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as 3-component limit (3C). All other locations within the triangle represent anisotropic
turbulence. The 1-component limit (1C) indicates a rod like or cigar shape turbulence,
whereas the left curved boundary represents 2-component limit (2C) and referred to as
pancake turbulence.

Figure 4.20 presents AIM at different locations for runs 3 and 5 data. It was observed that
near the bed, the anisotropy tends to reduce to 2D isotropy as data plots move toward the
left-curved boundary. With increase in the vertical distances, data plots show a tendency
to move toward bottom cusp signifying three-dimensional isotropy. It is important to
mention here that Sarkar et al. (2019) also observed that turbulence at far downstream of
a bluff-body starts from two-dimensional isotropy and with increase in vertical distance;

turbulence has a tendency to reduce to three-dimensional isotropy.

Use of the invariant function F is another easy and satisfactory method to determine the

state of turbulence: whether it is two- or three-dimensional and is calculated as
F=1+09ll+271ll (4.13)

The value of F = 0 for two-dimensional turbulence and F = 1 for a three-dimensional

isotropic state.
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Figure 4.21: Vertical distribution of Invariant function F for Run 3 and Run 5 at Section

I, I1, and 11 are presented.

Figure 4.21 shows the distribution of F with flow depths. Near the bed at section I, F
starts with values in the ranges of 0.3-0.45 which increases with z* and again decreases
from z* ~ —0.4 and attains the lowest value at z* ~ 0. Beyond that F increases and at z* ~
0.4, F becomes almost invariant with z*. The profile is almost same for F of Section II.

However, at Section Ill, value of F starts from 0.3 which increases with z* until attains
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the maximum value at z* = 0.3. After that F becomes invariant with z*. However, below
Z" = 0, the value of F for all the cases evidences that the anisotropy starts from the two-
dimensional state and with increase in depth they show an affinity to follow a three-
dimensional isotropic state.

4.12 Concluding remarks

This paper presents experimental findings for flow over a degraded bed made up of sand-
gravel mixture. Data were analyzed to observe time-averaged streamwise velocity,
Reynolds shear and normal stresses, TKE, TKE fluxes, TKE budget and Reynolds stress
anisotropy, etc. The streamwise velocity indicated that the degradation has a considerable
impact in the streamwise velocity over a degraded bed. A reversal flow takes place in the
vicinity of the degraded bed whereas above the initial bed level, streamwise velocity does
not show any significant changes. The Reynolds shear and normal stresses attain
maximum value around the initial bed-level, whereas their values decrease with an
increase and decrease in vertical distances. Near the bed, the streamwise TKE flux
becomes positive and the vertical TKE flux becomes negative which indicate the sweep
as the governing event in the vicinity of the degraded bed; whereas ejection is
predominating throughout the depth of the flow. Second-, third-, and mixed third-order
velocity structure function indicate the existence of inertial subrange for lower values of
time lags irrespective of the measuring sections. However, their values decrease with
increase in the vertical distances. Data were further analyzed to estimate the turbulent
kinetic energy dissipation rate using the third-order and mixed third-order statistics of
turbulence. The estimated results were used to observe TKE budget. Below the initial
bed-level, the value of turbulent production is more than the turbulent kinetic energy
dissipation and TKE diffusion; whereas pressure energy diffusion is negative throughout
the depth at the maximum degraded bed location. The anisotropy analysis suggested
anisotropic turbulence in the near-bed which tends to become three-dimensional isotropic
towards the free water-surface. However, the effect of bed-degradation lowers as one
move towards further downstream from the maximum depth of degradation. The present
study was exclusively confined within the third-order structure functions and its

applications. High-order structure functions and scaling exponents may be explored for
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similar kind of experimental setup in future. As future scope, turbulent flow
characteristics over a degraded bed can be examined over a bimodal gravel-bed under
wave-current interactions. Data of the present study may also be useful to simulate the
turbulent flow through a bimodal scoured bed.
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Chapter 5

High-order Structure functions of turbulence through a
degraded channel bed

51 General

So far, the fundamental turbulence characteristics over a bimodal degraded channel-bed
were studied in Chapter 4 where the bed was made up of bimodal type of sediment.
Several turbulence characteristics, like TKE dissipation rates, scaling laws of turbulence
in open-channel and TKE budget were estimated using the structure functions data up to
3" order. However, the structure functions have several applications in turbulent flow
study. Therefore, the study was further extended for high-order structure functions.
Moreover, it was assumed that the turbulence properties may be different if the
characteristics can be observed for uniform as well as bimodal gravel bed under degraded
conditions. In view of addressing the above-mentioned parameters, in the present chapter
the high-order structure functions were applied over the uniform and degraded channel-
bed.

The flows within natural stream beds that contain different types of sediment particles,
from fine sand to larger coarse gravel and mixtures of both, are characterized by the
transport of sediments and the flow of water they carry. Based on particle size, stream
beds are generally classified as either sand beds or gravel beds. However, there is also a
third type, called bimodal, which contains a mix of both sand and gravel in significant
amounts (Smith, 1996). Due to the sediment transport occurring in streams, the bed
particles detach which eventually deform the natural sediment bed and convert it to
degraded-, aggraded-, and scoured-beds, etc. The bed degradation is in principle a result
of the bed erosion or localized scouring, whereas the bed aggradation is the opposite
phenomenon occurred due to the sediment deposition in a natural stream bed. It is
therefore imperative to gain a proper understanding of flow through degraded channel-
beds to solve various problems on bank erosion, sedimentation, river morphology, and so

on. Bed degradation in open channel flow also involves the safety of hydraulic structures
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like apron downstream of a sluice gate and energy dissipater, bridge piers, spur dikes and
abutments, etc. (Dey and Sarkar 2006). In view of this, in recent years, a significant
number of research works have been carried out in open-channel flow to understand the
turbulence behavior under different flow and sedimentary bed conditions. For instance,
turbulent flow over armored gravel bed, mobile bed, water-worked bed, aggraded bed,
scoured bed, bedforms, etc. have been studied extensively during last few decades.
However, the flow through a uniform and bimodal degraded bed has not been paid
enough attention in comparison to that of others. Although a number of attempts have
been made on this topic in recent years by several researchers like Shvidchenko and
Pender (2001), Wilcock et al. (2001), Grams and Wilcock (2007), Wren et al. (2011),
Jain et al. (2015), and Pandey et al. (2019) on various parameters of flow through
uniform and bimodal bed, there remain some more issues to execute. In this context, it is
important to note that Shvidchenko and Pender (2001) studied the turbulent flow over
heterogeneous gravel mobile beds and observed that lift and drag forces generated due to
the eddy motion of fluid is responsible for the movement of fluid particles. In a
laboratory experiment on flow over various sand-gravel mixtures, Wilcock et al. (2001)
estimated transport rates of sediment particles and the bed shear stress. In another
experimental study for flow over immobile coarse sediments feeded with fine sand,
Grams and Wilcock (2007) observed the effect of addition of sand over a gravel bed.
Based on the experimental data, they established relationship among the bed coverage,
transport rate, and bed shear stress, etc. Later, Wren et al. (2011) studied turbulent flow
over an immobile coarse gravel bed and found significant changes in the turbulence
characteristics when the bed is subjected to a gradual addition of sand. Jain et al. (2015)
performed an experimental study to understand the flow characteristics like streamwise
velocity, Reynolds shear and normal stresses and bursting events for flow over a
degraded channel bed and found considerable changes of all these turbulence parameters
particularly in the vicinity of the degraded bed. In the work of scouring around spur dike
in sand-gravel mixture bed, Pandey et al. (2019) pointed out that the rivers in upper
reaches or hilly streams are mainly composed of different sediment mixtures or non-
uniform sediments, whereas the uniform sediments are generally found in rivers in lower

reaches. Significantly, Sarkar et al. (2021) studied the hydrodynamics of flow through a
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degraded channel bed experimentally. It was evident from the results that the streamwise
velocity, Reynolds shear and normal stresses, turbulent kinetic energy (TKE), TKE
dissipation rates, and Reynolds stress anisotropy change significantly due to the bed
degradation. All the above-mentioned turbulence parameters show maximum amendment
at the utmost equilibrium depth of the degradation. Streamwise and mixed structure
functions up to third-order were studied in detail along with the related scaling laws of
turbulence. Notably, the study of Sarkar et al. (2021) was confined up to third-order
structure functions and there was no information about scaling exponents obtained from
higher order structure functions. However, some recent works in fluvial hydrodynamics
suggest that due to the differences in the bed profiles, the scaling exponents based on
higher order structure functions change extensively from the predicted values,

particularly in the near-bed flow zone (Penna et al. 2022).

The estimation of scaling exponents in open-channel turbulence is in principle based on
the scaling theory introduced by Kolmogorov (1941a, b) that is popularly called as K41
and their extension to higher order structure functions. In the introductory works of
Kolmogorov, the structure functions were confined up to second- and third-order which
was used by several researchers to understand the laws of turbulence quite successfully.
The laws are known as two-third power law and four-fifths power law based on the
second and third-order structure functions of single-component velocity fluctuations.
Later, the scaling theory was modified for mixed third-order (Monin -Yaglom 1975, Frish
1995) which is known as four-third laws of turbulence. However, the structure functions
methodology remains very popular and so more research works have been carried out on
it and now higher order structure functions is a matter of great interest to several
researchers for estimating the scaling exponents and intermittency in open-channel flow.
For instance, Benzi et al. (1993, 1995), Protas et al. (1996) Gaudin et al. (1998) Jimenez
(1998), Kurien and Sreenivasan (2000), Warhaft and Shen (2002), and Shen and Warhaft
(2002) etc. have done significant works on this topic and found that the scaling exponents
are not fully universal but they can be modified based on different conditions and the
ranges of the Reynolds number. However, their applications in open-channel flow were
fully realized by Nikora and Walsh (2004), Coscarella et al. (2020), Penna et al. (2022),
etc. Interestingly, in Coscarella et al. (2020), and Penna et al. (2022), the analyses were
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based on the data captured in an open-channel flow with different types of rough beds
made up of gravels, pebbles, etc. In those problems, sediment movement or changes in
the bed-elevations were not studied. However, in the present problem, the sediment beds
are made up of uniform sand particles and sand-gravel mixtures, respectively in which
degradation of the sediment bed took place. It is important to mention here that such
sedimentary beds and flow conditions are very common in open-channel flow and
therefore possess a vast practical application in sediment transport, bank-erosion and
river training works, etc. To be more explicit, the problem has a wide application in scour
downstream of an apron of a sluice gate, energy dissipator, etc. It also has a great
theoretical insight. Based on its wide application in open-channel hydraulics, the present
experimental setup was chosen and the analyses were focused on to observe the effect of
bed-degradation on the scaling exponents of higher order streamwise and mixed structure
functions. The velocity vector in (x, z) plane, turbulence indicator and length scales were
also included in this chapter as references to understand the physics of the flow behind
the bed-degradation.

Rest of the chapter was arranged as follows: Experimental setup and methodology was
discussed in a section, Physics of flow behind the bed degradation was discussed in
another section, the main results of the chapter in terms of the higher order scaling

exponents, and finally conclusion was drawn from the present observation.

5.2 Description of the Experimentation

The experiments (designated herein as Run 1, Run 2, Run 3 and Run 4) were carried out
in a rectangular flume fabricated in the Fluvial Mechanics laboratory of Indian Statistical
Institute, Kolkata, India. The flume is 20 m long, 0.5 m deep and 0.5 m wide. The visual
observation to the flow is provided by its transparent side-walls. For the experimental
Runs 1 and 2, the bed was made up of river-borne sand of uniform size dsp = 1.2 mm with
oy = 1.1. For Runs 3 and 4, bimodal bed was used that was made up of a mixture of river-
borne sand of uniform size (dso)sand = 0.25 mm (uniformity coefficient oyg= dsa/dis = 1.25
and relative density s = 2.65, dgs and die are the particle size at which 84 percent and 16

percent of the sediment particle were smaller) and gravel with a median diameter of
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(dso)gravel = 3.5 mm (og = 1.2 and s = 2.65), respectively. Hence, the mean sediment size
of the mixture dso was considered as the mean of (dso)sand and (dso)gravet = 1.875 mm. For
all the runs, two solid aprons each of 1 m length x 0.5 m wide x 0.2 m height were
installed at the upstream (5 m from the entrance of the flume) and downstream ends of
the test section. The dimension of the test section was 6 m x 0.5 m x 0.5 m. Figure 5.1
shows the photograph of one experimental setup. For Runs 1 and 2, the initial bed slope
of 0.00075 was made using the uniform sand particles. However, to attain comparable
depths of degradation for bimodal sediment beds, higher values of initial bed slopes and
discharges were used. For bimodal beds, the sand and gravel were mixed in equal
proportions (by weight) and laid them on the flume to create a slope of 0.0045 and 0.005
for Run 3 and Run 4, respectively. Once the sediment bed was prepared, water was
supplied on it very slowly to check and adjust the initial bed-slope more accurately. Once
all the conditions were satisfied, one centrifugal pump was employed finally to supply the
water over the bed to achieve a predetermined uniform free surface elevation. The
constant discharges for the experimental runs were 0.027, 0.024, 0.037 and 0.034 m%/s for
Runs 1, 2, 3, and 4, respectively. During the experiment, bed-degradation took place
immediately after the solid apron placed upstream. It is important to note that, although
Run 4 was not much different from Run 3 with respect to the flow and bed conditions, it
was conducted to support the findings of Run 3. On the other hand, Runs 1 and 2 were
conducted to compare the bimodal bed data with that of uniform sediment degraded bed.
The velocity measurement was started under the equilibrium condition that was reached
after 16 hours for Runs 1 and 2 since the experimental run was initiated. For Runs 3 and
4, approximately 12 hours time was required to achieve the equilibrium condition. The
equilibrium condition of the degraded bed was ensured by observing no movement of the
sediment particles and no further changes in the bed profiles within the test section.
Figure 5.2 presents the evolution of the bed degradation with time for Runs 1-4. The
value of maximum degraded depth (dmax) in cm with respect to time (s) was shown in the
Figure 5.2. However, after achieving the equilibrium degraded-bed condition,
measurements of the three-dimensional velocities were conducted using a Nortek-
manufactured Vectrino velocimeter. Relied upon the earlier experiences, the data were

collected throughout the middle line of the channel cross-section with the sampling
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frequency of 100 Hz, acoustic frequency of 10 MHz, signal-noise ratio (SNR) of 18 and
above, and the correlation coefficient of 70 and above. Unless it was very much essential,
the raw data were used directly for the turbulence analysis to keep the natural turbulence
properties undisturbed. However, close to the bed, at some locations data were filtered
using phase-space thresholding method and replaced by the median of the neighbouring
samples, following Goring and Nikora (2002). The details of working with Vectrino and
measurement techniques, pre- and post-processing of data, filtering the spurious data

were described elaborately in Sarkar et al. (2021).

Figure 5.3 presents the normalized equilibrium degraded bed profile where z* represents
the normalized vertical distance measured with respect to the maximum equilibrium

+

depth of degradation d (i.e., z* = z/d) and x/L represents the normalized streamwise
distance measured with respect to the streamwise distance L from where the degradation
was initiated. In Figure 5.3, locations of the measurements indicate that one of the
measuring locations were at the upstream of the maximum degraded-depth (Section 1), at
the maximum degraded-depth (Section Il) and downstream of the maximum depth of
degradation (Section Il1). Although, Section 111 seems much closer to the maximum scour
cross section in Runs 1 and 2, than in Runs 3 and 4, it was due to the non-
dimensionalising of the streamwise distance. To be more explicit, due to larger values of
L for uniform sediment beds, location of Section 11l looks closer. Based on the issuing
experimental parameters, the Froude number F [= U/(gh)®®, where U = depth-averaged
velocity, g = acceleration due to gravity, h = depth of water above bed-level] was
calculated and the values were 0.41 for Run 1, 0.40 for Run 2, 0.56 for Run 3 and 0.68
for Run 4. Accordingly, the Reynolds numbers R [= 4Uh/v, v = kinematic viscosity of
water = 10-° for water at 20°C] were also calculated based on the issuing velocity and
flow depth. Their values for were 2.11 x 10°, 1.68 x 10°, 2.9 x 10° and 2.72 x 10°, for

Runs 1, 2, 3, and 4 respectively.

