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Abstract

Free-surface water flows are ubiquitous in nature. As greater river flood risk is expected be-
cause of climate change, widespread river monitoring becomes necessary. This could be achieved
via remote sensing techniques based on the physical linkage between flow and free surface. Em-
pirical relationships currently describe this linkage, limiting their applicability as changing the

scales is not possible.

An experimental campaign aimed at deepening the understanding of the surface-flow linkage
was conducted using simulated permeable armoured river deposits. The turbulent flow field was
quantified using a 3D Particle Tracking Velocimetry system, whilst the dynamic free surface was
studied using a 2D Digital Image Correlation system.

The free surface was found to be dominated by non-dispersive turbulence-induced features and
gravity-capillary waves when the free-surface velocity is below the minimum phase velocity of
gravity-capillary waves in still water. Conditions with surface velocities above this threshold
see the water surface dominated by gravity-capillary waves having the same wavenumber of
stationary waves and gravity capillary-waves with different wavenumbers.

In the body of the flow only advective turbulent features were observed below this limit. Above
this threshold, most turbulent features advected with the surface velocity, however, features
with frequency and scale of the observed gravity-capillary waves were also discovered close to

the water surface.

Results for both the free surface and the flow field clearly indicate the existence of two flow
regimes where the free-surface velocity represents the discriminating factor: when the free-
surface velocity is below the minimum phase velocity of gravity-capillary flow and free surface
are dominated by effects of turbulence; when the free-surface velocity is above the minimum
phase velocity of gravity-capillary the free surface is governed by gravity-capillary waves and

standing waves, while resonance phenomena and turbulence effects occur in the flow field.
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Chapter 1

Introduction

1.1 Background

Since the dawn of civilisation, rivers have always been elements of the natural landscape of
paramount importance for humans. Rivers were often chosen as locations for the foundation of
cities as they provided a source of fresh water for human, agriculture and commercial consump-
tion, the fertility of land, the possibility to transport goods and so facilitate trade, and cultural
exchanges as well. These factors allowed cities to grow and prosper and led to the development
of modern day society. However, as technical and scienti ¢ skills emerged and developed, the
in uence of human activities on rivers became more and more invasive, leading to a loss of
rivers' natural appearance. If on the one hand, these interventions (e.g. dams, culverts, sand
and gravel quarrying, and water abstraction) helped at improving our control on streams and at
better managing uvial resources, on the other hand, the extensive anthropisation enhanced the
fragility of uvial systems causing loss of biodiversity, saltwater intrusions and soil desiccation
and loss.

The arti cialisation of the stream networks,
unfortunately, does not represent the only rea-
son for the change in the behaviour of u-
vial systems: since the industrial revolution in
the 180 century, there has been a continuous
and progressively higher release of greenhouse
gases, causing the atmospheric concentration

of carbon dioxide (CO,) to increase from 280 Figure 1.1: Keeling Curve: Carbon Dioxide

o ) atmospheric concentration at Manua Loa
parts-per-million (ppm) in 1750 to over 420 Observatory (Hawaii, USA) since 1958.
ppm in 2022 (Keeling et al., 2001) as depicted Greenhouse emissions over the last 70 years are
in Figure 1.1, the highest values in 2.5 million responsible for over 70% of the total CQ
concentration increment compared with
pre-industrial levels. Reproduced from Keeling
et al. (2001).

years (Foster et al., 2017; Caballero-Gill et al.,
2019). This building up of carbon dioxide has
induced the phenomenon known as "climate
change".



A new assessment of the impact of human activities on the environment has recently been
published by the Intergovernmental Panel on Climate Change (IPCC) (Intergovernmental Panel
on Climate Change, 2023). The report does not quantify climate change e ects on the current
state of the climate, but provides a number of di erent (though consistent) scenarios according
to future plausible greenhouse gas trends. (Fig. 1.2).

Figure 1.2: IPCC 6" Assessment Report: Projected changes in the frequency and
intensity of extremes events according to di erent earth surface temperature increments.
After Intergovernmental Panel on Climate Change (2023).
The IPCC's assessment does not present an estimate of the likelihood of each scenario, however,
a commentary of the report by Hausfather and Peters (2020) suggests that an increment of
the global surface temperature between 2.1C and 3.5 C by 2100 is most likely. Referring to
events that nowadays have a return period of 10 years, extreme heatwaves are expected to be



5.6 times more likely for the 2.6 C warmer scenario; similarly, 14% more intense precipitation
events are suggested and 1.7 times more likely; droughts, on the other hand, are likely to be 2.4
more frequent than currently and drier. These trends represent averages, therefore, greater and
more frequent events are likely to occur in some regions. Furthermore, events such as stronger
tropical cyclones, reduction of the ice-covered areas, enhanced ocean acidi cation and faster sea
level rise are likely to happen. Unfortunately, these events will create other impacts such as the
reduction of agricultural and residential areas, famines, diseases, fresh water scarcity and loss of
biodiversity.

Similar conclusions were reached in the latest UK Climate Change Assessment (Betts et al.,
2021). The contents of this latter report can be summarised as follows (Slingo, 2021):

~

winters will be warmer but wetter as not only more rainy days are expected but also higher
rainfall intensities.

summers are likely to be hotter and drier; nonetheless, rainfall events are expected to be
up to 20% more intense.

more severe and more frequent high temperatures events, as well as worsening of urban
heat islands e ects, are anticipated; in the scenario of a 4 C global temperature increase
by 2100, by 2080 temperatures exceeding 40C are going to be as frequent as today's 32
C surpasses.

sub-daily and hourly precipitation rates show pronounced shifts to more intense hourly
rainfalls at the expense of lighter rainfalls.

Kovats and Brisley (2021) emphasises a
higher risk of ooding and suggests this might
be one of the most severe risks due to cli-
mate change to the UK population. Consid-
ering the risk encompassing all the forms of
ooding (uvial, coastal, pluvial and ground-
water), 1.9 millions people across the UK are
threatened at the moment (for events with a
return period of 75 years), with uvial ood-  Figure 1.3: Expected trends in the number of
ing responsible for greater potential damage, people at signi cant risk of ooding for the UK
pluvial (also known as surface water) ooding ~ and Nations. Reproduced from Kovats and
. . Brisley (2021).
a ecting larger areas and coastal ooding be-
coming more dangerous as magnitude and suddenness pose a greater risk for life. This is re ected
by an expected annual damage of nearly half a billion pounds. Climate change is projected to
increase the risk deriving from oods as a larger number of houses and areas that are currently
safe are expected to be a ected. In the 4 C global warming by 2100 scenario, the number of
people that might be threatened by any form of ooding is expected to be nearly thrice the
current number (Fig. 1.3).

The urgency of the ooding problem induced the Environment Agency to de ne a roadmap
for ooding hydrology for the next 25 years (Long eld et al., 2022). This roadmap is aimed
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at providing knowledge, methods, tools and expertise to improve the UK's resilience to ood-
ing. The development of this agenda was possible thanks to the multitude of feedback (e.g.
guestionnaires, workshops and surveys) given by experts from the ood hydrology community.
The interviews suggested a higher interest in ood estimation (i.e. long-term vision aimed at
estimating peak ows) than ood forecasting (i.e. estimation of magnitude, timing and duration

of a ood event in a given location) and stressed the importance of uvial ooding in compar-
ison with other sources of ooding. Furthermore, the interviewees highlighted the interest and
importance of having accessible and reliable hydraulic data.

Flood-related data mostly comes from gauging stations where discharge is derived from river
stage through empirical relations. The conversion, however, highly relies on the accuracy of the
method used to de ne the water lever (e.g. ultrasound probes and pressure sensors). It follows
that any error related to the discharge can be ascribed to uncertainties in the stage and/or
in the coe cient of discharge. Also, discharge-stage calibration curves are typically derived
from normally observed ranges of depth and rare ood events. Increments in the magnitude of
rainfalls and oods are being observed, but there is no guarantee these relationships can hold
for such a large scale events.

Generally speaking, an estimate of the error that might arise when de ning discharge can be
obtained from a simple uniform ow relation such as Gauckler-Manning formula:

A os i
Q= TRiSY (1.1)

where Q is discharge, A is the area, n is the Manning coe cient, Ry is the hydraulic radius
de ned as ratio between the wetted perimeter and the area, andS is the bed slope.

In a hypothetical wide rectangular river (veri ed when the river width B is much greater than
the water depth D, i.e. B > 10D), the hydraulic radius can be replaced by the water depth,
allowing to calculate straightforward the discharge for unit of width gp:

1 en e
P = EDS_SSH: (1.2)

Di erentiating Equation 1.2 and dividing the di erential by Equation 1.1 gives:

1ds,

(o'%) 3D n +28 (£.3)

Equation 1.3 can be used to weight the error arising from uncertainties in the measurement of
the corresponding parameter. It appears clear that the major sources of error come from the
stage and the roughness parameters. Considering this estimate is derived using a uniform ow
relation, it is implied that the error might be even larger while evaluating a ood event.

River ow rates can of course be evaluated using several other methods, like Large-scale Par-
ticle Image Velocimetry (LSPIV) (Fujita et al., 1998; Muste et al., 2008) and Space-Time Image
Velocimetry (STIV) (Fujita et al., 2007; Tsubaki et al., 2011). Many of these techniques, how-
ever, are based on empirical assumptions linking surface velocity with depth-averaged velocity,
require an accurate calibration of the devices (typically cameras) and prior knowledge of the
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channel shape (Marcus & Fonstad, 2008). It follows that important shortcomings in our ability

to measure spatially and temporally varying river ows at high resolutions are currently present.

To tackle this de ciency, it is important to improve the accuracy of sensors and sensing tech-
niques (Sayers et al., 2015).

In this optics, the discovery of the existence of a linkage between the free-surface behaviour and
the underlying turbulent ow by Horoshenkov et al. (2013), Nichols (2013) and Nichols et al.
(2016) can be considered as a major breakthrough as they indicate that all the key bulk ow
parameters can be retrieved through the observation of the free-surface wave patterns. Never-
theless, Horoshenkov et al. (2013) did not present clear and conclusive physically-based evidence
regarding the origin of surface waves. Welber et al. (2016) suggested this lack of understanding
of the surface- ow interactions is responsible for the great uncertainty in ow measurements. At
the current stage the comprehension of the free-surface dynamics and governing mechanisms is
quite limited, hindering our ability to accurately quantify ow discharge in a non-contact manner

at a range of locations and produce reliable estimates about ood propagation and magnitude.