Table 1 shows the experimental parameters based on the initial conditions of the
experiments for Runs 1-4. The critical shear velocity us for each case was calculated
using the van Rijn (1984) equations and Shields diagram (1936). The relative density of

the sediment particles were 2.65 for all the sediment particles and so, A =s -1 = 1.65,
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where s = relative density of sediment particles, that is ps/p; ps = mass density of
sediment; and p = mass density of fluid.

Figure 5.1: Photograph of the experimental setup at the fluvial mechanics laboratory of

Indian Statistical Institute, Kolkata, India.
Table 5.1:

Experimental parameters based on the initial conditions of the experiments

Run Q dso d h S U U Usc F R L
(m%s)  (mm) (m) (m) (m/s)  (mis) (m/s) (m)
1 0.027 1.2 0.098 0.12 0.00075 044 0.029 0.0237 041 211200 0.71
2 0.024 1.2 0.1 0.1 0.00075 042 0.027 0.0237 0.42 168000 0.79
3 0.036 1875 0.076 0.12 0.0045 0.61 0.073 0.035 056 292800 0.39
4 0.034 1.875 0.082 0.1 0.005 0.68 0.07 0.035 0.68 272000 0.1

Note: In the above, u= is the shear velocity calculated from the bed slope before the
degradation took place u=cis the critical shear velocity obtained from the Shields diagram.
(Sheilds 1936, van Rijn 1984, Dey 2014).
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Figure 5.2: Evolution of the bed degradation (in cm) with time (in hr) for Runs 1-4.
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Figure 5.3: Degraded bed profile in equilibrium conditions for Runs 1-4.
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Figure 5.4: Similarity of the degraded bed profiles for (a) Runs 1-2, and (b) Run 3-4.

A close observation of the equilibrium degraded bed profiles (Figure 5.3) gave an
indication of the existence of similarity. To establish the similarity, degraded bed profiles
of Runs 1 and 2; and Runs 3 and 4 were plotted in nondimensional forms. Figure 4 shows
nondimensional depth of degradation under equilibrium condition with respect to
nondimensional streamwise distance originated from the origin of the degradation for (a)
Runs 1-2, and (b) Runs 3-4, respectively. The data plots show a clear existence of the
similarity of the degradation profiles within the scour holes. For Runs 1 and 2 the
uniform degraded bed profiles can be described by Eq. (1), whereas the scour profiles for
Runs 3 and 4 can be described by Eq. (2) given below:

7+ = 0.10 — 2.36 (x/L) + 1.68 (X/L)2 — 0.44 (x/L)? + 0.04 (x/L)* (5.1)
z+ = 0.15 - 1.84 (x/L) + 0.24 (x/L)2 + 0.70 (x/L)? — 0.21 (x/L)* (5.2)

It was observed that for both the uniform and bimodal bed cases, the equations (5.1) and
(5.2) are of fourth-order polynomial. Additionally, the profiles of Runs 1 and 2 are quite
different from that of Runs 3 and 4. This is due to the differences in the sediment beds.
For uniform sediment beds, degraded zones after the maximum equilibrium depth of
degradation were much wider than that of bimodal sediment beds. Notably, in the scour
study downstream of an apron due to submerged horizontal jets, Dey and Sarkar (2006)
observed that the scour profiles can essentially be represented by third-order polynomial
which is different from the present cases. However, the difference is quite obvious as the

present experimental setup is different from Dey and Sarkar (2006).
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Furthermore, due to the bed degradation, the initial flow parameters like slopes of the bed
and flow depths were changed. It was therefore required to measure the Froude, Shields
and Reynolds numbers again at the downstream end where uniform bed was reformed to
get the final values of uniform slope, Froude number, Reynolds number, shear velocity,
etc. The final values of the experimental parameters are given below in Table 2. In the
Table 2, Lt represents the location of the streamwise distance from where the degradation
was initiated to the distance where the uniform bed slope was started at far downstream
the degraded depth.

Table 5.2:

Final experimental parameters (measured at a location of uniform slope) after achieving

the equilibrium condition

Run Ls hy St Ut Ks U Usc Ft Ry

(m)  (m) (m/s)  (m) (m/s) (m/s)
1 3.2 0.125 0.00063 0.40 0.0022 0.026 0.027 0.38 184000
2 3.5 0.113 0.00056 0.42 0.0025 0.024 0.027 0.40 188160
3 1.25 0.133 0.00099 0.58 0.0020 0.034 0.035 0.51 308560
4 1.87 0.118 0.00125 0.60 0.0022 0.035 0.035 0.56 283200

Note: In the above, us is the shear velocity calculated from the bed slope after the
degradation took place. The subscript f in Table 2 refers to the final values after achieving

the equilibrium conditions.

Literature also suggests that the bed roughness has significant effect on bed degradation.
To understand the bed roughness, the equivalent roughness of the bed (ks) was estimated
from the time-averaged streamwise velocity distributions. To this end, the equations of

time-averaged streamwise velocities were used which are given as follows:

L=Im(2), (5.3)

U Zg

where zo = ks/30 for R« > 70 and zo = 0.11(v/u+) + (ks/30) for 5 < R« < 70, x is the von
karméan constant = 0.41. In the equation, u= was calculated from the slope, u value was
taken from the section where the uniform bed-slope was restored, and ks was calculated

from the Eq. (5.3). The values of ks for Runs 1-4 are shown in Table 2 along with other
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parameters. The Data plots of time-averaged streamwise velocity distributions for Run
1-4 overlapping on theoretical curve obtained from Eq. (5.3) were shown in Figure 5.2
below. It is pertinent to mention here that the ks-values can be estimated more accurately

by using statistical analysis of the bed topography (Penna et al. 2022).
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Figure 5. 5: Data plots of time-averaged streamwise velocity distributions at Lt = 3.2,
3.5,1.25, and 1.87 m for Run 1, 2, 3, 4 and overlapping on theoretical curve obtained
from Equation (5.3).

5.3 Physics of the flow through degraded channel bed
5.3.1.  Velocity vector field

Figure 5.6 presents the spatial distribution of the velocity vector in the (x, z) plane for
flow over a degraded channel bed at sections I, I, and Il for Runs 1-4. The magnitudes
and directions of the velocity vectors were calculated by U = (% + w?)%5/U and
arctan w /i1, respectively, where U is the normalized resultant velocity obtained from the
time-averaged streamwise and vertical velocity components & and w, respectively. The
vector plots indicated that irrespective of the streamwise locations x/L, U starts with a
small value in the vicinity of the bed which goes on increasing with increase in the
vertical distance until it becomes almost invariant with depth signifying the depth-

averaged velocity U. Above z* = 0, the profiles of U are almost similar at different
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sections for a run except small differences in their values. Below z* = 0, considerable
differences in the values of U were observed. The smaller values of U in the near-bed
indicate that the maximum retardation in the streamwise velocity took place at the
upstream side of the maximum equilibrium depth of degradation. This is in conformity
with the findings of Jain et al. (2015).

7+

bad

X/L X/L

Figure 5.6: Spatial distributions of velocity vectors for flow over a degraded channel bed
for Runs 1-4.

The U-values change more rapidly within the degraded bed than that above the bed-level.
It can therefore be concluded that the bed degradation has a considerable impact on the
velocity particularly below the initial bed-level. So far, no significant differences in the
velocity vectors were observed for different experimental runs. The results therefore
indicate that the similar velocity vectors are valid for bimodal and uniform degraded
beds. However, the details of the streamwise velocity over a degraded bed were
described in Sarkar et al. (2021).
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5.3.2 Turbulence indicator

The average turbulence intensity lay, also known as turbulence indicator was measured
based on the experimental data to quantify the local turbulence level. Mathematically, it
is expressed as la = (2k/3)%%/7,, where k is the turbulent kinetic energy (TKE) [=
0.5(uu + vv' + ww)]; and ww’, v'v’, ww’ are the Reynolds normal stresses relative to p
in streamwise, spanwise and vertical directions, respectively, and U, represents the local
time-averaged resultant velocity calculated from three-dimensional velocity components
as [(@? + v2+w?)°5], where  is the time-averaged lateral velocity component. The l.y is a
useful parameter that was introduced to describe turbulence in pipe flow, where the
ranges lay = 0.05-0.2, 0.01-0.05 and <0.01 represent the high-, medium-, and low-
turbulence, respectively (Russo and Basse 2016, Dey and Sarkar 2020). However, it was
later used by Sarkar and Dey (2020) to quantify the local turbulence for flow downstream
of a dunal bedform, by Penna et al. (2022), etc. to describe the local turbulence over a
water-worked gravel-bed, and Rathore et al. (2022) for open-channel flow subjected to a

sudden change from smooth to rough bed, etc.
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Figure 5.7: Vertical profiles of the time-averaged turbulence indicator lay for flow over a

degraded channel bed at Section I, Il and 111 for Runs 1-4.

Figure 5.7 shows the vertical profiles of the time-averaged turbulence indicator lay at
sections I, 11 and Il over a degraded bed for Runs 1-4. From Figure 5.7, it was observed
that below the bed-level (z" = 0), the turbulence level is very high which continues up to
a very little distance over the bed. However, above z*~ 0, the lay decreases quite
significantly indicating a medium to low-level of local turbulence for all the sections and
both the runs. Although not so significant, some differences were found in the values of
lav that are quite obvious because of the differences in the flow and sediment parameters.
In this context, it be concluded that the bed degradation can increase the local turbulence
behavior of a sedimentary bed.
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5.4  Turbulent Length Scales

The turbulent length scale is a physical parameter that describes the size of large energy-
containing eddies present in a fluid flow. These eddies are of different sizes that vary
continuously from the largest scale to the smallest one. The largest size of the eddies is
known as integral length scale that can be estimated from the correlation functions or
energy spectra and the smaller eddies can be determined by the fluid viscosity regarded
as the Taylor microscale and the Kolmogorov length scale. According to the literature
reviewed, these scales have significant impact on turbulence and they depend on types of
the experimental setup and bed topography, etc. However, their effects on degraded bed
were not verified and so, based on the present experimental data, they were presented

below.

5.4.1 Correlation Length (Integral length scale)

The size of the biggest eddies in a turbulent flow is determined by the correlation length
of the velocity components. There are several methods to estimate the correlation length
of turbulence (Ferraro et al. 2016, Matzler 2017, Trush et al. 2022). However, calculation
based on the correlation function which is one of the most sophisticated and accurate
methods of calculating the correlation length was used in the present study following

Ferraro et al. (2016) and Penna et al. (2020). To do so, the autocorrelation functions were

calculated USing the formula: R(X,At) = u'(x,t+At)u'(x, t), where X is a point of
location on the xz plane, u’ is the temporal velocity fluctuation in the streamwise

direction, and t is time. With the transformation from time lag to spatial increment i.e.,
R(x, At)— R(x, r), in the case of statistical convergence, it is possible to define the
correlation length as:

1
R(x,0)

A(X, 1) = J, R(x,7)dr, (5.4)

where r is the spatial increment obtained by applying the Taylor hypothesis r(x,z) =

|4 (x, z)|At and At = time lag.
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It is important to mention here that such a transformation requires a validation checkup

using the condition,y (k, z%) [= 2m\/k(E (k, 2))/{@i(2))] <<1, where y is the Taylor
coefficient, and E(k, z) is the energy spectra with respect to wave number k. The details
of the procedure were explained in Ferraro et al. (2016), Penna et al. (2020) and Sarkar et
al. (2021). Figure 5.8(a—d) given below presents the validation of the Taylor hypothesis

tested at different vertical locations of section Il for Runs 1-4 data set.
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Figure 5.8: Taylor coefficient w(k, z*) (using Taylor hypothesis) at different vertical
distances over a degraded channel bed at Section Il for (a) Run 1, (b) Run 2, (¢) Run 3,
and (d) Run 4.

Now, while estimating the correlation length, there are several methods available in the
literature to choose the truncation point for the integration of eq. (4). For instance,
according to Trush et al. (2022), if the autocorrelation function has a negative region, the

integration can be done: (i) over the entire available domain, or (ii) only up to the value
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where the autocorrelation function is a minimum, or (iii) up to the first zero-crossing,
namely zero-crossing method. However, for the present experimental data, the zero-
crossing method was applied and the first zero-crossing was observed nearly within time

lag 0.5 s for most of the present experimental data sets.

The vertical distribution of normalized correlation length A/dso for Runs 1-4 are shown
in Figure 5.9. The general observation from Figure 5.9 is that irrespective of the
experimental runs, A/dsp starts with a smaller value in the vicinity of the bed which goes
on increasing with increase in the vertical distance. However, the rate of increasing in the
values A/dso with respect to vertical distance is lower above than below the undisturbed
bed level. Interestingly, towards the free-surface the A/dso-profile attains a nearly
asymptotic nature and increases quite slowly. In addition, in the vicinity of the maximum
equilibrium degraded depth (Section I1), the A/dso falls significantly for all the runs. The
vertical distributions of the autocorrelation length can be described by using a third-order
polynomial irrespective of the experimental conditions. For the data set of Run 1, the
normalized correlation length may be calculated by using the equation:

2+ = 0.0000045(A/ds0)® — 0.00049(A/ds0)? + 0.0312(A/dso) — 1.035, with R = 0.85 (5)
and that of Run 2 may be described by another third-order polynomial equation:

z* = 0.0000015(A/ds)® — 0.00012(A/ds0)? + 0.0157(A/dso) — 0.893, with R? = 0.91 (6)
However, when data were considered for both the experimental Runs 1 and 2, they can

be described further by using another third-order polynomial equation:

z* = 0.0000014(A/ds0)® — 0.00012(A/ds0)? + 0.018(A/dso) — 0.921, with R>=0.86 (7)

On the other hand, the normalized correlation length for Run 3 may be calculated by
using the equation:

z* = 0.000055(A/dso)® — 0.0037(A/dso)? + 0.095(A/dso) — 1.209, with R? = 0.86(8)

and the normalized correlation length for Run 2 may be calculated by using the equation:
z* = 0.000032(A/dso)® — 0.0024(A/dso)? + 0.071(A/dso) — 1.067, with R = 0.89 (9)

Runs 3 and 4 can be described by another third-order polynomial equation:

7+ = 0.000032(A/dso)® — 0.0022(A/dso)? + 0.067(A/dso) — 1.067, with R? = 0.84(10)
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Figure 5.9: Vertical profiles of the normalized energy-containing scale.

The observation of the present study is in good agreement with Penna et al. (2020), who
observed that towards the free surface, the correlation length remains almost constant.
Beyond z* =~ 0.5, it remains almost constant where A ~ 0.08 for Runs 1 and 2, and A ~
0.09 m for Runs 3 and 4, that can be taken as the critical value of the correlation length
Ac (measured at the vertical distance from and above which the value of A remains

almost constant). The present profile is also in confirmation with Sukhodolov et al.
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(1998) who observed a growth of scales towards the free surface for natural rivers. It is
important to mention here that for Runs 3 and 4, the length scales were
nondimensionalised by the diameter of the coarser sediment based on the idea that within
the degraded bed zone, the bed-surface was dominated by the coarser particles due to
armoring effect. It was also observed from Figures. 5.9(a—d) that the rate of increasing of
the A/dso-values are quite faster (varying almost linearly with depth) in case of uniform

sediment degraded beds than that of the bimodal sediment bed.

In this context, it is important to add that Ferraro et al. (2016) observed the value of Ac is
approximately equal to the average size of pebbles used in the laboratory experiments.
However, based on their results and comparing them with the literature, Ferraro et al.
(2016) concluded that the integral scales of turbulence in rivers may be as large as the
flow depth. From the results of present experiments, it was therefore re-verified that the
value of Ac may be different due to differences in the bed topography and flow
conditions. Based on the present data, it can further be concluded that bed degradation
takes active role in lowering the Integral length scale quite significantly. Also, below the
bed-level, the distributions of A/dso are almost similar which indicates that, correlation

lengths follow similar trends within the degraded depth.

5.4.2 Taylor microscale

Taylor microscale is the intermediate length scale used to characterize the turbulent fluid
flow at which viscosity significantly affects to the dynamics of turbulent eddies. Taylor
microscale A defines a typical eddy size in the inertial subrange and is the relevant length

scale of turbulence. It is calculated by using the following formula:

A= (15”"“)0'5, (5.11)

&€

where oy is the streamwise Reynolds normal stress divided by p, that is u'u’, and ¢ is the
TKE dissipation rate. The e-distributions are obtained from the relationship used by Irwin
(1973) and Krogstad and Antonia (1999) and also adopted by Kurien and Srinivasan
(2000) as:

£= (150/u?)(@u’/ot)? 5.12)
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The vertical distributions of normalised Taylor microscale were shown in Figures.
5.10(a), 5.10(c), 5.10(e), and 5.10(g) for Runs 1, and 2, 3, and 4 respectively. It was
observed from Figures. 5.10(a), 5.10(c), 5.10(e), and 5.10(g) that A/dso starts with a
smaller value that goes on increasing with an increase in vertical distance. However, the
rate of change of increasing is much higher below the bed-level than that above the bed
level and at z* > 0.3, it becomes almost invariant with vertical distances. Importantly,
below the bed-level, the Taylor microscale attains the lowest value at Section | at z* ~
—0.5 than that of Sections Il and Ill, which attains higher values as one moves towards
downstream achieving the highest value at the furthest downstream. It was therefore
concluded that the Taylor microscale values get significantly affected where the bed
degradation initiates and starts increasing with increase in the streamwise distance. In
addition, within the degraded bed, their rate of decreasing is more than that above the

bed-level.

5.4.3 Kolmogorov length scale

In an energy cascade process, the viscosity dominates within the dissipation range and the
TKE is dissipated into heat at the smallest length scale. Kolmogorov microscale is used
to determine the size of the smallest eddies which can be estimated from the TKE
dissipation rates. Mathematically, it is expressed as:

n=°"1¢)°"* (5.13)
Figures 5.10(b), 5.10(d), 5.10(f), and 5.10(h) show the wvertical distributions of
normalized Kolmogorov length scale 7/dso at different sections over the degraded bed for
Runs 1, 2, 3, and 4, respectively. In principle, there was no significant differences
between the Taylor and Kolmogorov length scales, except the ranges of the values which
was approximately 1/20 times of that of the values of Taylor microscale. It was observed
that Integral length scales become invariant above the bed level, but Taylor microscale
and Kolmogorov length scales increase linearly above the bed level (only their growth
rate is invariant). The profiles of Taylor microscale and Kolmogorov length scale above
the bed-level are in confirmation with the findings of Sarkar and Dey (2015), and Sarkar

et al. (2016), for flow downstream of a sphere, and flow past a protruding array, etc.
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Figure 5.10: Vertical profiles of the normalized Taylor microscale A/dso), and
Kolmogorov length scale 7/dso: (a—b) for Run 1, (c—d) for Run 2, (e—f) for Run 3 and
(g—h) for Run 4, respectively.

It is very clear that in the present case below z* = 0, the vertical distances at Section Il
behave like the downstream of a bluff body which is responsible for the Kolmogorov
length scales to be sufficiently lower. However, above the bed-level there may be little
changes in the values that are due to measurement limitations only. However, no
significant changes were found for Run 3 and Run 4 data with respect to the Taylor and
Kolmogorov length scales. On the contrary, for Runs 1 and 2, the trend is almost similar
with Runs 3 and 4 but the differences of the values of Section I, 1l and Il are more
prominent in case of uniform sediment beds. The possible reason for that, the locations in
the streamwise distances are different for the experimental run and the uniform beds are
more affected by the degradation than that for bimodal bed. However, the differences in
the values of 7/dso and A/dso are affected by the nondimensionalising of the length scales.
Therefore, a direct comparison between bimodal and uniform degraded beds is not

possible.

5.5 High-order structure functions

The main findings of the present paper are discussed in this section. Scaling exponents
based on single-component and higher order mixed structure functions were illustrated
here. However, validation of the Taylor hypothesis was examined before using it at

different vertical distances as was shown in Figure 5.8.

The general equation of structure functions of any order n for a single-component of
velocity u can be defined by the equation:

Sn(r) = {(U(X + r)—ux))", (5.14)
for any positive value of n, x, x + r are points in a turbulent flow field, u is the
component of the velocity in the direction of r, r is the length |r| of r called the

separation distance between two measuring locations, and the angle brackets denote an

average (Arenas and Chorin 2006). In calculating the structure functions, the spatial
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increment was estimated from the time lag using the Taylor hypothesis that was

explained earlier section.

5.6 Determination of scaling exponents and estimation of the
intermittency

One of the most interesting features in the study of fully developed turbulent flow is its
statistical property like intermittency. To this end, the data were analyzed for higher
order structure functions Sn(r) up to eighth-order using equation (5.14) for streamwise

component for Runs 1-4 data sets.
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Figure 5.11: Streamwise structure functions upto eighth-order vs. spatial distance r at z*
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level in the second-order structure function.
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The Sn(r) vs. r results for the vertical distances z" = -0.8, -0.7, —0.5, —0.3, 0 and 0.3 of

Section Il were shown in Figures 5.11 and 5.12 for Runs 3 and 4, respectively. It was
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evident from Figures. 5.11 and 5.12 that all the structure functions possess three distinct
regions namely scaling, transition, and saturation. The scaling region exists within small
values of r, after that the saturation region exists where the value of Sn(r) is
approximately constant [Sn(r)~ constant] and this region exists after a fixed value of r,
which indicates about the inertial sub range, between this two regions transition region
exists. Actually, transition region represents the lower and upper boundaries between

saturation and scaling regions.

A careful observation also shows the influence of the bed degradation in the inertial
subrange irrespective of the experimental runs. In the vicinity of the maximum
equilibrium depth of degradation i.e., z* = 0.8, the range of r values for inertial
subrange was quite narrow, that goes on increasing with increase in the vertical distance
until it becomes invariant with respect to vertical distance nearly z* = 0. The findings
confirm a narrowing of the inertial subrange due to the bed degradation. The Figures 5.11
— 5.12 also suggest that as the order of structure functions and the separation distance r
increase, the structure functions data contain some fluctuations irrespective of the
locations. Above z* = 0, the similar findings were observed for Section I and Il which
suggest that the influence of the bed degradation is predominating in the vicinity of the
degraded bed only and above the bed-level they are almost similar with a little changes in
their values. It is important to mention here that the structure functions up to eighth-order
for Run 3 and 4 shown here for presentation purpose. The same methodology was used

for Runs 1 and 2 data also and the similar observations are valid for them.

5.7 Extended Self-Similarity (ESS)

Since the pioneering work of Kolmogorov for structure functions, it has been used and
extended by many researchers. Later, it was observed that the values of scaling
exponents ¢n deviates substantially from the predictions of K41 at higher order structure
functions in many occasions. The main reason for the anomaly was due to the fact that
Kolmogorov’s theory of turbulence was based on the homogeneous and isotropic
turbulence which can be changed depending on the flow parameters. However, to

overcome the anomalies and to estimate the scaling exponents more accurately, the
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concept of extended self-similarity (ESS) was introduced. In principle, it states that the
scaling exponent for any order of structure functions data is more prominent once it is

plotted against another one.
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Figure 5.13: Structure functions of order 1 to 8 as a function of third-order structure
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Figure 5.14: Structure functions of order 1 to 8 as a function of third-order structure
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Mathematically, ESS is presented by the equation given by Protas et al. (1996) as:

N
Su(P)~Sm(r)omn, & =2 (5.15)

where Zmn is the relative scaling exponents of any order n (i.e., ¢n ) with respect to a

particular order m (i.e., ¢m).

It is important to mention that for ESS, the exact exponent {3 = 1,for n = 3 was
considered according to Kolmogorov (1941) and the others order structure functions can
be comparatively executed from Sz(r) i.e. Sn(r) ~ S3(r)*" as shown above in Figures 5.13
and 5.14.

Figures. 5.13 and 5.14 illustrate the structure functions of order 1 to 8 as a function of
third-order structure functions for the vertical distances z* = -0.8, 0.7, 0.5, 0.3, 0 and
0.3 at Section Il for Runs 3 and 4, respectively. All the plots indicate that there exists a
range of data within which the ratios of the structure functions hold with same exponents
indicating extended self-similarity. Interestingly, the number of data obeying the ESS
was less in the vicinity of the degraded bed which increases as one moves vertically
upward. It is important to mention here that only the graphical presentations for Section
Il are presented here, although the same was performed for Section | and Il as well.
Notably, the same methodology was applied for the data sets of Runs 1 and 2, and they
were used for further processing of the scaling exponents. To avoid the repetition of the

similar plots, all of them were not shown here.

Using the ESS methodology, the streamwise and vertical scaling exponents ;“n and gj{

were estimated from higher order structure functions and compared with the theoretical
values of K41 for different vertical distances of Section I, Il and Ill as shown in Figure
5.15. Although no significant changes were noticed between the profiles of streamwise
scaling exponents of Run 3 and Run 4, both of them certainly deviate from the theoretical
values of K41 at higher order of structure functions indicating intermittency.
Interestingly, scaling exponents of Run 3 data have slightly lesser values than that of
scaling exponents of Run 4 irrespective of the order and location of measurement. This
may be due to the differences in the experimental parameters and nondimensionalisation

of the depth of degradation. Moreover, it was clear from the scaling exponents of both
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Run 3 and Run 4 at different vertical locations that the flow zone in the vicinity of the
degraded bed was more intermittent than that above the bed-level, which was similar to
the findings of Coscarella et al. (2020) who found that in the near-bed region of rough
bed, the flow was more intermittent which lessens as one moves vertically upward. In
addition, other turbulence parameters like turbulence indicators, velocity vector and
length scales, etc. also show that flow in the vicinity of the degraded bed are significantly
different than rest of the flow depths. Interestingly, no significant changes were found at
Z" >-0.3 of Section I, Il and 11l for Runs 3 and 4 that indicates the intermittency is more
predominating in the vicinity of the degraded bed and lessens as one moves vertically
upward irrespective of the streamwise locations. It is important to mention here that the

similar trends of ;j; values were observed for Runs 1 and 2 but due to the overlapping of

data, they were not presented here. However, in Figure 5.16, their values were shown
graphically for Section 1l considering that Section Il gives the overall picture of the bed
degradedness.
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Run 2, Section 11, (c) Run 3, Section I, and (d) Run 4, Section I, data sets.

Figure 5.16(a—b) and 5.16(c—d) show the streamwise scaling exponents (4*;1) with respect

to order n at section Il for Runs 1-2 and Runs 3-4, respectively and their comparisons
with values observed by different researchers under different conditions. It was evident

from Figure 5.16 that the values of 4‘; of the present study are quite different from those

of K41, Benzi et al. (1995), Kurien and Sreenivasan (2000) and Warhaft and Shen
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(2002). Particularly, the values of g“n of the present study within z'< 0 are lowest among

all. It is important to mention here that K41 is based on the theoretical data calculated
based on the dimensional analysis, wheres Benzi et al. (1995) estimated scaling
exponents under a moderate and low Reynolds number flow conditions downstream of a
cylinder and a jet. On the other hand, Kurien and Sreenivasan (2000) estimated the value
based on wind flow data collected at high-Reynolds number turbulence, and Warhaft and
Shen (2000) data were based on the wind-tunnel turbulence data generated by a variable
solidity screen followed by flow straighteners at high-Reynolds number experiments
with and without shear. It can therefore be concluded that the near-bed zone within the
degraded bed shows a considerable intermittency, although intermittency was present
throughout the depth. The findings of the present study was almost similar to that of
Penna et al. (2021), who found that in the vicinity of the rough bed, the effect of
intermittency was more which decreases with increase in the vertical distance and
become almost invariant as one moves towards the free-surface. However, the technique
used by Penna et al. (2022) was different from that of the present study which probably
was responsible to get higher differences in the values of scaling exponents in Penna et
al. (2022) than that of the present study. Penna et al. (2022) calculated Hurst exponent for
the calculation of high-order scaling exponents. However, although no significant
differences were observed in the gj‘Q-profiles of Run 1-4, differences were obviously
there in their values. Importantly, the differences are more prominent when they were

compared with the values obtained from the literature.

One more difference between Penna et al. (2022) and the present study was due to the
fact that due to committing the third-order structure functions as the standard one, in the
present study no significant changes in the values of scaling exponents were noticed for n
<3.

In addition, the anomalous characteristics of the scaling exponents function can be

parameterized as a polynomial given by Penna et al. (2022):
&h=(1/3-C)n (5.16)

where C represents the intermittency parameter. Multifractal characteristics is occurred if
the parameter C is not equal to zero. Actually this intermittency parameter C is
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responsible for the deviation of exponents from Kolmogorov (1941) predicted value (n/3)
i.e., violate the self similar characteristics. However, values of C and R? for Runs 1-4 in
the present study are given below in Table 3. At the maximum degraded region near the
bed the parameter C is higher than those above the bed irrespective of the vertical and
streamwise locations of the measurement and experimental runs. On the other hand, no
significant changes in their values were noticed at z* > 0.3 confirming no major changes

in the scaling exponents above the bed-level at different streamwise locations.

Table 3: The values of C and R?for Runs 1-4

Run1 Run 2
z Section | Section Il Section Il Section | Section Il | Section Il
C R? C R? C R? C R? C R? C R?
08 0.11 |0.92 0.11 | 0.94
-0.7 0.09 |0.93 0.10 | 0.95
05 0.07 |0.95 0.07 | 0.96
~03]008 [095 |[006 |096 |[0.08 |095 |007 |094 [007 |[095 |0.07 |0.95
0 |007 |09 |006 [096 |006 [096 |[006 |0.96 [0.06 |0.96 |0.06 |0.96
0.3 | 005 [097 |0.05 |[097 [005 |097 |0.05 |097 (005 |098 |0.05 |0.97
Run 3 Run 4
Al Section | Section Il Section 111 Section | Section Il | Section Il
C R? C R? C R? C |R| C R2 | C | R?
-0.8 0.11 | 0.92 0.10 | 0.94
-0.7 0.10 | 0.92 0.09 | 0.94
-0.5 0.04 | 0.93 0.06 | 0.95
-0.3 | 006 | 095 | 007 | 095 | 0.06 | 0.92 | 0.06 | 0.95 | 0.06 | 0.96 | 0.06 | 0.93
0 0.06 | 095 | 006 | 095 | 0.06 | 0.94 | 0.06 | 0.95 | 0.05 | 0.97 | 0.06 | 0.94
03 | 005 | 096 | 005 | 096 | 0.05 | 094 | 0.04 | 0.96 | 0.04 | 098 | 0.04 | 0.95

5.8

High-order mixed structure functions

According to Arad et al. (1998); Kurien and Sreenivasan (2000); and Warhaft and Shen
(2002); the experimentally measured structure functions are considered to be a mixture of
the isotropic and higher order anisotropic parts. To obtain the scaling exponents for the
anisotropic parts, mixed structure functions up to eighth-order was attempted here. The

isotropic part was extracted by projecting the measured structure functions onto the
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isotropic sector of the SO(3) decomposition (2002). Here, only the tensor components of
structure functions that were explicitly zero in the isotropic sector were considered, so
that their measurements derive their contribution entirely from the anisotropic sector.
This method allowed us to examine anisotropic effect in structure function tensors of

order two and above.

We adopted here the tensorial mixed n'-order structure functions following Frisch
(1995), Dhruva et al. (1997) and Arad et al. (1998) as:

Spt = ([ulx + 1) —u)Pwlx + ) — w9, (5.17)

where n = p + q is the order of the structure functions, u and w are the velocity
components in streamwise and vertical directions, r is the separation distance between
the two positions where u and w measured, {.) denotes ensemble average. For conversion
of temporal (At) to spatial (r) scale, we used the same aforementioned technique which

was taken for single-component structure functions i.e., r(x, z) = |u(x, z)|At.