1.2 Aims and Objectives

The purpose of this thesis is to report on investigations regarding the free-surface dynam-
ics and its relation with the underlying ow in order to derive a methodology for rapidly and
precisely mapping the hydrodynamics and inferring the morphology of river reaches. Flow and
section characteristics (e.g. velocity, shear, depth and bed roughness) may be deduced by simply
observing the behaviour of the free surface. To do so, an extensive experimental campaign in a
laboratory ume is here presented. Several ow conditions over a permeable rough compaosite
bed made of spheres and sand for di erent slopes and bed textures were evaluated using Particle
Tracking Velocimetry (PTV), Digital Image Correlation (DIC) and wave probes systems. PTV
allowed the evaluation of the 3D bulk ow dynamics, while DIC was used to reconstruct the
instantaneous free-surface pro le and statistically and spectrally characterise it. Time-staggered
PTV and DIC measurements, mediated through wave probes, were perform to maximise the
level of details on both the regions. Simultaneous evaluations were also conducted to unambigu-
ously derive the linkage between surface and bulk behaviours.

Clear relationships will allow a better de nition of the river ow parameters, providing a higher
level of accuracy in the evaluation of oods. The knowledge arising from this better comprehen-
sion of the ow dynamics might be applied on the eld to expand the monitoring network via
low cost Closed Circuit Television (CCTV) cameras (Dolcetti et al., 2022) or drones (Woodget
et al., 2017), opening to the possibility for real time measurements. This new understanding
and monitoring strategy could signi cantly contribute to improving our resilience against oods
via a better planning of interventions and more accurate warnings.

1.3 Research Hypotheses

The objectives of this thesis are going to be pursued through the following research questions:

~ Which is (or are) the dominant mechanism(s) that govern(s) the free-surface behaviour?
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" Is there a sudden transition from one governing mechanism to another one or do they all
simultaneously coexist with di erent intensity?

" Which bulk ow properties can be inferred from the observation of the air-water interface?

" Can statistically similar beds produce di erent ow and wave patterns?

1.4 Thesis Structure

This thesis is organised as follows: Chapter 2 provides a review of the currently available liter-
ature regarding the free-surface behaviour and ow dynamics of open-channel shallow turbulent
ows, and about the instrumentation and techniques used to measure them; Chapter 3 focuses
on the experimental design and data processing; Chapter 4 presents the results of the analysis,
their critical discussion and comparison against previously discovered ndings; Chapter 5 draws
the conclusions of this thesis and provides some recommendations for further analysis and future

studies.



Chapter 2

Literature Review

2.1 Introduction

The purpose of this investigation is to assess the linkage between the free surface and the un-
derlying ow eld using various experimental methods. Knowledge of the free-surface behaviour
is rstly presented in Section 2.2; this Section focuses on di erent theories about the surface
dynamics and preliminary observations regarding the water surface interface- ow relationships.
Section 2.3 examines existing knowledge of the hydrodynamics over permeable beds as these are
the most representative cases for natural streams. Section 2.4 describes theory and experimen-
tal practice of the instrumentation used in this research; this Section is further divided in three
Subsections, each one focusing on a speci ¢ system. Section 2.5 underlines ambiguities and gaps
in the present literature and paves the questions that this study aims to answer. Finally, Sec-
tion 2.6 brings together the key knowledge and outlines an approach for the future experimental
investigations.

2.2 Free-surface Behaviour of Shallow Turbulent Flows

Many di erent factors have an in uence on the turbulent ow behaviour in rivers and streams.
They can be macroscopic (e.g. ow rate, boundary roughness, section geometry and channel
slope) or microscopic (e.g. bedforms, grain size distribution, bed porosity and permeability).
The free surface is the dynamic upper boundary of a ow system, therefore, it can be reasonably
argued that is a ected by the very same parameters. This dependency could be visualised in the
dynamically behaviour of the air-water interface, implying that the hydraulic and morphologi-
cal characteristics might be inferred from the characterisation of the free-surface wave pattern
(Cooper et al., 2006; Savelsberg et al., 2006; Fujita et al., 2007; Nichols, 2013; Krynkin et al.,
2014; Dolcetti, 2016; Legleiter et al., 2017).

Several remote sensing techniques able to estimate speci c ow properties are currently avail-
able. These can be based on optics (Muste et al., 2008; Nichols & Rubinato, 2016), acoustics
(Fukami et al., 2008; Nichols et al., 2012; Nichols et al., 2013) or radio waves (Plant et al.,
2005). Non-contact technologies are constantly improving, nonetheless, the actual knowledge
of the hydrodynamic mechanisms responsible for the free-surface behaviour and the ability to
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measure accurately the key characteristics of the free surface behaviour are still limited (Mar-
cus & Fonstad, 2010). Welber et al. (2016) suggested the cause of great uncertainties in ow
measurements can be ascribed to this lacking understanding of the surface- ow interactions.

Over the next pages, a review of the literature regarding the free-surface behaviour is pre-
sented. This review is strongly based on the recent review published by Muraro et al. (2021).
This Section is organised as follows: Subsection 2.2.1 contains the description and classi cation
of the free-surface state according to the framework originally proposed by Brocchini and Pere-
grine (2001); Subsection 2.2.2 examines the various possible dominant mechanisms of the water
interface, focusing on the e ect of coherent structures, gravity-capillary waves and stationary
waves.

2.2.1 Classi cation of the Free-surface State

Brocchini and Peregrine (2001) can be considered a seminal study regarding the description of
free-surface dynamics. This work was not limited to shallow water ows in rivers and streams,
but covers a broad range of hydrodynamic regimes including some that rarely occur in nature.
Di erent free-surface behaviours arising from various turbulent sub-surface elds were evaluated,
ranging from \weak" to \strong", i.e. \su ciently energetic that it causes the free surface to be
strongly distorted", turbulence conditions. This ow categorisation allowed researchers to relate
the level of agitation of the free surface to various turbulent length scales and energy quantities.

Brocchini and Peregrine (2001) suggested that the multitude of forms of features that can
appear on the free surface are produced by di erent balances between turbulent velocities and
length scales. For this reason, they proposed a two-parameter framework to establish a relation
between the free-surface e ects, produced by turbulence, and the combination of stabilising
forces of gravity and surface tension. To express the in uence of the stabilising energy densities,
Froude and Weber Numbers could have been used, however, dimensional variables were instead
preferred to directly convey the magnitude of the observed surface quantities to di erent free-
surface agitation states. The dimensional parameters were de ned through the characteristics
of \blobs" described as \moderately coherent and discrete volumes of uid that move upward
to the surface, perhaps through it, sometimes falling back on it, or moving parallel to it and
hence disturbing it". Brocchini and Peregrine (2001) therefore based their framework on a uid
volume that has a semblance of a coherent structure. Such structure may possess di erent levels
of momentum, potentially allowing it to break through the free surface similarly to a jet. Hence,

a length scaleL and a velocity scaleq, representative of the turbulent motion, were sought for
these \blobs". As it was di cult to properly determine the size of the parameter L, they opted
to use either the most energetic turbulent scale or the length scale of dominant surface features.
Instead, the norm of the velocity vector was chosen forg. For their analysis, these quantities
were assumed to be mutually independent. Brocchini and Peregrine (2001) organised thelir-
g diagram (Fig. 2.1) into 4 regions according to unique Froude Fgp) and Weber (Wegp)
Numbers, de ned asFgp = q<2gL)¥™2 and Wegp = q?L=(2T), respectively. Hereg is the
gravitational acceleration, ¢ is the uid density and T is the surface tension at the free surface.
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Figure 2.1: L-g diagram for free-surface water ows. Dotted lines represent Equations 2.1,
while the dashed line represents the limit corresponding tdRegp = gqL= =100 (
represents the kinematic viscosity of water). Shaded areas represent regions of marginal
breaking and are zones where dotted lines could potentially lie. Derived from Brocchini
and Peregrine (2001).

From these Numbers, the boundaries of the regions were derived as follows:
q=(2FgpgL)*™® and q=[2Wesp T {L)]*™* (2.1)

It has to be noted that these equations are only indicative of threshold values for the Froude
and Weber Numbers that separate almost-quiescent water surfaces from highly agitated ones.

Flow regimes following in region O in Figure 2.1 present little or no surface disturbances.
Nonetheless, even in weak turbulence conditions waves may be generated by small disturbances
following the growing mechanism proposed in Teixeira and Belcher (2006). This is the region
where most historical experiments can be situated (Muraro et al., 2021).

Region 1 is the area where surface tension e ects are greater than gravity. Here, small-scale (or-
der of 10 2 m or less) turbulence dominates. Surface tension greatly constrains the perturbation
of the free surface, resulting in smooth and rounded features. If the ow conditions fall below
the dashed line in Figure 2.1, very little surface deformation can be seen. In the upper part of
region 1 surface breakup may occur and lead to air entrainment and turbulence production.
Region 2 presents extremely strong turbulence conditions, where neither gravity nor surface
tension e ects can maintain the integrity of the interface. As a consequence, a two-phase ow
composed of air and water is mostly observed. In this context, turbulent eddies are no longer
restrained by the surface boundary. This happens as \blobs" do not slow down enough when
approaching the interface: the inertia of the surrounding uid successfully limits the horizontal
component of the turbulent velocity vector but not the vertical. This e ect produces violent
ejections of liquid.



Region 3 is the part of the graph characterised by the dominance of gravitational e ects. This
region is probably the most important as the majority of ow conditions in rivers, streams and
oceans can be ascribed to this region. Surface waves are typically small, allowing the use of
linearised boundary conditions. A wide number of local features can be identi ed (e.g. waves,
dimples and scars). These deformations are due to turbulence with enough energy to perturb
the interface, but only at scales smaller than the dimensions of the generating eddies. Small
features may evolve and break locally, causing air entrainment.

Shallow ows such as rivers and open channels generally fall in regions 0 or 3. However, in
reality a hydrodynamic regime cannot often be associated with a single position on the graph,
but is best represented by a trajectory because of the varying level of turbulence.

The analysis presented in Brocchini and Peregrine (2001) was mostly qualitative and could not
be properly experimentally tested, nonetheless, it served to identify where further experimental
studies were needed.

2.2.2 Governing Mechanisms of the Free-surface Behaviour

The principal physical cause for the free-surface roughness patterns in turbulent ows has
not yet been clearly identi ed. Some processes have been suggested to be responsible for these
waves, but su cient evidence is not available to clearly identify the responsible process. This
is because there is a scarcity of high resolution experimental studies where both the ow eld
and the air-water interface were simultaneously observed. Instead, most of the published works
was focused on determining the celerity (speed) of the patterns as this information has a direct
implication for non-contact ow velocity measurements.

To better understand the free-surface behaviour, the processes that may cause specic de-
formations of the air-water interface of a turbulent ow are here examined. Such deformation
mechanisms are: interactions between the free surface and coherent turbulent structures, reso-
nance phenomena and e ects of bed topography.

Interactions of Coherent Structures with the Free Surface

Nezu et al. (1993) suggests that turbulent components in a ow are not independent from
each other or completely random, but demonstrate an organisation in space and time. Such
organisation de nes a \parcel" of uid that has its own life cycle and that can be therefore
described as \coherent". This observation leads to the need for the de nition of a "coherent
structure”. Several features are suited for this de nition, such as eddies, boils, horseshoe vortices
and streaks. Two types of coherent structures can be considered generally: bursting phenomena
and large-scale vortical motions.

Bursting phenomena, discovered by Kline et al. (1967), Corino and Brodkey (1969) and Grass
(1971) take place in the wall region. Over a smooth bed the near-bed sublayer structure is
composed of alternating low- and high-speed streaks that are induced by uid shear. Quasi-
streamwise vortices are also present, straddling the low-speed regions. These vortices can occur
as single structures or in pairs, appearing as hockey sticks or horseshoes (Fig. 2.2). Once
developed, the near-bed streaks and vortices begin to oscillate vertically following the interaction
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Figure 2.2: Conceptual model of the creation
and development of near-wall bursting
phenomena that lead to the formation of boils
at the free surface. After Rashidi (1997).

with higher momentum uid in the overlying ow. Subsequently, these structures go through

a complete or partial breaking, forming groups of ejections (Rashidi, 1997). The remaining
ejected uid is later moved away by higher-momentum uid (Corino & Brodkey, 1969). The
entire series of processes forms a \bursting phenomenon". Over a rough bed the roughness
disrupts the viscous sublayer, nonetheless, streaks can still form and evolve into bursts. This
leaded to the hypothesis that a burst is not triggered by the instability of the viscous sublayer,
but by the high-momentum uid moving from the bulk region towards the bed (Nezu et al.,
1993; Rashidi, 1997).

Large-scale motions, described by Matthes (1947), may also exist in the outer region. Six
di erent types of large-scale motions were identi ed by Nezu et al. (1993). Of these phenom-
ena, ve are simple pulsations of the mean ow (i.e. low-frequency motions containing ne
turbulence), while just one can be truly considered product of turbulence as it displays su -
cient intermittency and randomness in space and size. This turbulent motion, named \kolk" by
Matthes (1947), is a strong upward vortex that rises towards the free surface and impinges on
it, generating a boil (also known as surface-renewal eddy). A boil represents a localised raising
of the free surface where water ows out radially on top of the owing prism (Matthes, 1947)
(Fig. 2.3). Three forms of kolk-boil exist: \boils of the rst kind" caused by the ow separation
downstream of bedforms (hence they cannot occur over at beds); \boils of the second kind"
linked to secondary motions in the ow; \boils of the third kind" as a result of bursting motions.
The rst kind of boils was initially studied by Matthes (1947) and Znamenskaya (1963) and later
by Jackson (1976). This form of boil develops in the lee area of a bed feature where adverse

Figure 2.3: Boils observed on the Shinano
River near Ojyia, Japan, April 2019. The boil
can be seen as the at region clear from waves.

This is caused by the strong radial out ow

produced by the rising coherent uid parcel.
Reproduced with authorisation from Muraro
et al. (2021).
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pressure gradients occur. This is suggested by Kline et al. (1967) who observed stronger and
more frequent boil phenomena for positive pressure gradients conditions.

Boils of the second kind are associated with secondary currents. Secondary motions are ows
that take place along the spanwise direction. As pointed out by Nezu and Rodi (1985), these
currents weaken for higher aspect ratios (i.e. the ratio between width of the channel and water
depth), therefore are not expected in wide rivers. Nonetheless, secondary ows can appear even
in high aspect ratio rivers as turbulent velocity components allow the formation of an unsteady
turbulent form of motion. Boils of the second kind were studied by Imamoto and Ishigaki (1985)
and by Tamburrino and Gulliver (2007). This form of boil is the result of slow-moving repeating
patterns of vertical vortices known as streets, alternated with unperturbed fast moving areas
(streaks). Tamburrino and Gulliver (2007) suggested that streets are the manifestation of large
streamwise vortices and outer region bursts: as bursts advect, they are trapped and channelled
towards the free surface by the streamwise vortices, giving rise to upwellings (rising ows) and
streets of vortices. On contrary, fast moving streaks originate in the areas where downwellings
(descending ows) occur, hindering bursts from reaching the free surface.

Generation and development of the third kind of boils can be described using the conceptual-
isation of Rashidi (1997) (Fig. 2.2). Low-momentum near-bed ejections are seen moving uid
upwards towards the free surface and generating spanwise \upsurging vortices" (kolks). These
vortices rise towards the free surface and impact on it, causing positive local increases in the
instantaneous water height (boils). The vortices then fall back towards the bed and become
\downswinging vortices" that produce reduction in the surface elevation (downswings). Quasi
two-dimensional surface vortices which resemble whirlpools are then generated in the plane of
the surface along the edges of the boils (Kumar et al., 1998). Pan and Banerjee (1995) suggested
these vortices originate from surface deformations because of di erences in the surface velocity
between the boil and downswing areas.

It has to be noted that not all the bursts manage to evolve into a boil. Grass (1971) realised
that not all the bursts are able to cross the turbulent boundary layer but only the most energetic
ones. Furthermore, a \blockage layer" exists in proximity of the free surface for lesser energetic
conditions. This layer constrains the vertical component of turbulence and forces the redistri-
bution of its Turbulent Kinetic Energy (TKE) to the orthogonal directions (Longo, 2010). As

a consequence, the free surface is barely perturbed (Smolentsev & Miraghaie, 2005). These
two motivations might explain the longer periodicity of boils than bursts (Rao et al., 1971).
However, for stronger turbulence situations the blockage layer thins and the transfer of TKE is
less e cient. The water surface may be strongly deformed and broken into drops as proposed
by Brocchini and Peregrine (2001) for regimes in region 2. Correspondence can be seen with
numerical studies by Zhang et al. (1999).

The earliest experiments on the free surface of open-channel ows were given in Freeze et al.
(2003) and Smolentsev and Miraghaie (2005) and were focused on supercritical ows. In these
studies, the air-water interface behaviour was investigated for regimes varying from almost undis-
turbed to highly agitated free surface. In their setup, a nozzle continuously injected water from
upstream. A honeycomb was later mounted inside the nozzle to reduce the surface agitation
that is typical of supercritical ows. As the hydraulic conditions moved towards higher levels
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of turbulence signi cant changes in the frequency and amplitude characteristics of the instanta-
neous depth were observed by both Freeze et al. (2003) and Smolentsev and Miraghaie (2005).
Freeze et al. (2003) also observed that the probability density functions of the instantaneous
water depth were well approximated by a Gaussian t. The power spectral density plots of
the uctuating depth revealed large peaks at low frequencies for both studies. Smolentsev and
Miraghaie (2005) suggested the peaks were caused by roll waves with wavelength longer than the
ow depth, followed by a long tail of low-period features. The high-frequency components were
associated with interactions between turbulence and the free surface, and with short gravity
and capillary waves. Larger contribution of the shorter scales in the power spectrum and larger
standard deviation of the depth, characteristics of rougher water surfaces, were observed with for
increasing values of the Froude Number. Freeze et al. (2003) also observed a weak dependence of
the depth standard deviation on the ow Reynolds Number. Smolentsev and Miraghaie (2005)
inferred the dynamics of the free surface by illuminating the water interface from above and so
projecting the wave patterns onto a white sheet placed on the bottom of the ume. The rise
and fall of the free surface produced cellular-resembling structures on the ume bottom. The
average size at the surface of these cells reduced with the Froude Number and turbulence inten-
sity. Their advection velocity resulted a few percent above the mean ow velocity. This reason
suggested that the surface features were associated to the disturbances at the interface produced
by turbulent events, i.e. eddies from the near-wall region moving upwards and advecting at the
mean ow velocity. Assuming a connection between the characteristics of cells and the size of
turbulent eddies, di erent paths of evolution for the turbulent eddies while approaching the free
surface were proposed. For weak levels of turbulence the free surface acts like a rigid boundary
and forces eddies to evolve into 2D structures similar to pancakes. In case of strong turbulence
eddies maintain the original 3D form and produce larger surface deformations with a di erent
more elongated plan shape.

Fujita et al. (2011) represents one of the few experiments where both the water surface and
velocity eld were simultaneously measured. Pro les of the free surface along the centreline of
a channel were imaged at di erent instants in time and then cross-correlated. By using the
time-lag that produced the maximum in the corresponding correlation function and the spacing
between the observed positions Fujita et al. (2011) derived the mean velocity of the free-surface
pattern. Free-surface velocity was also measured by using oating tracers. Comparisons between
the instantaneous free-surface elevation and turbulent vertical velocity (obtained from PTV)
showed a correspondence between the local increases in the water depth and local peaks of the
vertical velocity uctuation. The surface features was seen advecting downstream with a speed
similar to the near-surface velocity (within an error of less than 10%). This led to the idea that
the free-surface velocity could be recovered by observing the surface pattern. The correlation
between surface uctuations and depthwise vertical velocity elds had positive values near the
surface and negative towards the bottom, although the coe cients were always smaller than
0.15. The trend of correlation function suggested the existence of a structure rotating in a
clockwise direction at the intermediate depth. This vortex was seen moving towards the surface,
interacting with it and inducing a local increment of the water elevation and a counter-clockwise
whirl near the interface. The vortex structure travelled with a speed comparable to the ow
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Figure 2.4: Measured and tted spatial
correlation function for progressively higher
Froude Numbers (Fr =0:29, Fr =0:54,
Fr =0:58 for regimes 1, 4 and 7 in
Horoshenkov et al. (2013), respectively).
Derived from Horoshenkov et al. (2013).

velocity at the surface, similarly to the surface disturbances.

Laboratory experiments over a rough bed channel are described by Horoshenkov et al. (2013).
By means of a non-equidistant array of wave probes the speed of the wave pattern was compared
with that of gravity-capillary waves generated arti cially either in the presence or absence of ow.
Results showed that the surface features, independently of the wave frequency, did not follow
the dispersion relation of gravity-capillary waves but rather had a propagation speed ranging
between the surface velocity and the mean ow velocity. This suggested a linkage between the
advecting wave pattern and the underlying turbulent eld. As the free-surface pattern varied
continuously in time and space, a spatial correlation function was employed to describe the
statistical and spectral characteristics of the dynamic boundary. This function was found to
change sign as the spatial lag increased. An analytical form combing a periodic function with
an exponentially decaying term was found to well approximate the behaviour of the observed
spatial correlation function, W( ):

W()=exp( 2= 3)cos(2 =L o) (2.2)

where , is the correlation radius, a measure of the correlation length of the surface pattern
(i.e. it de nes the length within which the free-surface patterns can be considered correlated),
and L is the characteristic spatial period of the wave pattern at the free surface.