The isotropic part of the scaling exponent S¥¢, was denoted by ;j‘q and 4*: corresponding
to streamwise and vertical components, whereas the anisotropic part was denoted by gj’;"

(Dhruba 1997, Arad 1998).

5.9 Isotropic and anisotropic scaling exponents

Figure 5.17 shows the second-order structure functions and their compensated form
corresponding to u, w, and uw at vertical distances z* = —-0.5 and —0.3 for Run 4 at
Section Il data. The second -order mixed structure functions were calculated using the
formula: S3* = (Ju(x + 1) —u()]}[w(x + r) —w(x)]!). All the structure functions
give a clear indication of the existence of inertial sub range within lower ranges of r. The
magnitude of w-structure function (S3") value was always smaller than that of u-structure
functions (S¥). On the other hand, the uw-structure functions (S31) start with the lowest
value within short ranges of r. As the separation distance r increases, the uw-structure

function values start increasing and cross the w-structure function value and stays
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between u and w-structure functions and moves towards the saturation region. In
addition, at the vertical distance z'= —0.5 for Run 4 at Section Il, the isotropic scaling
exponents from u and w-structure functions were 0.68 and 0.61, and at z'= —0.3 for Run
4 at Section I, they were 0.67 and 0.60, respectively. On the other hand, the anisotropic
scaling exponents 21, corresponding to uw-structure functions S1* were 0.96 and 0.97 at
z'= —0.5 and —0.3 for Run 4 at Section I, respectively which are quite smaller than the

uw-scaling exponent 4/3 according to the dimensional consideration. Now, the higher

order mixed functions will be studied.
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Figure 5.17: The second-order mixed structure functions S3, S}, and S3* and their

compensated form at z* = —0.5 and —0.3 of Section Il of Run 4 data.

For the higher order mixed structure functions, we observed all even order anisotropic

scaling exponents up to eighth-order. The modulus values of all order structure functions
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were taken into account to obtain their better convergence. Now, according to Kurien and

Sreenivasan (2000), the higher even order anisotropic structure functions using the

equations (18a — 18c) components are:

forn=4: s, 583

forn =6: 55, §33,5%5

for n = 8: 31, 533,535,537
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Figure 5.18: The fourth-order mixed structure functions and their compensated form at

z* =-0.5 and —0.3 of Section Il of Run 4 data.
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Figure 5.20: The eighth-order mixed structure functions and their compensated form at
z" = -0.5and -0.3 of Section Il of Run 4 data.

Figures 5.18 — 5.20 show the fourth-, sixth-, and eighth-order mixed structure functions
and their compensated form for z* = —0.5 and —0.3 of Section Il for Run 4 data, which
have zero values in the isotropic sector. It is important to mention here that the same was
performed for Sections | and 111 for all the Runs 1-4 datasets. All the higher order mixed
structure functions and their compensated forms give a clear indication of the existence
of the inertial subrange within a lower ranges of separation distance. In addition, the
scaling exponents estimated from them indicated that the values of scaling exponents
increase with increase in the order of structure functions irrespective of the vertical
distances. The graphical presentations of the anisotropic scaling exponents from the
higher order mixed structure functions are given below in Figures 5.21 and 5.22 for Run
3 and Run 4, respectively. Although Runs 1 and 2 data sets are not shown here

graphically, their values were shown in Table 4 along with the values of Runs 3 and 4.

From the values of anisotropic scaling exponents for instance, ¢7*, ¢&°, &2°, &1 for a
particular value of order n(n = 8), the structure functions give a clear understanding of
the variations of scaling exponent values in a particular pattern i.e. if the structure
function is more u (streamwise velocity components) dominated that gives higher scaling
exponents and if w (vertical velocity components) dominated that gives comparatively

lower scaling exponents.
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-0.8,-0.7, -0.5, —0.3, 0 and 0.3 of Section Il for Run 3.
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Figure 5.22: Scaling exponents of anisotropic and isotropic (u and w) sectors at z* =
-0.8, -0.7, 0.5, 0.3, 0 and 0.3 of Section Il for Run 4.

Now at z" = -0.5 at Section Il of Run 4, for eighth-order structure functions, the
corresponding scaling exponents are increasing, from 1.85 of S3” which was w-

dominated to 2.11 of S§* which was u-dominated, also have intermediate value 1.91 of
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S35 partially w-dominated and 2.04 of S33 partially u-dominated. Similar patterns of
scaling exponents were achieved for all others order mixed structure functions, namely
for the fourth- and sixth-orders. Also, for all other points with different vertical distances,
the anisotropic exponents value maintained same pattern, although the values of
exponents of the points situated at maximum degradation depth are small, and then with
the vertical distance, the values of exponent are increasing at a specific order n of

corresponding mixed structure function.

From Figures 5.21 — 5.22, it was also observed that the anisotropic scaling exponents are
always greater than isotropic exponent within lower values of n (n = 2, 4), although for
higher values of n (n = 6, 8) some of the anisotropic exponents are lower than isotropic
exponents which was in confirmation with Warhaft and Shen (2002). As an example, at

z*=-0.5 for Run 4 at Section Il for eighth-order, ggq value ranges within 1.85 and 2.11,

whereas gg and g“gv values are 1.94, 1.68 respectively.

The resulting anisotropic exponents are consitently larger then those known as isotropic
parts at all orders. This strongly suggest that anisotropic effects decrease with decreasing
scale. However, the general behavior of gflq was quite similar to the findings of Warhaft
and Shen (2002). With respect to the degradation, it was quite evident from the figure
that the more one moves towards the vicinity of the degraded depth, the more gj‘;"

deviates from Kolmogorov (1941) and Lumley (1967), although as n increases ¢? tend

to those of ¢y maintaining ¢”?>¢; irrespective of the location.

Table 4 given below presents a comparison of the scaling exponents obtained at different
sections for Runs 1-4 from higher order mixed structure functions with Warhaft and
Shen (2002). It was quite clear from the data that in the vicinity of the degraded bed, the
values of the scaling exponents differ more than that above the bed-level in the present
study from Warhaft and Shen (2002) irrespective of the experimental runs performed
here. It can therefore be concluded that the anisotropic scaling exponents also divert

more from the values available in the literature.

Table 4: Comparison of the scaling exponents obtained from higher order mixed
structure functions with Warhaft and Shen (2002)
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For Run 1:
Section n A A 7t = 7t = 7t = AR Warhaft and
-0.8 -0.7 -0.5 -0.3 0 0.3 Shen(2002)

I 2 - - - 0.93 0.96 0.98 1.05
I 4 - - - 1.48 1.51 1.58 1.56
I 4 - - - 1.43 1.48 1.52 1.42
I 6 - - - 1.68 1.77 1.83 2.02
I 6 - - - 1.64 1.74 1.79 1.89
| 6 - - - 1.50 1.66 1.70 1.71
I 8 - - - 2.04 2.12 2.17 2.33
| 8 - - - 1.97 2.06 2.13 2.22
I 8 - - - 1.90 1.93 1.97 1.99
I 8 - - - 1.80 1.85 1.90 1.80
I 2 0.92 093  0.94 0.95 0.97 0.99 1.05
I 4 1.43 146  1.50 1.56 1.59 1.60 1.56
I 4 1.40 1.43  1.45 1.50 1.53 1.54 1.42
I 6 1.70 168  1.74 1.82 1.83 1.84 2.02
I 6 1.63 1.65  1.69 1.78 1.80 1.81 1.89
I 6 1.60 159  1.63 1.65 1.73 1.75 1.71
I 8 2.00 2.02 210 2.16 2.18 2.19 2.33
Il 8 1.95 1.96  2.00 2.10 2.10 2.14 2.22
[ 8 1.86 1.89  1.90 1.95 1.96 1.99 1.99
[ 8 1.84 1.78  1.84 1.89 1.90 1.91 1.80
11 2 - - - 0.94 0.97 0.98 1.05
11 4 - - - 1.47 1.52 1.59 1.56
11 4 - - - 1.44 1.49 1.53 1.42
11 6 - - - 1.68 1.78 1.84 2.02
11 6 - - - 1.618 1.75 1.80 1.89
11 6 - - - 1.51 1.67 1.72 1.71
11 8 - - - 2.00 2.10 2.15 2.33
11 8 - - - 1.96 2.021 2.09 2.22
11 8 - - - 1.92 1.94 1.98 1.99
1 8 - - - 1.84 1.86 1.92 1.80

For Run 2:
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Section n A A AR 7t = 7t = AR Warhaft and
-0.8 -0.7 -0.5 -0.3 0 0.3 Shen (2002)
| 2 - - - 0.93 0.95 0.96 1.05
| 4 - - - 1.46 1.56 1.59 1.56
| 4 - - - 1.42 1.48 1.50 1.42
| 6 - - - 1.72 1.78 1.82 2.02
| 6 - - - 1.66 1.77 1.78 1.89
| 6 - - - 1.59 1.65 1.70 1.71
| 8 - - - 1.98 2.16 2.16 2.33
| 8 - - - 1.96 2.00 2.06 2.22
| 8 - - - 1.87 1.90 1.96 1.99
| 8 - - - 1.82 1.87 1.90 1.80
I 2 0.9 0.91 0.93 0.94 0.96 0.96 1.05
I 4 1.4 1.45 1.48 1.55 1.57 1.61 1.56
I 4 1.35 1.4 1.44 1.48 1.50 1.52 1.42
I 6 1.68 1.70 1.73 1.77 1.80 1.83 2.02
I 6 1.62 1.64 1.68 1.76 1.78 1.79 1.89
I 6 1.56 1.58 1.60 1.64 1.70 1.72 1.71
I 8 1.78 1.96 2.00 2.17 2.15 2.17 2.33
I 8 1.71 1.90 1.98 2.04 2.12 2.13 2.22
I 8 1.75 1.86 1.89 1.92 1.92 2.00 1.99
I 8 1.72 1.80 1.83 1.86 1.89 1.90 1.80
" 2 - - - 0.92 0.93 0.95 1.05
" 4 - - - 1.47 1.57 1.60 1.56
" 4 - - - 1.43 1.14 1.51 1.42
m 6 - - - 1.73 1.79 1.83 2.02
" 6 - - - 1.67 1.78 1.8 1.89
m 6 - - - 1.60 1.66 1.71 1.71
" 8 - - - 1.99 2.15 2.15 2.33
" 8 - - - 1.97 1.98 2.00 2.22
" 8 - - - 1.88 1.92 1.97 1.99
i 8 - - - 1.83 1.88 1.92 1.80
For Run 3:
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Section n A A AR 7t = 7t = AR Warhaft and
-0.8 -0.7 -0.5 -0.3 0 0.3 Shen (2002)
I 2 - - - 0.93 0.96 0.98 1.05
I 4 - - - 1.53 1.56 1.60 1.56
I 4 - - - 1.47 1.51 1.53 1.42
I 6 - - - 1.75 1.80 1.83 2.02
I 6 - - - 1.74 1.77 1.80 1.89
| 6 - - - 1.63 1.68 1.72 1.71
I 8 - - - 2.15 2.16 2.16 2.33
I 8 - - - 2.00 2.11 2.14 2.22
I 8 - - - 1.90 1.92 2.00 1.99
I 8 - - - 1.85 1.88 1.90 1.80
I 2 0.92 0.93 0.95 0.96 0.97 0.98 1.05
I 4 1.42 1.46 1.50 1.56 1.58 1.62 1.56
I 4 1.36 1.42 1.46 1.50 1.52 1.54 1.42
I 6 1.69 1.71 1.74 1.78 1.82 1.84 2.02
I 6 1.63 1.65 1.70 1.77 1.79 1.81 1.89
I 6 1.58 1.60 1.62 1.66 1.72 1.74 1.71
I 8 1.80 1.98 2.06 2.19 2.16 2.19 2.33
I 8 1.72 1.91 2.00 2.10 2.14 2.15 2.22
[ 8 1.76 1.88 1.90 1.93 1.94 2.02 1.99
I 8 1.73 1.83 1.84 1.88 1.90 1.92 1.80
11 2 - - - 0.94 0.97 0.98 1.05
11 4 - - - 1.52 1.55 1.59 1.56
11 4 - - - 1.47 1.52 1.54 1.42
11 6 - - - 1.74 1.80 1.84 2.02
11 6 - - - 1.73 1.76 1.80 1.89
11 6 - - - 1.63 1.69 1.73 1.71
11 8 - - - 2.14 2.15 2.16 2.33
11 8 - - - 2.00 2.10 2.14 2.22
1 8 - - - 1.91 1.93 1.99 1.99
1 8 - - - 1.84 1.87 1.90 1.80
For Run 4.
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Warhaft and
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1.05
1.56
1.42
2.02
1.89
1.71
2.33
2.22
1.99
1.80
1.05
1.56
1.42
2.02
1.89
1.71
2.33
2.22
1.99
1.80
1.05
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1.42
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1.80

Now, in order to find the trend of anisotropic scaling exponents with order n, it may be

interesting to determine the ratio of anisotropic exponents to isotropic exponents.
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However, while performing so there arise some difficulties as was experienced by
Warhaft and Shen (2002) because of £ # £ or, more specifically £ > £. Also, in

principle, gf;q/gn cannot be less than unity as in the anisotropic sector there remain

correlation between u and w components that must unravel with decreasing scale.

However, gj';q/gn to be less than unity, these correlations should increase with decreasing
scale, indicating more organized u and w fluctuations as the scale decreases. Now, for
instance, at z'= —0.5 Section Il for Run 4 data set for eighth order, we have ¢’ /¢ =
1.85/1.94 less than unity, and which is in consistence with Cg’ < 42‘ However, it is
important to mention that if one uses 48‘” instead of ;*8‘ that would be more appropriate as
557 is w dominated. To avoid this difficulty, in the ratio, arithmetic mean of two isotropic
exponents was used as denominator, as (l;‘l‘m + mg*l”im)/(l + m), where | and m are

two positive integers and n (= 1 + m) is the order of the mixed structure functions.
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Figure 5.23: Ratio of the anisotropic scaling exponent to the arithmetic mean of

isotropic scaling exponent with order n, at z* = -0.8, -0.7, 0.5, 0.3, 0 and 0.3. Data

were plotted for Runs 1 and 2.
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were plotted for Runs 3 and 4.

Figures 5.23 and 5.24 show the ratio of anisotropic scaling exponents to the arithmetical
mean (general form was defined above) of two isotropic scaling exponents at different
vertical distances within the maximum degraded depth at different vertical distances and
sections for Run 1 and Run 2; and Run 3 and Run 4, respectively. A clear downward
trend was observed from the data with order n, and for a particular value of n, they show
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good collapse within a band. Here, we have also observed that the similar downward
trend for the all data of different vertical distances. A continuing downward trend of the
ratio indicated at higher order the anisotropic contribution is as dominant as the isotropic.
This inequality becomes methodically weaker with increase in n suggesting anisotropy
even in higher-order of structure functions. In case of upper zones of degraded bed, the
curve tend to be more closer to unity than lower zones of the degraded region irrespective
of the Sections and experimental runs. The possible reason behind this is that, in the
maximum degradation region the influence of anisotropy on the scaling exponents of
corresponding mixed structure function is more intense than in the upper region.
Moreover, very little changes in the values of the ratio of the anisotropic scaling exponent
for uniform and bimodal degraded beds were found. Based on the present experimental
results, it can be concluded that within the maximum depth of degradation, the vertical
distance from the bed-level was the most instrumental factor that controls the ratio of the
scaling exponents. This observation gives the clear understanding about the influence of
anisotropy on the corresponding scaling exponents due to bed degradation.

5.10 Anisotropy angle

In this section, the anisotropy angle has been measured at different vertical distances at
the location of the maximum degraded depth for bimodal sedimentary bed to estimate the

level of anisotropy as a function of scales r. Mathematically it is expressed as:

Ar) = arctan {2% where Sy(r,0) is the second-order structure functions in the
U, T

streamwise direction and S»(0, r) is the second-order structure functions in the vertical
direction. For the isotropy of the flow, the value of angle 6 ~ 54.74°. Any value other
than this indicates anisotropy. The idea of structure functions based anisotropy angle was
first introduced by Shebalin et al. (1983) for the magnetized plasma turbulence and its
structure functions version was anticipated by Milano et al. (2001). In fluvial
hydrodynamics, it was used and fully understood by Coscarella et al. (2020) to observe
the turbulence anisotropy and intermittency in open-channel flows over rough beds.
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In the vicinity of the degradaed bed (z* = —0.8), @ starts with a value quite larger than
54.74° at lower values of r, which goes on increasing and becomes ~ 55.5° as r decreases
slighly and with increase in r values, it again increases so sharply and moves vertically
upward with & values much larger than 54.74° (~ 60°). Beyond that & increases
assymptotically with an incraese in r values. As the vertical distance z* increases ((z* =
-0.3, 0, 0.3), @ starts with values closer to 54.74° and becomes more closer with increase
in the values of r. However, beyond € [—0.04; 0.04], the values of & increase and goes
above ~ 56.5° indicating more anisotropy in turbulence. It was therefore observed that the
turbulence becomes isotropy as one moves vertically upward and is measured within
lower magnitude of the incremental vector r. The present results are in agreement with
Coscarella et al. (2020) who found for € [-0.04; 0.04], the values of & varies of £2.5%
with respect to the isotropy value and when the spatial increment increases further, the 6
trends to increases and attain values larger than 56° for flow above the vicinity of the
rough beds [zone 2 according to Coscarella et al. (2020)]. However, it is improtatnt to

mention that the anisotropy angle was calculated for the bimodal degraed bed-data only.
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Figure 5.25: Anisotropic angle at different vertical distances.
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5.11  Concluding remarks

The report presents the results of an experimental study of turbulent flow over a bimodal
degraded bed. The instantaneous velocity components were captured by using an ADV
Vectrino plus probe at different vertical distances at a location of the maximum degraded
depth and its upstream and downstream. The main aim of the paper was to observe the
anisotropy and intermittency in the vicinity of the degraded bed, along with the velocity
vectors, correlation lengths and Taylor microscale and Kolmogorov length scales. The
main findings of the present study are summarized below:

The spatial distributions of the longitudinal and vertical components of the velocity
vectors show a clear indication of the flow retardation in the vicinity of the maximum
equilibrium degraded depth which goes on decreasing with the increase in streamwise
distance. The vicinity of the maximum degraded depth is mostly affected by the local
turbulence. As one moves further downstream the turbulence indication become less,
indicating an effort of regaining the plane-bed turbulence characteristic.

The length scales attain the least value in the vicinity of the degraded bed and they
increase with increase in the vertical distance. However, above the bed-level their values
go on increasing indicating turbulence at plane rough-bed. The higher order structure
functions of streamwise velocity components indicated the existence of the inertial
subrange within lower values of the separation distances. At higher order (seventh and
above), the structure functions data show little bit of lacunarity. In the vicinity of the
maximum degraded depth, the scaling exponents estimated by ESS divert maximum from
the theoretical values indicating maximum intermittency that goes on decreasing with
increase in the vertical distance. The effect of anisotropy in the scaling exponents
becomes maximum in the vicinity of the bed, although anisotropy in scaling exponents is
present throughout the depth. As the order of scaling increases, the effect of anisotropy
decreases. Also, anisotropy angle analysis demonstrated that the effect of anisotropy in
the degraded region below the initial bed level is much higher than that above. Within the
depth of degradation, both the bimodal and uniform sediments beds show almost similar
characteristics of the turbulence and scaling parameters studied here, they hold little

differences in the values.
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Finally, it can be concluded that as the present problem handled here has numerous
practical applications in open channel flow, further explorations are required to
understand the problem more scientifically. There remain some limitations in the present
study mostly due to the experimental setup and instrumentations. The use of a PIV
(Particle Image Velocimtery) or LDA (laser Doppler anemometer) could be more
appropriate to capture the profiles thoroughly and could have given data with more
accuracy in the near-bed. In addition, to have a clear idea of the effects of a bimodal
sediment distribution, different proportions of sand and gravel could be considered, and
results compared with the uniform sediment case. The bed roughness has important role
to play to characterize the turbulence structures that could be well-explained by using
some sophisticated ranging system or bed scanner with high precision. Data of the
present study may also be useful for numerical simulation under the similar bed

conditions and for comparison with that of uniform sedimentary bed conditions.
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Chapter 6

Quadrant analysis of Turbulence over a Degraded
Channel Bed

6.1 General

This works presented in this chapter investigates the turbulence characteristics in a flow
through a degraded channel bed containing a mixture of two sediment sizes. After
establishing an equilibrium scour condition in a laboratory setting, three components of
instantaneous velocity were recorded using a Vectrino velocimeter over a sufficient
duration, with vertical profiles measured at three stream-wise locations along the flume
axis. The study employed two different conditional averaging approaches: total- and

quadrant-averaging, and compared their results.

Natural open channels have loose boundaries, which make them susceptible to several
morphologic phenomena like bed degradation, erosion and deposition of sediments, and
local scouring, among others. The study of the mutual interplay between turbulent flow
and morphologic changes is a matter of common interest to the researchers working in
the fields of fluid mechanics, mathematics, physics, and geology. Among many
morphologic processes encountered in channels, in this work we focus on two-
dimensional local scour leading to the formation of a degraded bed. This may happen
downstream of control structures, frequently in combination with a transition from non-
erodible to erodible bed and has significant implications that motivated extensive
research, from the earlier studies of Nik Hassan and Narayanan (1985) and Chatterjee et
al. (1994) to many following ones (e.g., Dey and Sarkar 2006, Tregnaghi et al. 2007,
Dodaro et al. 2016).

In most practical situations, natural channels may carry mixtures of gravel and sand
(Smith 1996). A bimodal sedimentary bed is, therefore, closer to the practical aquatic
environment than one with uniform sediment. Bimodal sedimentary beds started
receiving attention of the scientific community earlier in the twentieth century. For
example, Shvidchenko and Pender (2001), Wilcock et al. (2001), Grams and Wilcock
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(2007), and Wren et al. (2011) have done significant work on this topic. Furthermore,
studying the turbulent properties of a flow field is a mean towards explaining the
complex interactions between the fluid and the bounding bed (Dey and Ali 2020). Jain et
al. (2015) were probably the pioneers in working with the turbulence characteristics for
degraded channel beds; they found significant differences compared to a uniform bed in
the stream-wise velocity, Reynolds shear and normal stresses (RSS, RNS) and bursting
events at different locations. This was later reconfirmed by Sarkar et al. (2021). Imitating
the experimental thought of Jain et al. (2021), Sarkar et al. (2021) and Sarkar and Sarkar
(2023) further studied the turbulence characteristics for such a bed. In their study, Sarkar
et al. (2021) explored the scaling laws of turbulence and turbulent kinetic energy (TKE)
dissipation rates using structure functions, and the turbulence anisotropy, highlighting
significant differences also in these turbulence characteristics. Later, Sarkar and Sarkar
(2023) extended the study of Sarkar et al. (2021) to high-order structure functions and
intermittency in the scaling exponents for flow through bimodal degraded beds. Scaling
laws in fluvial processes, particularly for scoured bed, were also studied by Ali and Dey
(2017), Ali and Dey (2018) and Dey and Ali (2024).

The literature provides many examples of studying turbulence by dividing velocity
fluctuations in four quadrants depending on their sign combinations, using the technique
popularly known as the quadrant analysis. Due to pressure or velocity differences in a
fluid flow, low-speed fluid streaks intrude into a high-speed fluid domain through the so-
called flow ejections. Conversely, in sweeps, high-speed fluid parcels rush down toward
the bed. This sequence is known as the sweep-ejection process, whose study was
pioneered by Lu and Willmarth (1973). According to the method, the first and third
quadrants are referred to as outward and inward interactions, whereas the second and
fourth quadrants are called ejection and sweeps, respectively. Among many, Nezu and
Nakagawa (1993), Padhi et al. (2020), Dey et al. (2020) found that sweeps and ejections
are the predominating events, whereas inward and outward interactions have lower
occurrence in an open-channel flow. Importantly, the quadrant analysis introduced by Lu
and Willmarth (1973) was primarily used in the conditional statistics of RSS by several
researchers to understand the fluid flow in an open channel. Later, the conditional

statistics were employed to observe the conditional time-averaged velocity, RSS,
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turbulence intensities, etc. Some of the notable works in this direction were conducted by
Garcia et al. (1996), Cellino and Lemmin (2004) , Hurther et al. (2007), Pokrajac et al.
(2007), among others, using the time-averaged values. Later, Mignot et al. (2009)
performed the conditional analysis for spatially-averaged RSS and vertical TKE flux, for
flow over a spatially heterogeneous gravel bed. They found that the net spatially-
averaged RSS profile is the cumulative sum of the contributions from the ejection and
sweeps and the net vertical TKE flux approximately equals the difference between the
contributions from the ejection and sweeps. Mohajeri et al. (2016) used the upward and
downward velocity fluctuations to quantify the net temporal and advective vertical
momentum flux in a gravel-bed flow. The conditional statistics were further explored by
Padhi et al. (2019) and Dey et al. (2020) who showed the time-averaged turbulence
characteristics in a spatial flow domain for both water-worked and screeded gravel beds.
Based on three-dimensional velocity readings captured by using a micro-acoustic
Doppler velocimeter, Duan et al. (2011) observed that, for flow over spur dikes under
scouring conditions, ejections and sweeps are prevalent before the local scour is initiated,
and then outward interactions are dominant after the scour hole is formed.

John et al. (2023) investigated the effect of the busting events in open channel under
different vegetation spacing within as submerged vegetation patch. A comparison was
made between locations without-vegetation and those under vegetation. The effect of
vegetation was maximum within two thirds of vegetation height. The outward
interactions dominated near the bed under vegetation, whereas sweeps became proactive
for near-bed region without vegetation. It was also observed that the changes in the
density of the vegetation changed the percentage contributions of the bursting events.

The brief review above indicates that the conditional statistics have a significant role in
describing the turbulence behavior of a fluid flow. Identifying a gap in prior literature, the
present manuscript is focused on a quadrant analysis of the flow field over an equilibrium
degraded bed with two-size sediment. We argue that conditional properties need a
thorough definition; in this manuscript we adopt a definition framework with two
averaging options, namely total-averaging and quadrant-averaging. The total-averaged
quantities, which have always the total sample size at the denominator, have the

advantage that their sum for the four quadrants equals an investigated mean quantity
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before conditioning. On the other hand, they are not representative of what happens in a
certain quadrant that may be more significant in relation to the interactions between the
flow and other bodies (this second aspect possibly stimulating the use of quadrant-
averaged quantities). The literature furnished examples of both approaches. Cellino and
Lemmin (2004) performed quadrant analysis using conditional averages of turbulent
characteristics such asvelocity, stream-wise and vertical fluctuations and TKE fluxes and
performed quadrant-based averaging only for velocity, while for the other quantities
total-averaging was used, in a mixed approach. Sarkar and Dey (2010), Dey et al. (2011),
Sarkar (2016) performed quadrant analysis of RSS using the total-averaging method.
Padhi et al. (2019) explored the contributions of bursting events to the total turbulent
characteristics in water-worked and screeded gravel bed flows using the quadrant-based
averaging. Dey et al. (2020) demonstrated the effectiveness of bursting events in flow
over a series of two-dimensional dunes using the quadrant-based averaging for stream-
wise velocity, Reynolds shear and normal stresses and TKE fluxes. In summary, different
researchers used different averaging methods, not always with a clear definition
framework; this is also a gap that the present manuscript intends to fill.

The paper is organized as follows: The experimental methodology and data acquisition
are described in section 2; Section 3 presents the definitions of the turbulence properties
under investigation; the results are shown in section 4; Section 5 provides a discussion of
phenomenological relevance of the results and an extended definition framework for
conditional means using a “hole” to filter turbulence events, finally proposing some

prospects for further research; Section 6 concludes the study.

6.2 Experimental Methodology

The experimental procedures relevant for this study are the same as those of Sarkar et al.
(2021) and Sarkar and Sarkar (2023). However, the main parts of the experimental setup
are briefly explained below for the self-sufficiency of the present article. The schematic
of the experimental setup is shown in Figure 6. 1(a).

The experiment was carried out in a rectangular flume located in the Fluvial Mechanics
laboratory of the Indian Statistical Institute, Kolkata, India. The flume is 20-m long, 0.5-
m wide and 0.5-m high. The side walls are made up of Perspex which offers good visual
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observation of the flow. The experimental run was performed with a bimodal sediment
bed: a mixture was made with two different uniform (uniformity coefficient < 1.4)
sediment samples of (dsp)1= 0.25mm and gravel with (dsp), = 3.5 mm in 1:1 proportion
by weight. Hence, the mean size of the sediment was dso = 1.875 mm while a uniformity
coefficient could be quantified as oy = [(ds0)2/(ds0)1]®° = 3.7. The ratio between the larger

and lower sediment size used in the present experiment is equal to 14. This condition
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Figure 6.1: (a) Schematic of the test-section for the experiments at the fluvial mechanics
laboratory of the Indian Statistical Institute, Kolkata, India. (b) Measured scour profile at

the end of the experiment.
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reduces a tendency to segregation that could generate streambed armoring, enabling the
formation of an equilibrium scour condition with a regular shape.

Two aprons, each of 1 m x 0.2 m x 0.5m in dimensions, were placed upstream and
downstream of the test section whose size was 6 m x 0.2 m x 0.5 m. Based on several
trials and errors of the experimental configurations, a 20-cm thick sediment bed was
prepared with a uniform slope by laying the sediment freely over the floor of the flume.
After the bed preparation, water was applied gradually with a centrifugal pump, at a very
low velocity to drench the bed completely for a significant time. The water was then
drained out completely and the necessary action was taken to fill up the void spaces, if
there were any, and necessary adjustment was done to achieve the desired bed-slope.
Once the initial bed condition was satisfactory, the discharge for the experiment was
applied gradually. Once the predetermined discharge was reached, it was maintained
constant for the entire experiment duration. Table 1 shows the initial experimental
parameters based on the conditions before the degradation took place. The relative
density was s = 2.65 and u- is the shear velocity calculated from the bed slope before the
degradation took place, whereas ux is the critical shear velocity according to the Shields
diagram (Shields 1936, Van Rijin 1984, Dey 2014). The values of the shear velocity and
threshold shear velocity indicate that a live-bed regime would have been present in the
experiments if a loose bed had not been replaced with an apron. The Reynolds (R) and

Froude numbers (F) were calculated as described below Table 1.

Table 6.1: Experimental parameters based on the initial conditions of the experiments

dso d h S U Us Usc F R L
(M) (mm)  (m)  (m) mis) (M) (mis) (m)

0.036 1.875 0.076 0.12 0.0045 0.61 0.073 0.035 056 292800 0.39

In Table 1, Q is the discharge, dso = mean sediment size of the bimodal sediment mixture
is equal to the mean of (dso)sand and (dso)graver, Froude number F [= T/(gh)>>, where U =
depth-averaged velocity, g = acceleration due to gravity, h = depth of water above bed-
level], Reynolds number R [= 4Uh/v,v = kinematic viscosity of water =107° for water at
20°C]. In the above, u~ is the shear velocity calculated from the bed slope before the
degradation took place and us is the critical shear velocity obtained from the Shields
diagram.
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Due to the flow, the detachment of the sediment particles started immediately
downstream of the first apron. After a significant time, a scour hole (or degraded bed)
was created. Figure 6.1(b) shows the measured degraded bed profile at the end of the
experiment. The maximum depth of degradation with respect to time was recorded; after
a duration of 12 to 14 hours, no more sediment was being eroded indicating achievement
of an equilibrium condition. The maximum depth of degradation under such condition
was, therefore, considered as the equilibrium depth of degradation.