By adjusting the two parameters , and Lo with an optimisation process, Equation 2.2 was able
to follow well the measured spatial correlation function for di erent hydraulic regimes (Fig. 2.4).
Horoshenkov et al. (2013) also demonstrated that the correlation radius, nondimensionalised
with the equivalent hydraulic roughness (i.e. capacity of the ow in dissipating energy), had
a linear relationship with the bulk Reynolds Number, Re = UD= , being U the depth- and
time-averaged ow velocity. This suggested that the wave dissipation was linked to the energy
dissipation within the turbulent ow. By non-dimensionalising the spatial correlation period
with the bed roughness height a clear nonlinear relation with the ratio of depth-averaged ow
velocity to shear velocity was seen. Thereforel, o was reckoned to carry information on the shape
of the vertical velocity pro le. As last, the characteristic spatial period resulted increasing with
the Froude Number.
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Nichols et al. (2016) further examined the oscillatory behaviour of the free surface and sug-
gested a model for the surface response to the disturbances induced by turbulence. The charac-
teristic spatial period Lo in Equation 2.2 and the surface velocity, Us, were used to de ne the
characteristic frequency of oscillation of a surface featuref spm :

fshm = Us=Lo: (2.3)

It was found that the free surface, excited by underlying turbulence, behaved like an under-
damped simple harmonic motion in which where the surface pattern inverts periodically in time
while advecting. Nichols et al. (2016) hypothesised that each single surface disturbance, once
generated, continuously uctuate around the water mean level while gravity and surface tension
attempt to restore the equilibrium, acting like a spring and mass system. Meanwhile, gravity
waves travelling in all directions may be generated. The complex surface wave pattern was then
suggested to be as an ensemble of oscillating features named \oscillons" overlapping in space
and time, maybe out of phase. Assuming no surface tension, the characteristic frequency of a
simple harmonic motion of a water surface featuref shm, was related to the root-mean-square
of the water surface wave height, rus:

fsm =2 ) fgd(L5N +1) rms]g™™ (2.4)

where N is a factor that represents the depth of in uence, i.e., the relative vertical extent of the
ow eld which is a ected by a surface deformation.

Validation of the model was performed against the data presented by Horoshenkov et al. (2013)
for a range of experimental values olLg and Us (Fig. 2.5). The depth of in uence factor, N,
calculated by tting the measured correlation functions, was found to be relatively constant
to the value of 28 for a wide range of hydraulic conditions, meaning that the displacements of
the free surface could a ect the underlying ow down to a depth equal to 28 times the surface
height standard deviation. The proposed model could also explain the di erent responses of
the interface to the e ects of the sub-surface turbulent eld as various kinds of features may be
related to the phase of the oscillatory process of the free surface. It was further hypothesised
that the production of coherent structures in the near-bed region could be in uenced by pres-
sure uctuations associated with the surface oscillations. For this reason, the simple harmonic
frequency was compared to the frequency of near-bed burst event generatiofig, which was
derived from Nezu et al. (1993) as:

fg = Us=(NgD) (2.5)

where Ng is the normalised bursting period which Nikora and Goring (2000) suggested varying
between 1.5-3.0. The two functionsf sh,m and fg were observed to collapse well for an interme-
diate value of 2.25, implying that the oscillation period could be directly linked to the near-bed
bursting period. It was then suggested that oscillatory behaviour of the free surface could trigger
near-bed bursts events through induced pressure uctuations.
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Figure 2.5: Comparison between the measured
values (markers) of the surface oscillation
frequency for di erent conditions and the
modelled data (dashed line). Derived from

Nichols et al. (2016).

Validation attempts of the ndings of rather Horoshenkov et al. (2013) and of rather Nichols
et al. (2016) were proposed by Legleiter et al. (2017) and by Noss et al. (2020).
Legleiter et al. (2017) de ned a model for the surface shape based on the correlation function of
Equation 2.2 and rescaled it to simulate the spatial distribution of light shimmering intensities
observed from the surface of a river. The modelled river surfaces, however, showed features with
wavelengths two orders of magnitude greater than the expected values. Legleiter et al. (2017)
indicated that this discrepancy might be because Equation 2.2 does not properly represent the
free-surface spatial correlation in a given moment but rather the persistence of advecting fea-
tures. In Horoshenkov et al. (2013) waves shorter than 30 mm could not be measured due to
technical limitations, therefore, Equation 2.2 might not t well the smaller scales. The water
surfaces were also found smoother compared to eld observations. A possible explanation was
found in the isotropic nature of Equation 2.2 as a single value foLy and , was assumed for
both the streamwise and spanwise directions. These motivations suggested that Equation 2.2,
derived from laboratory investigations, can not be applied directly to large-scale streams.
Noss et al. (2020) created a buoyant device able to keep track of its vertical acceleration while
being advecting by a river. The surface elevation in a Lagrangian frame was rst derived from
the acceleration and then the statistics were compared to the ow parameters observed in a
series of experiments in a laboratory ume and in a river. The Lagrangian elevation was charac-
terised by a strong quasi-sinusoidal uctuating behaviour as predicted by the theory of Nichols
et al. (2016). The measured oscillating frequency and amplitude were then tted with Equation
2.4 but anomalous values of the depth of in uence parameter were found. Approximately lin-
ear relations between the standard deviation of the drifter elevation and the ow velocity, bulk
Froude Number, and bulk Reynolds Number were observed. Data revealed also a strong corre-
lation between the surface statistical moments and the shear velocity, suggesting a connection
between the free-surface dynamics and hydraulic resistance.

A similar hypothesis was also proposed by Cooper et al. (2006). In a series of laboratory
experiments where the free-surface statistics were derived by means of an ultrasonic sensor
higher levels of hydraulic resistance and lower water depths were seen to produce many small
laterally elongated boils on the surface, while smaller hydraulic resistances and higher water
depths generated rougher water surfaces with fewer but larger surface renewal eddies. The
water surface around these boils appeared also much atter.
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Excitation of Gravity-capillary Waves through Resonance

The theory of gravity-capillary waves describes the behaviour of the free surface of an incom-
pressible uid without viscosity under the stabilising e ects of gravity and surface tension. For
this theory, a weakly deformed surface can be seen as a linear combination of mutually indepen-
dent sinusoids (waves). For each wave it is possible to identify a frequency,, and a wavenumber
vector k with modulus k =2 = |, where is the wavelength. The wavenumber vector de nes
the direction of propagation of the wave, while the wave celerity,c, derives from the ratio be-
tween the frequency and wavenumber modulusc = 2 f=k . The celerity of gravity-capillary
waves depends on the wavenumber, the ow depth and the mean ow velocity distribution. The
relationship between frequency and wavenumber is hamed the dispersion relation. Assuming a
constant depth (therefore neglecting the bed roughness) and a purely gravity-driven ow, the
dispersion relation of gravity-capillary waves can be derived either analytically or numerically for
a variety of average velocity vertical pro les, e.g.linear (Biesel, 1950), power-function (Fenton,
1973) or more generic (Ellingsen & Li, 2017). When the shear-rate is small (Shrira, 1993), the
wave frequency can be simpli ed as:

2f (k)= k Us kci(k)= k Us Kk[(g=k+ Tk= )tanh(kD)]*? (2.6)

where Us is the ow velocity vector at the surface, ¢ (k) is the intrinsic celerity and D is the
water depth.

Two solutions with opposite signs are available, each one representing waves propagating in
opposite directions. The intrinsic celerity ¢;(k) in Equation 2.6 de nes the speed of propagation
of the waves relative to the mean ow. For depths larger than 2(T= ¢ g)*? = 5:5 mm, it
happens for a given wavelength that the dispersion governed by gravity equals the dispersion
caused by capillarity, resulting in no wave dispersion. For this caseg; (k) presents a minimum
of approximately 0.23 m/s as gravity and surface tension balance at 1.7 cm (Lamb, 2005).
Waves propagating with a celerity lower than the minimum phase velocity cannot exist as the
stabilising forces of gravity and surface tension prevent them from appearing. Longer waves are
only governed by gravity and their maximum celerity is (gD)*™.

Even when the forcing mechanisms are weak, in nitesimal perturbations can grow to waves of
nite amplitude thanks to resonance phenomena (Brocchini & Peregrine, 2001). The resonance
usually takes place when the speed of a disturbance matches the celerity of free waves. A
disturbance within the ow at height z propagating parallel to the ow at the time-averaged
local speedU(z), where 0< U (z) < U g, meets the resonance conditions when:

U(z) = Us + ci(k)=cos () (2.7)

where is the angle of propagation of the wave with respect to the ow direction.

Only waves moving against the ow ( < 0) can resonate as long asJs > 0:23 m/s. For a
given wavenumber k, Equation 2.7 de nes a height z, called critical layer depth, where the
resonance can occur. Depending on the nature of the disturbance and the characteristics of the
velocity pro le at the critical layer, the surface can become unstable, leading to wave growth.
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This mechanism, known as "shear instability" or "critical layer instability”, received numerous
theoretical and numerical studies (Yih, 1972; Caponi et al., 1991; Morland et al., 1991; Young
& Wolfe, 2014), but has never been experimentally validated for a sheared uid below the free
surface.

Another form of resonant wave growth was numerically analysed by Teixeira and Belcher
(2006). In their model the disturbance, initially consisting in a homogeneous turbulent pressure
eld, interacted with the interface of an in nitely deep constantly sheared ow according to
a rapid distortion formulation. At the rst stages of its evolution, turbulence promoted the
resonant growth of free waves with the same celerity and wavelength of the pressure uctuations,
while it redistributed its energy across directions and scales as it approached the surface. The
stabilisation of the wave amplitude was interpreted as evidence of waves not satisfying the
resonance condition due to on their dispersion relation and forced to follow the speed of the
pressure disturbance,c(k) U(2).

Following Equation 2.7 and the existence of a minimum ofc; (k), the critical layer can occur
only between the bed position and a maximum heightz, where Us { U(z) results greater than
0.23 m/s. For typical subcritical open-channel ows, the surface-relative velocity Us { U(z) is
small in the upper half of the ow, therefore, the critical layer can only be relatively far from the
surface and in proximity of the bed. As resonant pressure and free-surface uctuations must be
distant from each other, the strength of their interaction is small. Considering a similar value for
Us, a shallower depth produces a shorter distance of the critical layer from the surface. In the
same manner, when the surface velocity increases the critical layer moves towards the surface,
allowing a broader spectrum of waves to satisfy resonance conditions.

Savelsberg et al. (2006) investigated the relation between the free surface and the underlying
hydrodynamics. In their study the free surface was de ned via the space-time surface gradi-
ent eld obtained through a laser scanning technique. The free-surface gradient was preferred
over the elevation as the spectral energy of the former decays much slower than the latter for
increasing wavenumber. This allowed greater accuracy in the measurement of the smaller fea-
tures. Spatial auto-correlations at time-lag O of the surface gradient rapidly decreased for larger
spatial lags, in particular along the transverse direction. The auto-correlation also oscillated
between positive and negative values as seen in Horoshenkov et al. (2013). The Taylor's frozen
turbulence hypothesis was tested using time series of the surface gradient in the spanwise di-
rection. From the analysis it resulted that the hypothesis was not valid for the free surface
above a turbulent ow but held for the underlying velocity eld. The cause was ascribed to
the presence of gravity-capillary waves that Savelsberg et al. (2006) linked with the turbulent
velocity eld beneath the surface as the wavelength of the waves was similar to the integral scale
of the turbulent velocity.

The strength of the correlation between the surface and the underlying turbulence was later
evaluated in Savelsberg and Van De Water (2008). In their experiments the free surface was
characterised by small deformations (mainly shallow and rounded wrinkles) despite an active
grid generating relatively strong turbulence. The free surface gradient was correlated with the
normalised convective acceleration, r )u, whereu is the turbulence velocity vector. For a fully
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developed turbulent condition the correlation function resulted rather small (0.04). The absence
of a strong correlation between the gradient of the free surface and the underlying turbulent
velocity eld implied the independence of free-surface dynamics. The convective acceleration
was later decomposed into two terms representative of strain and rotation which were both
correlated with the surface gradient eld. Strain correlation was seen to be twice than the
rotation correlation, suggesting a predominance of upwellings and downwellings than vertical
vortices. The energy spectrum of the surface gradient showed features with relatively small
wavenumbers advecting at the mean ow velocity. These waves were outweighed by other
patterns which approximately followed the dispersion relation for gravity-capillary waves. The
wavelength of the gravity-capillary waves was similar to the longitudinal integral length scale of
the sub-surface turbulence eld. This suggested that the free surface was mostly excited by the
largest sub-surface turbulence scales. Spatial correlation of the streamwise and spanwise surface
gradient at di erent locations had an isotropic behaviour when the turbulence was isotropic and
were anisotropic when turbulence was the same. In conclusion, Savelsberg and Van De Water
(2008) found that gravity-capillary waves dominated the surface. The free surface also inherited
the integral length scale and anisotropy from the sub-surface turbulence for lower wavenumbers,
while the surface displayed an independent behaviour for higher wavenumbers.

This research was further extended in Savelsberg and Van De Water (2009). Here, the ampli-
tude of surface gradient uctuations was seen to correlate with the turbulent Reynolds Number.
The wavenumber spectrum for the free-surface gradient presented a steep decrease proportional
to k 6. They also observed a small dependence on Reynolds Number for the phase velocity
along the spanwise direction for the active grid case. Finally, the length scales of the surface
gradient and the integral scales of the sub-surface turbulence resulted non-proportional for both
the cases of active and passive grids, probably caused by the di erent manner of mechanical
agitation.

Image-based methods rely on the assumption that the free-surface patterns are advected with
the surface velocity. As waves can also be dispersive signi cant errors are likely to occur in the
surface velocity estimations. Tani and Fujita (2018) analysed Space-Time Images (STI) (Fujita
& Tsubaki, 2002; Fujita et al., 2007) of orthorecti ed ow videos of the surface of rivers. The
Fourier transform in space and time of this data was used to derive the frequency-wavenumber
spectra of the surface elevation. It was discovered that the most of the spectral energy laid
along the dispersion relations of both turbulence and gravity-capillary waves. This represented
a clear evidence of the presence of gravity-capillary waves on the surface, undermining the
initial hypothesis of the propagating wave texture. Gravity-capillary waves were then removed
by applying a Iter and obtaining a noticeably improvement in the accuracy of the ow velocity
estimates via the STI method.

Topography-induced Stationary Waves

The appearance of waves at the surface of a ow over topography has been studied extensively,
also beyond linear theory, but mostly limited to the steady case, with localised topography, and
for an irrotational ow. An extensive review of such studies is Aksel and Scherner (2018).
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A small bed roughness element can be interpreted as a perturbation of a at bed. Similar
in concept to a pressure perturbation, waves with a range of wavelengths and directions of
propagation can be excited by the bed, including forced evanescent waves and free resonant
waves (Harband, 1976). As the disturbance occurs wherd(z) = 0, the resonant waves must be
xed in time and have frequency f = 0. This can only happen when waves propagate against
the ow at the same speed at which they are advected. Following Equation 2.7 it must be that:

G(k)= Uscos(): (2.8)

These waves are called stationary waves but are also known as standing waves (Rayleigh, 1883).
As 0.23 m/s represents the minimum phase velocity of a gravity-capillary waves it is obvious
that a solution for Equation 2.8 is only possible whenUs > 0:23 m/s. Slower surface velocities
result in waves propagating also upstream, even when moving against the ow. Equation 2.8
also de nes a speci c relation between wavenumber and angle of propagation. When the bed
disturbance is localised in space, all waves satisfying this relation concur in causing a peculiar
wake-pattern in the far- eld, like the one produced by a moving ship. However, when the
bed roughness is homogeneous, stationary waves can combine incoherently without producing a
recognisable waveform.

Stationary waves were generally associated with spatial variations of the bed shear stress
and formation of three-dimensional bed forms over mobile beds (Chanson, 2000). A few useful
relations to estimate the wavelength and amplitude of stationary waves have been reviewed by
Chanson (2000). For a given surface velocity, the stationary wave with the largest wavelength is
the gravity wave with the crest perpendicular to the ow (=180 ). This wave can form only if
the ow is subcritical, i.e. 0.23 m/s < Ug < (gD)'™. Dolcetti and Garca Nava (2019a) derived
the wavelength of this ow-perpendicular stationary wave, ¢, for a power-function velocity
prole (U(z)/ z", wheren is the exponent of the power-function) as:

0=D =2 Fr 3f[l (o:5+ns(2D= 0)l=ll0:5 ms(2 D= 0)lg (2.9)

where Fro = Us=(gD)*¥? is the Froude Number based on the free-surface velocity]: is a
modi ed Bessel function of the rst kind of degree ' and s = sgn(0:5 n) is the result of the
sign function.

Equation 2.9 can be simpli ed assuming short (relative to the depth) waves and a velocity pro le
with constant shear, i.e. U(z) / nz, as (Teixeira, 2019):

0=D =2 Fr 3=(1+ nFrj): (2.10)

A Fourier analysis similar to the one used by Savelsberg and Van De Water (2009) was applied
by Dolcetti et al. (2016) to two orthogonal arrays of wave gauges in a laboratory ume with
a bed formed by 25.4 mm wide regular spheres. The frequency-wavenumber spectra of the
surface elevation were interpreted based on a linear wave model for a power-function velocity
pro le (Fenton, 1973; Burns, 1953). The behaviour of longer waves could be evaluated more
clearly here than in Savelsberg and Van De Water (2009) due to a larger measurement area.
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Whenever the free-surface velocity was greater than 0.23 m/s) stationary waves were clearly
identi ed by a peak of the frequency-wavenumber spectrum atf = 0. According to Equation

2.8 stationary waves can have di erent combinations of wavenumber and directions, however,
only stationary waves with their front perpendicular to the direction of the ow were observed.
Also, the wavelengths of these waves were predicted well by Equation 2.10. These stationary
waves resulted in dominant features on the free surface despite the absence of localised obstacles
at the bed. As observed by Horoshenkov et al. (2013), the spatial correlation of the surface
elevation uctuated in space, but here with the wavelength ¢ instead of L.

The frequency-wavenumber spectra measured by Dolcetti et al. (2016) can be observed in
Figure 2.6. The energy resulted concentrated along speci ¢ lines (an almost straight line in the
streamwise spectrum and an ellipse in the lateral spectrum). These lines correspond approx-
imately to the projections of the ellipse in red in Figure 2.7, which represents the dispersion
relation of waves with constant wavelength ¢ and with that varies in all directions. Posing
ko = 2 = ¢ as the wavenumber of the stationary wave with wavelength g, the frequency of
these waves is found from Equations 2.6 and 2.8 as:

f (ko) = koUs[1 +cos( )] = (ko + kx)Us (2.11)

where ky is the streamwise component of vectokg.

For = , f (ko) =0, resulting in a stationary wave. When 6 , the gravity-capillary waves
are freely propagating andf (ko) > 0. Similar patterns in the spectra could not be observed
when Us < 0.23 m/s. In this case, the spectra identi ed forced waves advecting at the mean
ow velocity together with freely propagating gravity-capillary waves.

Dolcetti et al. (2017) suggested that forced waves can still occur (at least in the capillary range)
together with stationary waves and that their amplitude grows faster with the increasing Froude
Number than the amplitude of free waves (hypothesis later confuted by Yoshimura and Fujita
(2020)). Dolcetti et al. (2016) discovered that the Froude Number decreased the steepness of
the surface frequency spectra, suggesting higher contribution of shorter scales and so rougher
surface textures at higher Froude Numbers.

Figure 2.6: Streamwise (left) and spanwise (right) non-dimensional
frequency{wavenumber spectra for the casdJs > c i, . Frequency and wavenumber were
non-dimensionalised using the wavenumber of the stationary waveky. The contours were

non-dimensionalised to compensate for the decay with frequency. Reproduced with
authorisation from Dolcetti et al. (2016).
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Figure 2.7: Representation of the
three-dimensional dispersion relation shell (Eq.
2.6). ky and ky are the components of the
wavenumber vector in the streamwise and
lateral directions, respectively. The two
surfaces represent the two solutions for
upstream and downstream propagating waves.
The red line indicates the frequency of the
waves with wavelength ¢ for di erent
directions of propagation. Reproduced from
Muraro et al. (2021).

Like Savelsberg and Van De Water (2009), Dolcetti et al. (2016) explained the presence of
forced waves via the mechanism described by Teixeira and Belcher (2006). However, when the
appropriate conditions are met, stationary waves are seen to dominate the free surface. The
scaling of the correlation function and of the dynamic surface uctuations with the wavelength

o also indicated the importance of stationary waves. These ndings highlighted a role of the
bed topography much stronger than previously thought.

The same data set of Dolcetti et al. (2016) was evaluated with a wavelet-based analysis by Dol-
cetti and Garca Nava (2019b). The wavelet-based analysis provided a better three-dimensional
representation of the frequency-wavenumber spectra, allowing a more detailed characterisation
of the surface patterns. It was also possible to de ne the angular spectrum of the waves with
wavenumber ko. Applying the framework suggested by Legleiter et al. (2017), Dolcetti and
Garca Nava (2019b) proposed a simpli ed surface model based on an inverse Fourier transform
of a surface spectrum,Ss(k; ), described by:

Ss(k; )/ expfbcos( ) 1lg (k ko) (2.12)

where b is an angular distribution parameter which was found varying between 1 and 2, and

is a delta-function that excludes all waves with wavelength di erent from ¢ from the model.
According to this model the free surface could be described as a linear combination of freely
propagating waves with the same wavelength o but di erent direction of propagation. The
model also allowed Dolcetti and Garca Nava (2019b) to explain the oscillating behaviour of the
space-time correlation function observed by Horoshenkov et al. (2013). The model was further
improved by Dolcetti et al. (2020), producing a series representation of the full spatial-temporal
correlation:

W(; )= ado(kej Us j)coskoUs )+

*
+  a( 1)7% 3 (ki Us jexp( ikoUs )+
Do

+J ( koj Us j)exp(ikoUs ) (2.13)
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wherea are the series coe cients that depend on the angular spectrum andlyarphi is the Bessel
function of the rst kind of order ' .