After reaching equilibrium scour, the three-dimensional velocity components were
recorded at three locations (Section I: within the upstream slope of the degraded zone,
Section II: at the maximum equilibrium depth of degradation, Section Ill: in the
downstream portion of the degraded zone, see Figure 6.1(b). Three-dimensional velocity
was measured using an acoustic Doppler velocimeter, commercially named Vectrino. The
Vectrino performs with a rate of acoustic frequency of 10 MHz. Relying upon previous
practices, the Vectrino was operated with a data sampling rate of 100 Hz, minimum
signal-to-noise ratio of 18, minimum correlation coefficient of 70, and sampling volume
with a height of 1-4 mm and diameter of 5 mm. The experimental data were further
tested for the uncertainty following the procedure prescribed by Dey et al. (2020) and
also adopted by Khan et al. (2021). According to uncertainty estimations, the average of
maximum percentage error was within +5%. These values are within the ranges of
acceptability of the measured samples prescribed by Dey et al. (2020). To achieve a time-
unbiased average value of the velocity, data were recorded for 180 sat a point. The data
used in this manuscript are mostly the untreated raw data to preserve the natural
turbulence. However, at some locations the instrument captured a significant amount of
spurious data, requiring the application of an appropriate filter (Khan et al. (2021),
Pandey et al. (2017)). The acceleration thresholding method (Goring and Nikora) was
applied for the data filtering. The identified spurious data were then replaced with values
interpolated between neighboring ones. In the present manuscript, the stream-wise,
lateral, and vertical velocity components are designated as u, v, and w, while the

corresponding coordinates are X, y, and z, respectively.

6.3 Definition framework for total and conditional averaging
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This section clarifies how the statistics presented in the manuscript were obtained. We
start from a temporal record of (u, v, w) velocity components at one measuring point, for
which a single measurement at any instant is then (u, v, w);. The statistical result from
different averaging methods applied to the data. A mean velocity (the stream-wise and

vertical components are used here) is:

U =2 andw = 2 (6.1)

Ntot Ntot

(note that, unless differently specified, all the sums along i are from 1 to N,,;). Velocity
fluctuations are instead defined, following the well-known Reynolds decomposition, as:

u'i =Uu; — u and W,i =w; — w (62)

6.3.1 Clipping function for quadrant and quadrant relative occurrence

We define a clipping function to label any velocity vector to pertain to a quadrant:

A} = 1if(u,w); is € quadrant g, 4] = 0 otherwise (6.3)
As known, an event is in a certain quadrant if it complies with the following definitions:
Quadrant 1 (i. e.,, g= 1) signifies outward interactions where u’, w'> 0; Quadrant 2
signifies ejections where u'< 0, w'> 0; Quadrant 3 signifies inward interactions where u’,
w’'< 0; eventually, Quadrant 4 signifies sweeps where u'> 0, w'< 0as shown in Figure 6.2.
Our use of a clipping function is analogous to prior ones made in conditional analyses to
discriminate the values that shall be considered in an average and those that shall not. For
example, Cellino and Lemmin (2004) and Dey et al. (2020) introduced a discriminating
function that took a value of 1 if any velocity fluctuation product was in a certain
quadrant and exceeded a threshold magnitude. Here we indeed take a similar approach,
not imposing a magnitude threshold at this stage (the use of a hole will be treated
systematically in the second part of the manuscript, extending the definition framework).
After determining the clipping function, we define a percentage occurrence for a quadrant
as:

249
q =24 (6.4)

Ntot
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w'w'| = H@'w)™ (ww')"™*

Outward

Ejection _ .
interaction

Inward
interaction

Figure 6.2: Definition sketch of the quadrant analysis. Redrawn from Lu and Willmarth
(1973)

This definition implies that},, p? = 1 (where the sum along q is from 1 to 4).

6.3.2 Duration and frequency of events

The relative occurrence of events in any quadrant, just defined, represents the total time
for which, within a certain duration, an event in that quadrant occurs. Here the term
‘event’ is used for a single measurement of instantaneous velocity; events in a certain
quadrant may persist for sometime (which would be represented by clusters of
consecutive 1 value in the clipping functions). We, therefore, define a mean duration of a
cluster of events in a same quadrant. In order to determine this duration, we need to pass
from observing the flow events instantaneously to observing their transitions. Naming e
the number of times in which the A9 function switches from O to 1, the mean time

duration of a cluster of events in a certain quadrant is computed as:

d1 =12 (6.5)
where T is the duration of the observation. Furthermore, the appearance of a cluster of
events in a certain quadrant may be more or less frequent. Therefore, we also define a
frequency that is the inverse of the mean time between two successive switches of the

velocity fluctuations to a certain quadrant. This frequency is quantified as:
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el

fa= — (6.6)
leading to d? x f1 = p9.

6.3.3 Conditional mean velocity

We define two conditional mean velocities, depending on the denominator one uses to

normalize a sum of measured values. The first mean is:

—q _ YiwA]

Upppr = 6.7
for = = (6.7)
The second mean is instead:

—q TiwAl  TiwAl  wl,

u = = o — 6.8

quad iaf PINtor D1 68)

Sincep? < 1, it will be ﬂguad > ug,. The two means have different conceptual meaning;
the u., is a ‘total-averaged conditional mean’ (that considers the entire duration of the
measurement), while the ﬁguad is a ‘quadrant-averaged conditional mean’ (that
corresponds to the mean velocity one has in a quadrant considering just the period for
which events in that quadrant occur). The mean from eq. (6.7) was used, for example, by
Dey et al. (2011), while that from eq. (6.8) was employed, for example, by Padhi et al.
(2019) and Dey et al. (2020). This applies to all the following distinctions between total-
averaged and quadrant-averaged conditional quantities.

Similarly, we define the two conditional mean velocities in the vertical direction as:

—q _ Ei Wil?

Weot =~ (6.9)
tot
and
q a —q
—q _ WA Xiwidy  Weoe
Wauaa = »iAf "~ pINeor  p4 (6.10)

6.3.4 Reynolds stresses and conditional Reynolds stresses
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A Reynolds stress (here we discard —p as a multiplying constant) results from a time
average of a product of velocity fluctuations. The Reynolds normal stress (RNS) in the
stream-wise direction is:

uu' = Zilwrun; (6.11)

Ntot

As for velocity, also for stream-wise Reynolds normal stress we can define two

conditional means:

a  _ Tiwunaf

1.7
UU tor = TN (6.12)
tot
77 Yiwun Al Yiwun Al wwrl,
UU guad = T = = (6.13)
Xid PNtor p

L ——1 q . . .
Again, it will be that u'u’g,qq > u't's,.. Keeping the same denominator in (6.11) and

(6.12) implies that 3., W(Zot = u't/. Therefore, conceptually the use of a total-averaged
conditional Reynolds stress is supported by the fact that the sum of the conditional
stresses equals the unconditional stress; on the other hand, the quadrant-averaged
Reynolds stress represents the actual stress magnitude one has during occurrence of
events in a certain quadrant.

Analogously, the RNS in the vertical direction is:

ww' = 2 (6.14)

Ntot

and the conditional mean for the vertical RNS can be defined as:

4 Tiwiwn)al

ww',, ==——=L (6.15)
Ntot
9 Siwwnd]  Siwwndl  wiwily,
ww quad — Zi/lg - PIN¢or - pd (616)
Finally, the Reynolds shear stress (RSS) is:
ww = 2w (6.17)
Ntot '
with two conditional means defined as follows:
—q iurwr i,'{q
UW ooy = Ziwwnd; (6.18)

Ntot
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=4 Sww)A!  Siww)l il

u W quad = Y l? = T = e (619)

6.3.5 Kinetic energy fluxes
We introduce the sum of the product of squared velocity fluctuations:
E'=05x[u)+ @v)+Ww)] (6.20)

The stream-wise flux of turbulent kinetic energy (TKE) is thus:

o = 2 (6.21)

Ntot

As for velocity and Reynolds stress, again we can define two conditional means changing

the denominator:

T Zilknun; Al
k'u' —_—t 6.22
e = 2 (622)
P _ Silerun Al Sykunial  Twge,
k u quad — ZA? - qutot - pq (6.23)

Again, it will be that k’u quad > k' u to¢ and that the sum along g of the means from

(6.22) equals the value from (6.21).
Analogously for vertical flux of kinetic energy is:

Kw' = S (6.24)

Ntot

and the conditional means are:

=1 Yikwn); Aq

P9N¢ot p4

KW tor = N (6.25)
tot
i A i iAf :

6.4 Results and discussion

6.4.1 Average flow field
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The vertical profiles of the time-averaged stream-wise velocity component computed by
Eq. (1) are shown in Figure 6.3(a-f), together with other quantities that will be discussed
later, for the three different sections (Sections I, Il, 111). The vertical distance z was made
dimensionless by maximum depth of degradation d under the equilibrium condition (with
z = 0 at the initial bed level); the velocity values were divided by the friction velocity,
even if this parameter is a constant since we are presenting one experiment. Interestingly,
for z/d > 0.2, the stream-wise velocity component was quite similar at sections I and 111,
since these sections were close to the upstream and downstream edges of the degraded
zone. At section 11, the stream-wise velocity component for z/d> 0.2 is slightly less than
at the other sections (due to flow expansion), but still similar (as if a jet was present in the
upper layer of the flow and the length of the scour hole was insufficient for full mixing).
Since velocity needs to be zero at the contact with the sediment, the velocity gradient for
z/d < 0 was largest at section Ill and lowest at section Il. The stream-wise velocity
component took a slightly negative value only close to the sediment bed at section I,
evidencing a small recirculation after a flow separation from the upstream edge of the
scour hole.

The time-averaged vertical velocity component, depicted in Figure 6. 4(a-f), was negative
at all elevations and sections, even though close to the surface its magnitude at section 111
was lower than at sections | and Il, indicating that at section Il1 the flow was reasonably
recovering from the effect of degradation. The magnitudes of w were, however, much

lower than those of u.
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velocity components using Equations (6.7) and (6.8), respectively.
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6.4.2 Percentage occurrence of events in the quadrants

Figure 4. 5 depicts the vertical profiles of quadrant percentage occurrence as determined
by Eq. (4). For the highest elevations, the percentages were similar at sections | to 1lI,
with outward and inward interactions at around 20%, ejections between 25 and 30%,
sweeps between 30 and 35%. Generally, ejection and sweep events mainly compose the
bursting events and were significantly more occurring than outward and inward
interactions. At sections | and Il and just below the original bed elevation, a peak in the
percentage occurrence of sweeps (that were the most frequent events with a percentage
occurrence of up to almost 45%) was consistent with the penetration of the upper flow
into the scour hole. Close to the sediment bed, instead, ejection events were the most
occurring ones (again, particularly at sections I and Il), with percentage occurrences of up
to 35—-40%. A cross-over in the sweep and ejections took place at z/d = -0.3 and -0.6 at
sections | and 11, respectively. The profiles of the occurrence of inward and outward

interactions were more uniform than those of sweeps and ejections.
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using Equation. (6.4).
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6.4.3 Mean duration and frequency of event clusters

Vertical profiles of the mean duration of clusters of flow events, computed as per eq.
(6.5), are depicted in Figure 6.6(a,c,e). From the plot it results that sweep and ejection
events were not only characterized by larger relative occurrence, but their clusters were
also lasting longer than those of the other events (in other words, sweeps and ejections
presented a larger temporal coherence than outward and inward interactions). The mean
duration of sweeps and ejections was between 0.03 and 0.07 s for the sections at which
the flow was measured in this study.

Figure 6.6(b,d,f) presents instead the frequency of occurrence of a transition of the flow
to a certain event, as determined by Eq. (6.6). Differently from what happened for the
percentage occurrence and the mean duration presented above, the vertical profiles of the
frequency were similar for all the events, corresponding to the frequency of the burst
cycle at any certain location. For sections | and Il the frequency was lower close to the
bed and increasing for progressively higher elevation, while for the section Il the
behavior was the opposite. Characteristic frequencies were in the order of some Hz,
indicating that the sampling frequency adopted in the present study (100 Hz) was high
enough to observe the succession of burst cycles.
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Figure 6.6: Mean duration and frequency of the event clusters in any quadrant for the

three sections using Equations (6.5) and (6.6), respectively.
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6.4.4 Total-averaged and quadrant-averaged conditional velocity

components

Figure 6.3(a—f), already presented above to describe the average flow field, also includes
the vertical profiles of the conditional stream-wise velocity computed by (6.7), that is the
total-averaged conditional mean ug,, and (6.8), that is the quadrant-averaged conditional
meantgyaa-

We first use the results at section | to clarify how the different averaging methods work.
In panel (a), the conditional means are generally lower than the total mean wu, with the
exception of the lowest locations where negative values for Hfot and ﬂfat are
compensated by values larger than u for ﬂiot and ﬂfot (since, as mentioned above, by
definition the sum of the total-averaged conditional means equals the total mean, as
checked with the last depicted series).

In panel (b), instead, ﬂfluad and ﬂguad are by definition larger than u, the opposite

happening for Tg,qq and gy,qq- The total mean velocity is further compared to the
arithmetic mean of the four quadrant-averaged conditional means; the two quantities are
similar but not the same (because the total mean velocity is actually equal to a weighted
mean of the quadrant-averaged conditional means, the weight being the percentage
occurrence of the events in any quadrant); for first moments, like average velocities, the
difference between the total mean and the mean of the conditional means is not large. The
use of one or the other conditional mean may reveal different relationships between the
events in close quadrants: for example, in panel (a) Hfot is much larger than ﬂ}ot, because

. . . —4
sweeps are more numerous than outward interactions; by contrast, in panel (b) ug,44 and

Héuad are quite similar to each other, because the different percentage occurrence of the

events in the two quadrants is accounted for.
For the highest elevations, the stream-wise conditional velocity components are quite
similar at all the sections, as already mentioned for the total mean. Furthermore, the

guadrant-averaged conditional means return, at all sections and locations,

—4 —1 —3 —2 T . . . .
Uguaa>Uquaa>Uquaa>Uquaa, iNAicating that sweeps and ejection events take place with
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the highest and lowest stream-velocity, respectively. These results are consistent with,
among others, the experimental findings of Cellino and Lemmin (2004) in suspended
sediment flow, Dey et al. (2020) for flow over dunes and Padhi et al. (2019) for water-
worked and screeded bed flow. In addition, at sections | and 11, close to the sediment bed,
Hsuad and ngad (also u at section I, as already mentioned above) take negative values,
clearly demonstrating a flow reversal that can be a strong contribution to vortex
formation. Figure 6.3(b,d,f) also show that, at all the sections, all the quadrant-averaged
conditional means have a vertical profile similar to that of the mean velocity u. This also
agrees with the findings of Cellino and Lemmin (2004), Padhi et al. (2020) and Dey et al.
(2020). The magnitudes of the stream-wise velocity at Section I1l are higher than those at
Sections I and Il when considered at a particular vertical distance. This finding indicates
that the decaying of the jet-like flow and bed degradation is taking place with increasing
of stream-wise distances from the maximum degraded bed (Jain et al. 2015, Sarkar et al.
2021).

The profiles of the vertical velocity component are shown in Figure 6.4(a—f) for the three
measuring sections. The considerations made above for the different trends returned
using the total-averaged and the quadrant-averaged conditional mean are valid also for w.
For example, panels (a) and (b) show that passing from the total-averaged conditional
mean to the total-averaged one largely reduces the difference between the conditional
vertical velocity for sweeps and inward interactions, as discussed with reference to the
stream-wise velocity component for sweeps and outward interactions.

For the highest elevations, the conditional mean velocity components were similar at
sections | and Il, while they were generally higher at section Ill. Since the general flow
pattern indicates a down-flow at all the section and elevations, the vertical velocity
component for outward interactions and ejections might be also negative. The traditional
interpretation given for one-directional boundary layers over a flat bed, according to
which events in quadrants 1 and 2 imply an upward momentum transfer, may be not
extended to some portions of the present flow field. However, close to the sediment bed
the outward interactions and the ejections presented positive values for the vertical
velocity component. Differently from what happened for the stream-wise component, the

profiles of the conditional mean velocity components were not similar in shape to that of
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the mean velocity component; particularly at sections | and 11, they presented a peak in

absolute value, at variable distance from the bed.