Dolcetti et al. (2020) made use of this equation to interpret the autocorrelation of images of
the interface of a shallow river. Similarly to laboratory measurements, the river surface slope
spectra (Lubard et al., 1980) reported waves with wavelength g. The measured correlations
oscillated in space and time and were matched by the behaviour of the trigonometric and Bessel
functions in Equation 2.13.

According to the model of Dolcetti and Garca Nava (2019b) an observer moving along the
ow at the mean surface ow velocity Us should observe a periodic inversion of the surface
shape, :

(x = Ust;t) = AcoskoUs(t  to)] (2.14)

with A being the wave amplitude andtg the initial time step.

This behaviour resembled to the one proposed by Nichols et al. (2016), where the uctuations
occur with frequencyfsnm = Us=Lg. The model also derived a frequency oK gUs=(2 ) = Us= ¢
for ow conditions examined by Noss et al. (2020), explaining the quasi-periodic uctuations
observed by the drifter.

A comparison of the characteristic surface frequencies observed by Nichols et al. (2016), Dolcetti
and Garca Nava (2019b) and Noss et al. (2020) with the ones proposed by the model of Dolcetti
and Garca Nava (2019b) are reported in Figure 2.8 (Muraro et al., 2021). In the picture the non-
dimensionalised stationary wave wavelength ¢=D (derived from both Equations 2.9 and 2.10
for two velocity pro le having exponents, n = 0 and n = 0.5) was plotted with the corresponding
equivalent wavelengths observed by Nichols et al. (2016) and Noss et al. (2020), derived as:

o=D = Us:(f shm D) = Lo=D: (215)

The three data sets were well tted by the model, although di erent exponents for the power-
function velocity pro le were needed for matching the data. In fact, using two di erent velocity
pro les allowed to de ne a region in which the predictions were in a agreement with observations.
It was hypothesised that stationary waves may control the scales of the surface deformation over

Figure 2.8: Non-dimensionalised dominant
surface scale measured by Nichols et al. (2016),
Dolcetti and Garca Nava (2019b) and Noss
et al. (2020) compared to the wavelength of
stationary waves predicted by Equation 2.9
(power-function velocity pro le) and Equation
2.10 (constant-shear pro le and short waves)
with power-function exponentn =0 and n =
0.5. The frequency values measured by Noss
et al. (2020) have been converted to an
equivalent spatial scale as ¢ = Us=fgpm. Fr is
the bulk Froude Number. After Muraro et al.
(2021).
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a broad range of hydraulic regimes. The bed roughness forcing was then suggested to be the
governing mechanism for the generation of the free-surface wave pattern rather than turbulence
as previously suggested (Fujita et al., 2011; Horoshenkov et al., 2013; Nichols et al., 2016).
Nonetheless, it was not possible to determine the cause for the selective growth of waves with
wavelength ¢ not oriented against the ow (i.e. not stationary waves). Dolcetti and Garca Nava
(2019b) invoked the triad resonance mechanism proposed by Zakharov and Shrira (1990). This
mechanism allows the transfer of energy between a stationary wave, a freely propagating wave
with the same wavelength, and a forced wave or a (turbulent) sub-surface ow perturbation. To
produce a resonant interactions among multiple waves a deviation from linear theory is required.
This seems possible as Dolcetti (2016) reported a weakly non-Gaussian probability distribution
of the surface elevation. However, the measurements of the surface spectrum broadening are
contradicting (Dolcetti & Garca Nava, 2019b) and the triad resonance theory is based on a
hypothesis that does not rigorously apply to shallow ows.

2.3 Flows over Permeable Beds

Flows over permeable beds are ubiquitous as almost all of the geophysical natural ows but also
a wide number of industrial processes occur above boundaries formed by porous and permeable
materials. Inindustry, porous media are known to promote heat, chemical and mass transfers due
to their larger speci c surface area. For these reasons, they are often employed in nuclear plants
(El Hassan et al., 2015), fuel cells (Wang et al., 2001), catalytic reactors and heat exchangers. On
the environmental side, permeable beds play a signi cant role in sediment transport (Garcia,
2008; Hester et al., 2013), turbulence generation (Best, 2005), morphodynamics (Harrison &
Clayton, 1970), water quality aspects (Nagaoka & Ohgaki, 1990; Svensson & Rahm, 1991,
Nakamura & Stefan, 1994), scalar transfers (Boano et al., 2014), spawning habitats (Gayraud
& Philippe, 2003; Arntzen et al., 2006), coastal defence, chemical exchanges between vegetation
and atmosphere (Finnigan, 2000) and meteorological as, to some extent, even urban areas can
be considered as permeable walls.

Despite the great importance and interest towards this kind of ows, the physics of ows
overlying permeable surfaces is not as well understood as over an impermeable boundaries.
In particular, the interaction between the free-surface region and the porous media has not
su ciently been investigated. For open-channel ows, most of the numerical studies involved
laminar ows (Beavers & Joseph, 1967; Rudraiah, 1985; Choi & Waller, 1997), while a limited
number of simulations explored turbulent conditions, probably due to the high computational
cost and di culties in properly de ne the conditions at the interface (Mendoza & Zhou, 1992).
Similarly, experiments su ered and still su er due to technical di culties in the observation of
the ow quantities in the near-bed region and within the porous bed. Over the last 20 years,
advances in technology and development of new techniques allowed to improve the quality of
both experimental observations and simulations. Nonetheless, it was not possible to obtain an
exhaustive understanding of dynamics over permeable beds. Di erent viewpoints have emerged,
some of them completely contrasting each other, therefore, only speculations can be advanced.
The reason is due to the complex behaviour of the ow in near-bed and subsurface regions,
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which is highly a ected by wall characteristics. For this reason, a comprehensive investigation
of the turbulent ow behaviour above pervious beds would require a broad range of bed surface
geometries, roughness types, grain size distributions, bed thickness, porosity, permeability, slopes
and submergences to be tested, which is unfeasible for the time and costs involved.

It is common practice to treat a permeable bed like an impermeable boundary having the same
surface texture and infer the velocity, stress and pressure distributions, and friction and di usion
coe cients regardless of the e ects of bed porosity (Stoesser et al., 2006). This assumption is
extremely simplifying as the ow that moves through the porous media and the one in the
overlying region interact in a complex manner, giving rise to weaker or stronger accordingly
to the wall permeability. Examples of such a in uence are the slip velocity (i.e. the non-zero
velocity that occurs over rough beds in correspondence of the top of the bed elements) and
turbulent exchanges of mass and momentum, which are responsible for additional shear stresses
in the near-bed region (Nezu, 1977).

Another spread custom consists in evaluating the two regions as separate, assuming turbulent
ow above the bed and an underlying Darcian ow (Cardenas & Wilson, 2007; Jin et al., 2010;
Janssen et al., 2012). The coupling is then attempted by imposing mass, velocity and pressure
vertical continuity. This approach is inaccurate as a small change in the boundary conditions
would severely compromise the quality of the coupling as small variations in one eld can have
important consequences for the other (Gupta & Paudyal, 1985; Pokrajac & Manes, 2009).

The most relevant experimental, numerical and analytical studies of the characteristics of a
turbulent ow over a permeable bed are presented over the next pages. Subsection 2.3.1 presents
the approach introduced by Nikora et al. (2001) for correctly evaluating open-channel ows over
permeable rough boundaries, while Subsection 2.3.2 treats the ow behaviour in the free ow
region above the bed.

2.3.1 Spatially-averaged Equations

Open-channel ows over rough beds (either impermeable or permeable) cannot be fully de-
scribed by the traditional Reynolds equations (time-averaged Navier-Stokes equations) (Nikora
et al.,, 2001). This occurs as near the bed the heterogeneity of the interface and the three-
dimensional behaviour of the ow lead to a violation of some preliminary assumption for the
Reynolds equations (2D approximations and similarity) and so a rigorous assessment of this
region. Reynolds equations can still be used to describe most of the depth for large depth-
roughness height ratios ows over rough beds. However, the near-bed region of these ows and
low submergence ows must be described using a di erent set of equations.

Spatial averaging was rst introduced for multiphase systems in porous media ows by Whitaker
(1967) and Gray (1975). Later, Smith and McLean (1977) and Wilson and Shaw (1977) sug-
gested applying a further spatial averaging procedure (either areal or volumetric) to the Navier-
Stokes equations. However, only recently double-averaging was extended to open-channels ows
(Nikora et al., 2001). The main advantage of this approach is that ow quantities are spatially
averaged and can be related to roughness parameters from the averaging of the same spatial
domain. The bed heterogeneity is therefore on average incorporated in these equations.
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To obtain the spatially-averaged equations, the rst step consists in the de nition of the
spatial-averaging procedure. Following Smith and McLean (1977), Raupach and Shaw (1982)
and Ginmenez-Curto and Lera (1996), the areal averaging at a generic height is given by:

zZ Z
VcyizE o VOGySzi) ddy? (2.16)
Ar A

whereV represents a ow quantity de ned in locations not occupied by the bed roughness, angle
brackets explicit the spatial averaging procedure,As is the area occupied by the uid on the
plane z considered with the total area Ag. For the reference systemx is orientated along the
main ow direction, y de nes the spanwise direction, whilez points normally the bed; from these
direction the corresponding velocities areu, v and w. Finally, t de nes time. In the integrand
it was chosen to replace X;y) with (x%y9 to emphasise that the dependence ofVi in (x;y) is
only due to domain variations within (x;y).
Given the generic Reynolds equation expressed in tensor notation:

@li+ @ _ 1@ @Ti(Ujo_'_ @u; .

I R , 2.17
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where overbar denotes time-averaging and the prime is used for the turbulent component (i.e.
di erence between instantaneous and time-averaged componentsy is gravitational acceleration,
p indicates pressure and kinematic viscosity, and applying Equation 2.16 to Equation 2.17,
it is possible to obtain two di erent spatially-averaged equations according the z plane that is
considered with regards to the elevation of the highest roughness crest.. For the region above
the bed,z > z:

Qui . .@ui_ _ 1Q@p OuUT Quuyi = Ghii

[ =0 : 2.18
t @x % “@x @x @ @f (2.18)

Wavy overbar (tilde) indicates a disturbance in the variable given by the di erence between the
time-average and the double-averaged component.
For the region beneath the roughness crestz < z¢:

@ui, . @ui__ 1@ 1@AN 1@mnyi, @i, Péut P@f
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Here, A represents the ratio of area occupied by uid to the total area Ag.
Similarly, the same procedure can be applied to the continuity equation. From the form used in
the Reynolds equation:

g‘;( -0 (2.20)

it derives: )
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Di erently from Equation 2.17, Equations 2.18 and 2.19 contain additional terms:

" hauyi is result of spatial averaging and it is due to spatial disturbances in the time-averaged
ow. This term is known as "dispersive stress" (Wilson & Shaw, 1977) or "form-induced
stress" (Gimenez-Curto & Lera, 1996).

" (1= )h@p=@ represents the form drag, while r‘@u-.z@f(i is the viscous drag; both only
appear in the equation valid beneath the roughness crest.

Note that the averaging-order (either time+space or space+time) is in uential as it yields to
identical formulations (Pedras & De Lemos, 2001).

The vertical section of a ow overlying a pervious bed can be subdivided in multiple regions
according to the framework proposed by Nikora et al. (2001). Depending on the appearance
and importance of terms not observable for ows over smooth and impermeable surfaces, ve
regions can be identi ed as depicted in Figure 2.9:

1. outer layer: the most super cial region where viscous and form-induced terms are negligi-
ble, so that spatially-averaged and time-averaged equations are equal. Following Nezu et
al. (1993) approach, this region corresponds to the near-surface and intermediate regions
and behaves similarly to the outer region for open-channel ows over smooth surfaces as
velocity distributions can be derived from the velocity defect law as suggested by Hinze
(1987).

2. logarithmic layer: viscous and form-induced terms are still negligible and spatially-averaged
and time-averaged quantities are similar. The layer resembles the logarithmic layer for
ows over smooth surface. Velocity distributions follow the logarithmic behaviour as long
as time-averaged velocities are considered (Raupach et al., 1991). Di erently for the above
layer, the logarithmic layer might not be observed as for its existence the deepest observ-
able depth, H, (distance between the free surface and the troughs of the roughness) must
be much greater than the height of the roughness elements, . If this occurs, then the
logarithmic layer is present between (2 5) < (z z) < 0:2H.

3. form-induced layer: this region is a ected by viscous and form-induced e ects due to the
ow separation from the roughness elements (Ginenez-Curto & Lera, 1996). For this
reason, it can be considered analogue to the bu er sublayer in smooth beds. This layer
is bounded between the bed roughness crests and whichever above layer (either outer or
logarithmic layer) and represents the portion 0< (z z;) < (1 4). Typically, the upper
boundary of this layer can be identi ed using either the dispersive shear stressh wwi or
the variance of time-averaged streamwise velocityh ot .

4. interfacial layer: region a ected by viscosity, bed heterogeneity and form drag. It is similar
to the viscous sublayer over smooth beds. This layer occupies the region between the top
and the bottom of the roughness elements. More precisely, the region when porosity is
observed changing from the unity value in the free- ow region to a constant value within
the pervious boundary.

5. subsurface layer: the most profound region where the ow is driven by gravity and mo-
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mentum uxes from above. The ow is governed by the Darcy, Forchheimer and Brinkman
equations.

In literature, outer and logarithmic layers are often together represented as surface ow region;
similarly, form-induced and interfacial layers are mostly not individually considered but grouped
to form the roughness layer (also know as roughness sublayer (Raupach et al., 1991)).

Figure 2.9: Layer subdivision for ows over a permeable rough beds. Noticezys
represents the height of the water surfacez. is the height of the roughness crestA is a
function that for rough permeable beds is equal to porosity. After Nikora et al. (2001).

In consideration of the relative smoothnessH=, di erent layers can coexist:
ow with high relative submergence, H > : all the layers exist.

ow with small relative submergence, (2 5)H > H > : the most super cial layers
cannot exist and the form-induced layer represents the upper ow region.

ow over partially inundated rough bed, H < : interfacial layer is the upmost layer.

Double-averaging approach is a powerful expedient to investigate the ow dynamics in the
near-bed region where the high heterogeneity of the interface and the complexity of the ow eld
cause the Reynolds equations to no longer hold. In fact, local ow properties can often change
in space, the use of double averaging, however, establishes global uniformity as it is imposed the
ow properties do not vary along the streamwise direction (Nikora et al., 2004).

For this reason Nikora et al. (2001) suggested its use should become a standard in the evalu-
ation of open-channel ows over rough (either pervious or impermeable) beds.

2.3.2 Surface Flow

The ow over a permeable bed presents a series of particularities compared to the same
hydraulic condition over a bed having the exact same roughness texture but impermeable. One
of the most peculiar features is probably the streamwise velocity pro le (Fig. 2.10), characterised
by larger deviations from the shape typically encountered over an impermeable surface as the
solid interface is approached. Not only, a permeable bed allows a subsurface ow, therefore a
non-zero velocity within the bed, to exist. As velocity continuity must be ensured throughout
the section, the velocity pro le varies from the velocity values de ned by the logarithmic law
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(and relative corrections) in the free- ow region to values described by Darcy's law for ows into
porous boundary. This permits the appearance of non-zero velocity values at the interface.

Figure 2.10: Velocity pro les over a permeable (blue) and impermeable beds (red).
Typically, velocity pro les over permeable bed are considered analogue to the ones over
impermeable surfaces. Modi ed from Dey and Das (2012).

Munoz Goma and Gelhar (1968), Ru and Gelhar (1970) and Chu and Gelhar (1972) are
considered pioneering studies on interaction of a turbulent ow with a permeable boundary.
Despite the technical limitations of the time, they observed the friction factor to maintain a
dependency with the Reynolds Number, that additional Reynolds stress arose due to the porous
interface and that the velocity pro le was well tted by the logarithmic law as long as the von
Karman constant, , ranged between 0.26 and 0.29.

Other earlier investigations by Lovera and Kennedy (1969), Zagni and Smith (1976) on open-
channel ows revealed larger values for the friction coe cient over permeable rough beds com-
pared to impermeable ones with the same texture. Lovera and Kennedy (1969) and Zagni
and Smith (1976) further observed the friction factor, after having reached a plateau, started
increasing again with Reynolds Number atRe = 10°. This increment was suggested being a
consequence of additional energy dissipation due to momentum exchanges across the bed surface.

Later Zippe and Graf (1983) presented a study on turbulent boundary layers in which im-
permeable and permeable surfaces were compared. During the experiments, performed in large
wind tunnel facility and evaluated by means of Prandtl tubes and anemometers, not only the
in uence of permeability was tested, but also the e ect of the bed thickness for the permeable
bed. It was found that the streamwise velocity pro les for all the type of boundaries were well
tted by the Coles' wake law as long as the shear stress was obtained from the momentum bal-
ance. The friction coe cient, f, was higher over permeable surfaces compared to impermeable
ones having the same texture. For the former,f was observed increasing with the Reynolds
Number and the bed thickness. Over impermeable surfaces, the friction factor was independent
from Re. Increasing Reynolds Numbers and bed thicknesses also deepened the position where
the no-slip condition occurs (plane where the time-averaged streamwise velocity is 0).
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Gupta and Paudyal (1985) performed a series of laboratory tests aimed at comparing friction
factor and velocity distributions for a turbulent ow over a gravel bed and its corresponding im-
permeable counterpart. Velocity pro les, measured using a hotwire anemometer, for both types
of bed followed the Prandtl-von Karman universal velocity distribution law (i.e. a logarithmic
distribution). However, the logarithmic law had to be vertically adjusted for the permeable
bed case in order to take into account the slip velocity at the interface. The von Karman was
observed to be much smaller (0.28) for the rough permeable bed and slightly smaller (0.38) for
the rough impermeable boundary, suggesting larger energy dissipation rate in the mean ow.
Friction factor was greater over the permeable bed and increased with the Reynolds number.

The e ect of a porous interface was analytically evaluated by Mendoza and Zhou (1992) as a
perturbation of an equivalent turbulent ow over an impervious bed on the same bed texture. It
was suggested that the momentum exchange at the boundary, causes the disappearance of the
viscous sublayer and an extension of the turbulent region within the bed. As a consequence, a
downwards shift for the origin of the mean velocity logarithmic pro le occurs, giving rise to non-
zero velocity at the interface. The existence of a porous bed was assumed to also generate larger
Reynolds stresses due to the momentum transfer. Mendoza and Zhou (1992) also suggested
that additional stresses along the vertical direction give rise to additional mean pressure which
enhances the sediment entrainment. The friction factor was found to depend on the water depth,
the channel slope and the Reynolds Number. Comparing the Reynolds-averaged Navier-Stokes
equations for the permeable and impermeable cases, Mendoza and Zhou (1992) con rmed the
ndings present in Nezu (1977), that the von Karrman constant for pervious beds is smaller than
the value proposed in literature for impermeable beds, i.e. 0.41. This suggested that an active
momentum and energy transfer occurs at the porous interface.

An experimental study was proposed in Prinos et al. (2003) where the permeable surface was
simulated as a group of transverse cylindrical rods for a range of diameters, arrangements and
densities. It was found that the rods arrangement (i.e. the porous layer structure) has limited
in uence of the ow characteristics in the near-bed region. Mean velocities were observed to
be lower throughout the depth when compared with ones over an identical impermeable bed.
This trend was accentuated for increasing values of the Darcy Number, Da =K=H ? (K is
bed permeability). This was imputed to turbulence penetration within the porous media and
associated momentum transfer. The mean velocity were assumed to deviate from the logarithmic
law due to and the constant of integration. For this reason, it was suggested the ow over
a permeable interference cannot be identied as a boundary layer but as mixing layer. The
turbulent shear stress increased towards the bed and peaked in correspondence of the interface.

Stoesser et al. (2006) presented a numerical study of a turbulent ow over two layers of
cubically-packed spheres. Statistics were evaluated at two di erent spanwise location: the rst
section (Top) was directed along the crests of the spheres where the maximum porosity value
occurred, while the second section (Valley) ran over the interface between spheres, therefore
indicating the minimum porosity plane. Normalised time-averaged streamwise velocity pro les
for the two sections released small di erence only near the roughness where recirculation due to
uid separation took place in the Top section and a slip velocity was present along the Valley
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section. As the di erence between the sections was minimal, it was assumed a small extension
of the roughness layer. All the turbulent velocity intensities peaked in correspondence of the

interface due to momentum and mass exchanges across the bed. Quadrant analysis (Raupach,
1981) revealed the dominance of sweep and ejection events. The frequency and magnitude of
these events (1/3 of the events were 19 times stronger than the average Reynolds stress) led to
the conclusions that sweeps and ejections were the responsible for mass and momentum transfers.

This investigation was later continued in Stoesser et al. (2007) where a bed composed of three
layers of cubically arrange spheres was numerically examined. Mean and turbulent velocity
components resulted similar to the ones presented in Stoesser et al. (2006). On this occasion,
spatially-averaged pressure measurements were evaluated and showed maximum values on the
windward side of the spheres along the Top section, with magnitudes up to 4 times the average
bed Reynolds stress. No di erences in pressure values were seen on the Valley plane from the
free- ow region. Pressure maxima along the Top section were attributed to streamwise velocity
uctuations as resembling power spectra were observed.