6.4.5 Reynolds stresses

We first report the results for the normal, stream-wise RNS, then move to the vertical one
and finally to the RSS in the x-z plane.
The vertical distributions of the stream-wise RNS at Sections I, 1l and Ill are shown in

Figure 6.7(a—f). The panels on the left show the total-averaged conditional RNS;

summing the values for the four quadrants again returns u'u’. The panels on the right

instead show the quadrant-averaged conditional RNS, whose mean value over the

quadrants is close to u'u’. At sections I and Il, the RNS profiles attained a peak below the
initial bed level. Ejections and sweeps were the events with largest RNS, with the former
presenting a higher peak value (for example, 7.51 and 5.63) at section Il) at higher
elevation (for example, at z/d of around —0.3 and —0.6 at section 1I) than the latter. The
vertical profiles at section Il were different from those at the previous sections, since
here the flow was getting back towards a non-eroded bed; at section 11l a weak peak was
attained a bit closer to the initial bed level (but this may be due to the fact that the bed
degradation is much lower than that at the other sections), and the RNS values were
significantly lower than those at the other sections (also confirming higher turbulence for
decelerating than for accelerating flows). Owing to the influence of bed degradation,
strong turbulence mixing amplified the velocity perturbation that enhanced the stream-
wise RNS below the initial bed level. Above the latter, decaying of the turbulence mixing
became responsible in decreasing the stream-wise perturbation and dampened the
conditional and total stream-wise RNS. For the highest elevations, the stream-wise RNS
was generally small and similar at all the measuring sections.

Near the bed, the high-speed fluid streaks moved from upstream toward the wall,
sweeping away the slowly moving fluid left from the preceding ejections. On the other
hand, at higher elevations, the low-speed fluid streaks were ejected from the near-wall

and entered into the fluid zone. Close to the sediment bed, sweeps were the events
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Figure 6.7: (a—f) Vertical distributions of unconditional and conditional Reynolds

stream-wise stresses using Equations (6.12) and (6.13), respectively.
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stresses using Equations (6.18) and (6.19), respectively.
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determining the highest conditional stream-wise RNS. The near-bed region where sweeps
were stronger than ejection had a thickness (in terms of z/d) of around 0.3 and around 0.5
at sections | and II, respectively. The larger thickness at section Il was related to the

lower bed elevation at that section.

Figure 6.8(a—f) depicts the profiles of the vertical RNS at the measuring sections. At
sections | and 1l the profiles of the vertical RNS were similar in shape to those of the
stream-wise RNS, but the values were about 4 times lower. Instead, the profiles at section
I11 differed from the corresponding ones for the stream-wise RNS (the vertical RNS was
larger for increasing elevation), even though also for the vertical RNS section 11 returned
completely different profile and values compared to | and I, given a reduced influence of
degraded region. Close to the bed, also for the vertical RNS sweeps were the dominant
events at sections I and 11, ejections prevailing for increasing distance from the bed. This
result shows consistency with those of Padhi et al. (2019).

Lastly, the vertical distributions of the RSS are shown in Figure 6.9(a—f). The RSS is the
first quantity for which we detected a significant difference between the mean of the
quadrant-averaged conditional stresses and the total mean, due to this stress involving
velocity fluctuations along two directions. At sections | and 11 the stress profiles attained
a peak below the initial bed elevation; in fact, in the degraded region nearby or slightly
below the initial bed level occurrences of strong turbulence mixing enlarged the
magnitude of u’ and w' in agreement with Dey and Ali (2019). The peak values were
lower than those for the stream-wise RNS and larger than those for the vertical RNS (for
example, for ejection at section Il the peak value was around 7.51 for the stream-wise
RNS, 2.81 for the RSS and less than 1.88 for the vertical RNS), consistently with the
prevailing direction of motion. The profiles at section Il were again markedly different
from those at the other sections.

Ejection and sweep events were those with the highest RSS values. As it was for the RNS
components, close to the bed the sweep events were the strongest ones, with ejections
instead prevailing for increasing distance from the bed. This result shows consistency
with those of Mignot et al. (2009), Padhi et al. (2019), and Dey et al. (2020). Also, at
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sections | and 11, W:uad and u'w’ took very similar values from slightly below the
initial bed level to the highest elevations. This is quite different from the findings of
Padhi et al. (2019) and Mignot et al. (2009) . The RSS production within this region was
dominated by the bed degradation and the ejections.

6.4.6 Turbulent kinetic energy fluxes

Figure 6.10(a—f) depicts the profiles of the dimensionless stream-wise and vertical TKE
fluxes obtained at Section I, Il and I11. After clarifying for the previous quantities how the
plots change applying total-averaging and quadrant-averaging for conditional means, in
this case we show for brevity only the quadrant-averaged conditional fluxes. Obviously,
the conditional fluxes cannot change sign along the vertical direction because k', that is
not a fluctuation in the sense of the other ones (deviation from a mean value), is
inherently positive; therefore, the sign of a conditional TKE flux corresponds to that of
the considered velocity component fluctuation (that is imposed by definition). By
contrast, the signs of the unconditional fluxes computed by (6.21) and (6.24) typically
change with elevation.

For example, from Figure 6.10(a,c,e) one sees that at sections | and Il the stream-wise
fluxes were mostly related to ejections and sweeps, with ejections reaching larger peaks
than sweeps (in absolute value). Peak values for ejections and sweeps at sections I and 11
were similar, but they were detected at different elevations. First, passing from section |
to section 1l the peaks were at lower z/d for a same quadrant, due to a higher scour depth;
second, in any section the peak elevation for sweeps was lower than that for ejections. As
a result, the profile for the total fluxes took a sinuous shape, containing both peaks: close
to the degraded bed (at section | and I1) the stream-wise TKE flux was positive, while it

became negative for larger distance from the bed. Furthermore, the profiles for

1 —3
k'v' quaa/ud and k'’ g0q/ud almost mirrored each other, suggesting that inward and

outward interactions had minimal contribution to the total flux. The result is totally
agreeing with those presented above for the RSS. Finally, the profiles at section Il
clearly demonstrated the decaying influence of bed degradation with stream-wise

distances.
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Figure 6.10: (a—f) Vertical distributions of unconditional and conditional (quadrant-
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Figure 6.10(b, d, f) shows corresponding results for the vertical TKE flux, indicating
similar features to those reported for the stream-wise component. At sections | and 1l the
vertical TKE flux was negative close to the bed and positive for higher elevations. Also
for the vertical TKE flux, the profiles for inward and outward interactions mirrored each
other and the magnitudes at section 111 were much lower than those at the other sections.
The magnitudes of the vertical TKE flux were, expectedly, much lower than those of the

stream-wise flux.

6.5 Relevance of conditional analysis with different averaging

approaches

The general characteristics revealed for the flow under investigation are as follows: an
upper layer (z> 0) is present with similar properties at all sections, probably resembling
the properties of the incoming flow; a mixing layer is located a little below the initial bed
level, where ejections are the prevailing events, possibly in relation to entrainment of
low-momentum fluid into upper layers; close to the bed, sweep events dominate; the flow
is highly turbulent in the expansion portion (sections | and Il), recovering to low
turbulence in the contraction portion (section Ill). Furthermore, total-averaged and
quadrant-averaged means return the expected relationships with the global turbulence
indicators: as mentioned, total-averaged ones, that have always the total sample size at
the denominator, equal the total quantity once summed but, on the other hand, they are
not representative of what actually happens in a certain quadrant; conversely, quadrant-
averaged properties correspond to the real magnitude these events have on average, and
are similar to the global quantities once a mean is computed over the quadrants.
Unconditional and (total- or quadrant-averaged) conditional indicators may be more or
less significant in relation to the interactions between the flow and other bodies. One
could consider, for example, fish, plants, and sediment.

In recent years, several studies on flow-fish interaction have been performed considering
the turbulence of the flow, mostly in relation to fishways (e.g., Alexandre et al. 2013, Ben
Jebria et al. 2023, Farzadkhoo et al. 2023 Qiao et al. 2023). Fish seem to prefer locations
with lower TKE and non-negligible velocity. These studies typically consider the
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unconditional properties of turbulence, presumably because a fish is a relatively large
body that will perform some spatio-temporal averaging of the fluctuations it receives. We
are not aware of studies applying conditional turbulence analysis for this fauna. Similar
considerations apply to studies of turbulence-vegetation interaction (e.g., Vettori and
Nikora 2018, Caroppi and Jéarvela 2022).

A sediment particle (sand/silt) is smaller than a fish or plant, and its lower Stokes number
will make it more reactive to the fluctuations of the flow field. For sediment, someprior
literature argued that the different quadrants may have different weight in determining
particle entrainment. For instance, Drake et al. (1988), Dey et al. (2011) and Radice et al.
(2013) attributed a major role to sweep events towards particle entrainment or activity.
Rashidi et al. (1990) and Nifio and Garcia (1996) indicated instead that ejections seem to
be dominant for finer particles. Nelson et al. (1995) analyzed sediment transport
downstream of a step and hypothesized a double role of sweeps and outward interactions
as events related to higher stream-wise velocity. Furthermore, Sechet and Le Guennec
(2000) argued a coupled mechanism of ejections and sweeps. The comprehensive reviews
of Dey and Ali (2018) resumed and discussed prior observations; in particular, a
dominating role of sweeps in particle entrainment was attributed to a pressure distribution
and strong lift induced by these events on bed particles. Finally, very recently,
Matsumoto et al. (2021) associated the entrainment of fine sediment in the vicinity of

larger boulders to a sweep-ejection succession.

6.6 On applying of a hole in quadrant analysis

Some literature studies dealing with quadrant analysis have applied a hole to consider
only the burst events exceeding a threshold magnitude, and showed monotonic decrease
of the conditional quantities for increasing hole size (e.g., Dey et al. 2011). A hole was
not applied in the results presented above. It is, furthermore, noticed that, when a hole is
applied, the conditional averaging procedures become more complicated, as formalized
below. We introduce another clipping function to represent if a velocity fluctuation is out

of the hole (considering the stream-wise/vertical plane):

if——t=>H (6.27)
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When we introduce the hole, we can define two unconditional Reynolds stresses. The

first one again uses the total sample for the denominator:
— 2PVt (6.28)

while the second one uses just the sample of values out of the hole and is:

H H H ——H
[ _ Yiturwn); Ay _ Yiturwn);A; _ UWWlot
UW pole = 2/1{-1 - PHNoe = oH (629)
with a percentage of values out of the hole as:
H
H Bt (6.30)
Niot

Note that, for H = 0, we have A7 identically equal to 1, p¥ = 1, and both (6.28) and

(6.29) give the value we would obtain with an equation analogous to (6.17). With an
—H
increase in H, p® will obviously decrease and u'w’,,, will also decrease. Instead, the

behavior of Wz will not be obvious because this quantity is the ratio of two decreasing
functions.

Now, let us finally move to conditional means applying a hole. We can define four
conditional means, depending on the denominator we use. Equations are as follows:

——@H  ¥iwwnadal

U'W'or = (6.31)
Ntot
_ Siwwniafafl _ Siwwniafaf u,w,g;;’
u'w' 6.32
quad i A! PN¢tor pd ( )
YiwwnA92H  yiwwn 2948
UW pore = Tt = L = Tk (6.33)
Zili P Neot p
W‘I H _ _ Tiwwnalal _ Yitwwn) Al _ Yiwwn) Al (6.3)
quad,hole Zil?ﬂiq pHa Zil? paH Zi/lfl
where:
Al
Hq _ Zi
_Zl 7 (6.35)
tells us how many values in a quadrant are out of the hole and:
Al
qH — i
p s AH (6.36)

is the percentage of values out of the hole that are in a certain quadrant. Obviously, the

numerators of (6.35) and (6.36) are equal to each other, since they are the number of
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values out of the hole in a certain quadrant. The sum of the values of (6.34) for the four

quadrants
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Figure 6.11: (a—e) Variation of properties with H at a single measuring point using
Equations (28-30).

will equal the value from (6.29), that is 3, u’w’,ql'(:e = u’w’:ole.Note that when there is
no hole (H = 0) eq. (6.31) and (6.33) will give the same result as (6.18), while eq. (6.32)
and (6.34) will return the same result as (6.19). The discriminating functions used by Lu
and Willmarth (1973), Cellino and Lemmin (2004) and Dey et al. (2020) are equal to the
product 272" In our framework, we have in fact used two clipping functions in relation
to either a quadrant and the hole. This enabled four conditional means to be defined in a

complete framework.
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Now let us explore how the defined means vary with the hole size. The mean from (6.31),
that is the one typically used in the literature studies discussing hole-size variations,

obviously decreases because, increasing H, the numerator of the equation decreases
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Figure 6.12: (a—f) Variation of properties with H at a single measuring point using Eqg.
(6.31-6.36).

(because we sum fewer values) while the denominator is a constant. Same for (6.32) that
is (6.31) times a hole-independent constant. The trend of the mean from (6.33) will not be
obvious because both the numerator and denominator decrease for increasing H.

In principle, it could be the same for the mean from (6.34), but here we note that we keep
progressively larger fluctuations and then we expect this mean to increase. For (6.35) we
expect it to decrease with H and for (6.36) it is impossible to predict, since also in this

case the numerator and denominator will have the same tendency. As a support to the
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previous formalization, Figure 6.11 — 6.12 show how mean properties change with
reference to the measurements taken at one point. The means from (6.31) present regular
trends that are, unfortunately, trivial and not representative of the actual flow in a certain
quadrant. The means from (6.32) also have regular trends but do not keep track of the
hole in the sample size. The means from (6.33) keep, conversely, no track of the quadrant
in the sample size. Finally, the means from (6.34) are the most capable of showing the
flow properties in a certain quadrant but return non-monotonic trends. Due to these

reasons, for the time being we preferred to show results without the application of a hole.

6.7 Prospects for future research and applications

The framework for definition proposed in this manuscript builds upon earlier analyses
based on quadrant decomposition and provides a variety of averaging options in a
structured manner. In this way, the present formalization offers different ways to describe
the turbulent bursting process, towards progressively more refined phenomenological
description. In particular, any study applying a hole seems to need a very clear
description of how it is performed, to make evident which kind of average is performed.
However, with reference to the scour process under specific consideration in this work
(scour downstream of an apron), the variability of the turbulence indicators defined in
this work for different experimental configurations can be investigated to interpret the
variability of the resulting scour patterns.

In this context, it is noted that the prior studies on quadrant-sediment interaction have
been mostly related to indicators of event occurrence, and have not explored quantitative
relationships of sediment motion with total-averaged or quadrant-averaged conditional
properties. Exploring and finding quantitative relationships between turbulence indicators
and, for example, particle entrainment will give merit to the definition and use of such
flow properties.

Stability analysis for the present experimental conditions may also be useful for further
advancement in the degraded-bed hydrodynamics following some important studies in
this direction by Ali et al. (2021), Ali and Dey (2021) and Dey et al. (2009).

The present study has been focused on vertical profiles of conditional properties of the

flow field. This depiction hides the fact that the flow events are not in the same quadrant
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at a same time. A spatio-temporal variability of actual quadrant was not investigated in
this work because the measurements, though extensive and highly time-consuming, were
too loose in space for that purpose. For example, recently Matsumoto et al. (2021)
presented maps of the spatio-temporal distribution of velocity fluctuations, that were
preliminarily used to infer observations on the spatio-temporal coherency of velocity
fluctuations. Due to the inherent burden of performing extremely detailed measurements,
numerical simulations may help in this kind of analysis

The data presented in this manuscript offer the possibility to validate numerical
simulations of the flow field for the same conditions (geometry of the scour hole, flow
depth, inlet velocity, roughness height) applied in the experiments. Furthermore, they can
also serve as an intermediate step for validation of numerical simulations of the scour
process. Earlier models of this kind, either implementing bulk equations as in Dodaro et
al. (2016) or incorporating a numerical solution of the flow field as in Amoudry et al.
(2009), have been validated by comparing the scoured bed profiles obtained in
experiments and model predictions. The availability of turbulent flow data enables, as
said, an intermediate step of validation for the part of the model that simulates the

scouring flow field.

6.8 Concluding remarks

In this study, we examined the turbulent flow field in a degraded bed made of two-size
sediment. The present manuscript integrates previous insight provided by Sarkar et al.
(2021) and Sarkar and Sarkar (2023) who investigated the hydrodynamics and the scaling
properties of turbulence; in this study attention has been focused on the conditional
properties of the flow field, employing the so-called quadrant analysis.

A rigorous definition framework that was produced as a support to the work clarified how
conditional properties can be computed and included two conditional means, namely the
total- and quadrant-averaging means. These have been sometimes used in prior literature;
the framework proposed in the present work clarified that they are related to each other
through the percentage occurrence of events in any quadrant. According to the total-

averaging method, the conditional quantities are less than an unconditional one, their sum
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equaling the latter. Instead, the quadrant-averaged quantities may be more or less than the
unconditional one, their mean being more or less similar to the latter.

The study investigated a number of quantities (stream-wise and vertical velocity
components, normal and shear Reynolds stresses in the axis plane, stream-wise and
vertical fluxes of turbulent kinetic energy. Altogether the findings returned a consistent
representation of the flow pattern. In the first two measuring locations (with expanding
flow and at maximum scour depth) the flow was highly turbulent; ejection events had the
highest percentage occurrence close to the bed, while sweeps were more present towards
the original bed elevation where a mixing layer was present; in terms of the contribution
to Reynolds stresses, sweeps were most relevant close to the bed and sweeps at higher
elevation (particularly for the quadrant-averaged conditional stresses that are inversely
proportional to the percentage occurrence); differently from Reynolds stresses, the TKE
fluxes have opposite sign for sweeps and ejections, thus the vertical profiles of the
unconditional TKE fluxes were sinuous reflecting the elevation ranges where sweeps and
ejections prevailed; the duration of clusters of events in a certain quadrant was different
(with, again, clusters of sweeps and ejections lasting more than those of the other events)
but the frequency was similar for all the event types, reflecting the general frequency of
the burst cycle with values in the order of some Hz. At the third location (close to the
downstream end of the scour hole) the flow was less turbulent and clearly converging
back to a situation without scour.

The present data can be used as benchmark for numerical simulations and as a basis for
interpretation of the interactions between the flow and immersed bodies (with
presumably increasing relevance of conditional analysis for decreasing size of the
bodies).

The extension of the definition framework to cases applying a hole returned four possible
ways of obtaining conditional averages, whose variability with H is not straightforward.
This is an original development of the present study that, to the best of our knowledge,
was not given complete formalization in the past. Further research on quadrant analysis
may take the challenge of investigating in more detail the relevance of conditional
averages applying a hole, again, particularly emphasizing the most important ones for

investigation of flow interactions.
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Chapter 7

Summary and Conclusions

7.1 Hydrodynamics of flow through a degraded channel bed
7.1.1 Summary

The hydrodynamics behaviors of turbulent characteristics in flows over a degraded
channel bed were extensively studied to understand the influence of degraded regions on
fluid turbulence under the equilibrium conditions. In open channel flow, detachment of
the sedimentary bed materials takes place due to the erosional process. As a result, these
naturally deformed beds are referred to as degraded bed in the field of geology,
hydrology, and sediment transport phenomena, which is a very common event in natural
river systems, man-made canals and coastal regions etc. The study was focused on near-
bed turbulence statistics, specifically in the degraded regions over degraded bed. An
acoustic doppler velocimeter (ADV) was used to capture the three dimensional velocity
components at different spatial locations over degraded bed under equilibrium conditions.
Turbulent characteristics such as time averaged streamwise velocity, Reynolds shear and
normal stresses, turbulent kinetic energy (TKE), TKE fluxes and TKE budget are
comprehensively studied. Furthermore, Laws of turbulence was discussed thoroughly and
used them to estimated TKE dissipation rate. TKE budget was observed along with this
dissipation rate. Finally, the nature and degree of turbulent anisotropy were observed

using anisotropic invariant map (AIM) and anisotropy invariant functions (AIF).
7.1.2 Conclusions

The analysis of the turbulent flow velocity data, measured by a Vectrino velocimeter,
demonstrated the turbulent flow characteristics in degraded region over a degraded
channel bed under equilibrium state by different experimental conditions. Our findings of

the study are summarized as follows:

e Negative streamwise velocity was observed at the vicinity of the bed surface,

indicating flow reversal phenomena, which likely plays a significant role in the
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formation of vortex structures. Additionally, the lowest velocities, recorded at the
initial sections of the degraded bed, suggest that the greatest retardation of
streamwise velocity occurred near the upstream of the region corresponding to the
maximum equilibrium depth of degradation. Although the influence of bed
degradation is minimal above and beyond the region, their effects are highly

significant within the degraded zones.

The Reynolds shear stress (RSS) profile, deviated from the conventional gravity
line generally, observed in shear stress distribution that was shifted above the
initial bed level. The initial bed level was measured before the detachment of bed
materials. Turbulent mixing was found to be more intense in the upstream section
of the degraded bed compared to the middle and downstream sections.
Furthermore, the maximum shear stress values near the initial bed level highlight

the occurrence of strong turbulent mixing in this region.

Different magnitude of the Reynolds normal stresses clearly indicates the flow
was strongly anisotropy throughout the vertical distance. This is also supported by
the result that the ratio of vertical to longitudinal normal stress was less than

unity.

Strong mixing which takes place due to disorganized structure of flow fluctuation
bearing the turbulent kinetic energy, is associated with turbulent eddies per unit
mass, exhibited near the initial bed level. This is indeed responsible to detach the
bed materials from the bed and its influence minimizes as the bed starts to be free

from detachment of the materials.

Turbulent kinetic energy fluxes suggest that sweep is the most dominating event
at the vicinity of the degraded bed whereas ejection event predominates the flow

as vertical distance increases.

Second, third, and mixed third order structure functions clearly exhibit the
existence of inertial subrange flowing the Kolmogorov’s 4/3, Kolmogorov’s 4/5,

and Monin-Yaglom 4/3-laws respectively.
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e The TKE dissipation rate estimated using Kolmogorov's 4/5-law is higher than the
value derived from Monin-Yaglom's 4/3-law within the degraded region, below
the initial bed level. This difference is attributed due to the strong flow anisotropy

in this region.

e Within the degraded regions TKE dissipation rate shows greater value than the
TKE production rate and they cross each other slightly below the initial bed level
where strong mixing occurs. Furthermore, pressure diffusion possesses largest
negative value whereas turbulent diffusion is the lowest throughout the depth,

balancing the total TKE budget parameters.

e As we moved from the vicinity of the bed, the anisotropy was found to be
diminished, approaching two-dimensional isotropy as the data plots moved closer
to the left-curved boundary. As the vertical distance increased, the data plots
exhibit a shift toward the bottom cusp, suggesting a progression toward three-
dimensional isotropy. This suggests that anisotropy initially aligns with a two-
dimensional state, evolves toward a three-dimensional isotropic state with an

increase in depth above the initial bed level.

7.2 High-order structure functions of turbulence through a degraded

channel bed
7.2.1 Summary

This study was performed to investigate the turbulence intermittency and anisotropy in
flows over degraded channel beds, consisting of uniform and bimodal sediment particles.
Three-dimensional velocity components were measured using an acoustic doppler
velocimeter across the depth at three distinct streamwise locations along the degraded
bed. The velocity data were analyzed to assess the spatial distribution of longitudinal and
vertical velocity components in vector form, along with turbulence indicators and length
scales at various positions. To comprehensively evaluate the impact of bed degradation
under equilibrium condition on turbulence intermittency and anisotropy in higher-order
scaling exponents, the high-order structure functions approach was employed. The

extended self-similarity (ESS) technique was utilized to calculate scaling exponents from
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higher-order structure functions of the streamwise velocity component. An intermittency
parameter was introduced to characterize the behaviour of flow intermittency based on
these scaling exponents. Furthermore, both the isotropic and anisotropic parts of the
scaling exponents were estimated using higher-order mixed structure functions. The
SO(3) symmetry decomposition method was applied to distinguish between isotropic and
anisotropic contributions to the scaling exponents. The findings reveals that anisotropic
scaling exponents, derived from mixed structure functions exceeded their isotropic
counterparts. While comparing uniform and bimodal sediment beds, no significant
differences in scaling exponents or intermittency were observed. Finally, the study is
examined the ratio of anisotropic to isotropic scaling exponents across different orders,

revealing the influence of anisotropy in flows over degraded channel beds.
7.2.2 Conclusions

The study is aimed to understand the flow behaviour over a degraded bed made of two
types of sediment particles, focusing on anisotropy and intermittency. It also explored
velocity vector field, turbulent indicator and the length-scale of flow structures, such as
the integral length scale, Taylor microscale and Kolmogorov’s length scales. The key

findings from our study are summarized below:

e The spatial distribution of longitudinal and vertical velocity components reveals
the flow retardation in the vicinity of the maximum degraded depth below the
initial bed level under equilibrium condition. However, the velocity distributions
gradually recover as the streamwise distance increases downstream from the

degraded regions.

e Below the initial bed level, although turbulence levels are extremely high, these
persist within a small distance through the degraded region. In contrast, above the
initial bed level, turbulence decreases significantly, indicating medium to low
level of turbulence. Some variations were observed in turbulence indicators
between uniform and bimodal beds, which can be attributed to differences in flow
and sediment characteristics. The study concludes that bed degradation

significantly enhances the local turbulence behaviour of sedimentary beds.
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The vertical distributions of the integral length scales, Taylor microscale, and
Kolmogorov dissipation scale exhibit similar patterns, differing only in
magnitude. These scales reach their smallest values near the maximum degraded
depth, below the initial bed level and increase with vertical distance. However,
above the initial bed level, they become nearly constant with vertical variation.
Additionally, their values are significantly influenced where bed degradation
initiate. Notably, in the vicinity of the maximum degraded depth, these scales

drop significantly across all the cases.

The structure functions exhibit three distinct regions such as scaling, transition,
and saturation. Near the maximum equilibrium depth of degradation, the inertial
subrange is notably narrow. This range expands with increasing vertical distance
until it becomes constant above the initial bed level. These findings highlight a

significant narrowing of the inertial subrange caused by bed degradation.

Using the Extended Self-Similarity (ESS) technique within the inertial subrange,
the scaling exponents of the higher-order structure functions were estimated. Near
the maximum degraded depth, these scaling exponents show the maximum
deviation from Kolmogorov theoretical values, indicating the highest level of
intermittency. This intermittency decreases progressively with increasing vertical

distance.

The mixed high-order structure functions also exhibit the existence of inertial
subrange where the anisotropic scaling exponents were estimated from the
compensated form of the mixed higher-order structure functions and differentiate

them from isotropic scaling exponents using SO(3) decomposition.

The influence of anisotropy on the scaling exponents is strongest near the
degraded bed and gradually weakens with increasing vertical distance above the
initial bed level. This is evident from the decreasing value of the ratio of
anisotropic scaling exponents to isotropic scaling exponents as vertical distance
increases. This result is strongly supported by the anisotropy angle analysis using

second order structure functions.

169



Chapter 7: Summary and Conclusions

7.3 Quadrant analysis of turbulence over a degraded channel bed
7.3.1. Summary

In this study we have investigated the conditional turbulence characteristics in flow over
a degraded channel bed with bimodal sediment. Laboratory experiments were conducted
until equilibrium scour conditions were achieved, after which three components of
instantaneous velocity were recorded over a sufficient duration using a Vectrino
velocimeter. Vertical profiles of streamwise and normal velocity were obtained at three
streamwise positions along the centre line of flume axis. The conditional statistics,
focusing on streamwise and vertical velocity components, Reynolds shear and normal
stresses, turbulent kinetic energy fluxes are comprehensively explored along with
quadrant-based metrics such as percentage occurrence, mean duration and frequency of
flow events. Notably, the study provided a framework for defining various conditional
means. Two distinct approaches, total averaging and quadrant averaging, were employed,
and their results were systematically compared. Furthermore, the definition framework
was expanded to incorporate the concept of a "hole™ enabling the definition of four
conditional means and performed the analysis and discussed contributions to generate
Reynolds shear stress explicitly. The variation of these means with hole size

demonstrated complex, non-linear trends.
7.3.2.  Conclusion

This study is investigated for the conditional turbulence characteristics of flow over a
degraded bed composed of a bimodal sediment mixture, using velocity components
measured with a Vectrino velocimeter. The analysis focused on conditional flow
properties, including streamwise and vertical velocities, Reynolds shear and normal
stresses, and turbulent kinetic energy fluxes, utilizing the quadrant analysis approach. The
results of the study are summarized in the context of turbulent flow characteristics in

flows in a degraded region.

e A comprehensive definition framework was developed to support this study,
providing clarity on the computation of conditional properties and incorporating
two types of conditional means: total averaging and quadrant averaging.
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Total-averaged quantities, which consistently use the total sample size as the
denominator, have the advantage that their sum across all four quadrants equals
the mean value of the investigated quantity before conditioning. However, they
may not adequately represent the dynamics within a specific quadrant, which
could be more relevant to understanding interactions between the flow and
external bodies. This limitation highlights the potential usefulness of quadrant-
averaged quantities which consistently use the number of elements within each

quadrant as the denominator.

In the total-averaging method, conditional quantities are always less than the
unconditional value, with their sum equal to the latter. In contrast, quadrant-
averaged quantities can be either greater or smaller than the unconditional value,
with their average approximating the latter to varying degrees.

At the first two measurement locations, characterized by expanding flow and
maximum degraded depth, the flow exhibited high turbulence. Near the maximum
degraded depth ejection events had the highest percentage occurrence, while
sweeps were more prevalent around the original bed elevation, where a mixing

layer was observed.

The duration of event varied across quadrants, with sweeps and ejections forming
longer-lasting clusters compared to other events. However, all event types shared

similar frequencies, are consistent with the burst cycle frequency.

Regarding the contribution to Reynolds shear and normal stresses, sweeps were
most significant near the bed, while ejections were more prominent at higher
elevations, especially for quadrant-averaged conditional stresses, which are
inversely related to the percentage occurrence. The total Reynolds shear and
normal stresses align with those obtained from the total averaging approach,
although the quadrant-averaged results differ significantly. Despite this, both
approaches exhibit similar overall behavior.

The TKE fluxes for sweeps and ejections have opposite signs, causing the vertical
profiles of the streamwise and vertical TKE fluxes to be sinuous, reflecting the

elevation ranges where sweeps and ejections dominate.
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e At the third location, near the downstream end of the degraded region, the flow
became less turbulent and showed a clear tendency to return to a smooth

boundary layer flow, resembling a situation without disturbances.

e Expanding the definition framework to include cases with a hole resulted in four
possible methods for calculating conditional averages, with their variability in
relation to hole size being complex and not straightforward. The variation of
contributions to the conditional Reynolds shear stress with hole size exhibited

intricate, non-linear patterns.

7.4 Future Scope of Studies

Turbulent flow is highly connected to nature, the environment, and society, playing a
crucial role in various practical applications. Turbulence in open-channel flow is one of
the most natural phenomena, occurring in rivers, canals, dams, coastal regions, and
various natural and engineering systems. Researchers from different regions of the world
have been studying turbulence since the 17th century, and it continues to be an active
area of research. Several fundamental aspects, such as energy distribution, intermittency,
velocity gradient behavior, and extreme events, are still being explored. Turbulent flow in
rivers and coastal regions remains a subject of ongoing investigation. Specifically,
turbulence in natural vegetation under various conditions, upstream and downstream of
aggraded and degraded beds, and through movable rigid and flexible bodies is frequently
observed in natural rivers and coastal systems. Exploring turbulent characteristics in these
flows presents significant opportunities for future research.

Collecting data from an ADV can sometimes be challenging. We must avoid regions
where there is insufficient space to insert the ADV, and capturing data at every specific
location in the longitudinal and vertical directions with fine spacing is a time-consuming
process. Using PIV, we could minimize these issues related to both time and spatial
resolution. Additionally, we can analyze advanced statistical turbulence characteristics
including structure functions methodologies, proper orthogonal decomposition, and

multifractality.
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Beyond high Reynolds number turbulence (inertial turbulence), we could also explore
turbulence at low Reynolds numbers, such as bacterial turbulence, cytoskeletal
turbulence, self-propelled colloids and active droplets, plasma and astrophysical systems
(active turbulence), turbulence dominated by elastic stress depending on the Weissenberg

number (elastic turbulence), and magnetohydrodynamic (MHD) turbulence.
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