In Pokrajac and Manes (2009) the comparison between impermeable and permeable beds for
open-channel turbulent ow was performed using cubically-packed spheres arranged to form a
1-layer and a 5-layer sphere thick beds. The basic geometry was preferred as it allowed to better
characterise the nature of the interaction between surface and underlying ows. Measurements
were carried out by means of a Particle Image Velocimetry (PIV) system and, due to the peri-
odicity of the wall geometry, focused, as usual for cubically-packed spheres bed, on two vertical
sections at di erent spanwise positions (Top and Valley). These were chosen to observe the ow
heterogeneity along the transverse direction. Small di erence in double-averaged velocity be-
tween the impermeable and permeable cases were noticed, with higher values over impermeable
beds. This suggested higher values fof over pervious surfaces. A deepening of the zero ve-
locity plane was also observed along the Valley section due to a higher momentum penetration,
however, the distinction between the velocity pro les disappeared while moving towards the free
surface. Vertical velocities were barely perturbed by the bed permeability but strongly a ected
by spatial heterogeneity. Along the Top section a stationary recirculation vortex was noticed
over the spheres' tops. These were caused by the ow separation near the crest and successive
reattachment at the downstream sphere. The small di erences noticed between the permeable
and impermeable cases were mostly observed along the Valley region, where downward motions
took place in the gap between consecutive spheres. This was imputed to ow separation position:
as the ow for the impermeable case was faster and more energetic, separation occurred further
downstream, where the uid had already acquired signi cant downward motion; on contrary,
the slower uid for the permeable case caused the separation to occur near the crest where
the vertical component was still weak. Streamwise and bed-normal turbulent intensities were
found similar for the permeable and impermeable cases. Changes due to spatial heterogeneity
were observed only in the near-bed region, with higher turbulent velocities along the Top sec-
tion. Intense turbulent generation was here observed as a result of the shearing between high
momentum uid in the free region and low momentum uid below.

The same bed geometries used by Pokrajac and Manes (2009) were also used in Manes et al.
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(2009). Similarly, the ow was evaluated along a Top and Valley sections. Normalised double
averaged velocities were found to be lower above permeable beds, suggesting higher values for
f. The friction factor was also seen to increase for higher Reynolds Numbers. Normalised
spatially-averaged turbulent intensities and Reynolds stress were similar for the permeable and
impermeable cases. Turbulent intensities peaking in proximity of the bed roughness and decayed
exponentially moving towards the free surface. The Reynolds stress followed a linear increment
at deeper positions and started to rapidly decrease approaching the bed due to the arise of
form-induced and viscous stresses. Dispersive stresses were found larger over the impermeable
surface. No e ects due to the bed permeability were noticed on the normalised TKE generation
term. This suggested the increment in the friction factor was due to additional stress produced
within the bed induced by shear penetration.

An explanation for the Reynolds Number dependence of the friction factor for ows over
permeable beds was attempted in Manes et al. (2011). To do so, a series of experiments over
smooth, rough impermeable and permeable beds were performed. The increment in the Reynolds
Number was achieved by changing the ume slope. This allowed to keep the submergence
constant and to isolate the e ects of the Reynolds Number alone. Also here the friction factor
was observed increasing with the Reynolds Number without reaching a plateau, indicative of
hydraulically rough regime. Manes et al. (2011) suggested to possible motivations for this
behaviour:

~

progressively deeper momentum penetration within the porous bed: for turbulent ows
over porous media the e ective hydrodynamic roughness has to be referred to the thickness
of the transitional layer and not to the grain size. As this thickness increases, an increment
on the e ective roughness height occurs. This corresponds to smaller relative submergences
for the same water depth, hence, greater friction factors.

higher pressure drag: at low Reynolds Number values, not all the grains might produce
pressure drag due to sheltering e ects. However, for higher Re, more particles might
experience ow separation and so generate drag. This leads to an increment if even if
the thickness of the transitional layer remains constant.

Manes et al. (2011) concluded suggesting that both the mechanisms might be responsible for
the observed behaviour of the friction factor. It was also speculated that the independence df
from the Reynolds Number (i.e. hydraulically rough regime) might be restored for su ciently
high Re values when the entire bed thickness is object of momentum penetration. Such regime,
however, might occur at values so high for Re to not to nd practical applications.

An attempt to give a phenomenological description of the rising regime can be found in
Manes et al. (2012) where a numerical model based on the work of Gioia and Chakraborty
(2006) was used. According to the model, the bed interface is populated by eddies which
govern the momentum transfer. As the Reynolds Number increases, also larger eddies having
enough energy to penetrate the wall are developed. The total shear stress is therefore formed
by two components: one associated with the momentum exchange due to eddies at the interface
and one that takes into account the e ects of permeability and large-scale motions. From the
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Figure 2.11: Friction factor as a function of
Reynolds Number. Dashed lines are derived
from the model by Gioia and Chakraborty
(2006) which considers only the small
interfacial vortices. Solid lines take also into
account the e ect of permeability and
large-scale motions. Peculiarity of the plot are
the belly observed for higher relative
submergences and the asymptotic behaviour of
f at high Reynolds Numbers. After Manes
et al. (2012).

analysis of these components it was that the \s-shape" for the friction factor is result of the
simultaneous e ects of low relative submergences and permeabilities. For low submergences
increases with Reynolds Number until the plateau is reached. Further increments in Re cause
the wall to become e ectively permeable to the large scale motions, causing the growth of the
friction factor. At higher values of relative submergence, the curve starts to lose the s-shape
and displays a belly (Fig. 2.11). This was explained as, for the same Re value, higher relative
submergences see slower interstitial velocities, leading to higher momentum contrast and friction
factor. Finally, for Reynolds Number tending to in nity, the curve returns to be Re-independent
as the entire bed thickness is a ected by uid shear.

Cooper et al. (2018) presented a series of tests where the turbulent ow over di erent per-
meable beds and their impermeable facsimile was evaluated using a PIV system. To produce a
surface having the identical texture of the pervious counterpart, Cooper et al. (2018) employed
the casting techniques presented in Bu n-Belanger et al. (2003). In contrast with the previ-
ous ndings, Cooper et al. (2018) found that normalised double-averaged streamwise velocity
was higher over permeable beds within the interfacial sublayer with values 5-20% higher at the
roughness crest level. Velocity was higher also in the upper part of the ow for two permeable
beds. Turbulent velocity intensities were lower over the permeable surfaces, however, 12-34%
larger Reynolds stresses were measured as a result of higher coherency in time. Nonetheless,
TKE was 30% lower over the permeable beds. Streamwise and vertical spatially-averaged veloc-
ity intensities were lower for pervious interfaces. Similar behaviour was observed for the form
induced stress (65-87% less) due to a weak correlation of its components, suggesting a limited
role of this component in the momentum transfer. More energetic sweeps and ejections were
con rmed over permeable beds, in agreement with the high turbulence correlation coe cient to
induce high and low pressure zones that caused blowing and suction of water at the interface.
It was suggested that these downward and upward motions are responsible for the development
of high and low pressure regions that promote the mass and turbulent momentum transfer.
The importance of these motions was assessed via Proper Orthogonal Decomposition (POD)
analysis. It was observed that more energy containing within permeable beds' modes. The rst
three eigenvalues, indicators of the importance of coherent structures in the production of TKE,
concurred up to 27% of the total energy for permeable beds ows. These nding suggested a
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more e ciency in momentum transfer by turbulence over permeable surfaces. This e ciency
and the lower TKE were indicated as cause for the higher spatially-averaged velocities. As
a consequence, smaller friction factors for permeable beds were expected, in contraction with
previous ndings.

Experiments involving a cubically-packed spheres beds similar to those run by Pokrajac and
Manes (2009) and Manes et al. (2009) were also performed by Kim et al. (2018). Three beds
were here tested: rough impermeable (composed by hemispheres), rough permeable (1.5 spheres
thick) and thick rough impermeable (4.5 spheres thick). Akin Pokrajac and Manes (2009) and
Manes et al. (2009), two sections at di erent spanwise locations (Top and Valley) were examined
using a PIV. Inner scaling the streamwise velocity for both impermeable and permeable beds
revealed comparable trends to the smooth-wall case except for a downward shift that increased
with bed thickness. The shift was attributed to the increased friction that occurred over pervious
surfaces. Downward shifts for the impermeable and thin permeable bed were similar and two
pro les diverted only in the near-bed region. Therefore, it was assumed that a thin permeable
bed, with the exception of the interface area, could be mainly dominated by topological e ects
rather than permeability. Overall the pro les displayed a good collapse with the smooth bed case,
Townsend's wall similarity hypothesis (Townsend, 1999), which claims that conditions at the wall
set the bulk characteristics of the ow while turbulence adjusts itself to be similar to the smooth-
wall ow when scaled with these characteristics, was then considered valid. The zero-plane
displacement (i.e. the location where the time-averaged streamwise velocity is null or reaches a
constant value) was found similar for the impermeable and thin permeable cases, highlighting
the similarity between the two beds. For the thick permeable bed, the plane was further below,
suggesting a deeper momentum penetration, hence higher friction. No changes at Double-
averaged streamwise velocity pro les were attributed at the e ect of permeability. On contrary,
bed thickness was observed having a high in uence. Reynolds shear stresses resulted higher in
the Valley region for permeable beds due to momentum exchange. For the Top section, however,
a decrease of the Reynolds shear stress was observed for the thickest permeable bed while thin
permeable and impermeable surfaces showed an opposite behaviour, remarking the similarity
between the two cases. As a consequence, the thick permeable bed presented limited spanwise
variability, suggesting that bed thickness a ects the near-wall turbulence structure. Pro les of
ow rst- and second order statistics for all cases collapsed well. This nding strengthen the
idea of the existence of an outer-layer similarity, regardless of the bed thickness and permeability
in uence on the interface region. The extent of similarity region, however, was a ected by these
two quantities.

Navaratnam et al. (2018) conducted a set of experiments aiming at quantifying the e ect of
porosity and grain orientation on ow resistance. To this purpose a waterworked gravel bed and
its impermeable cast counterpart were examined. Di erent textures of an armour layer were
evaluated by rotating the impermeable tiles of 180. The highest value for the friction factor was
seen for the rotated cast and lower relative submergence values, suggesting that grain orientation
has a signi cant in uence on ow resistance. The di erence from f values for both gravel and
impermeable gradually faded for increasing relative submergence. Comparison between gravel
bed and impermeable cast showed higher values for the friction factor for the impermeable bed
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at lower submergences. The trend was opposite for higher submergences. Navaratnam et al.
(2018) suggested this behaviour may be due to an overestimation of the bulk velocity caused by
the impossibility to measure the subsurface ow. Estimating the hyphoreic ow and deducting

it from the observed discharge permitted a better representation of the low submergence cases.
Indeed, the derived friction factors resulted higher over the permeable bed. The higher friction
factor for the cast bed at low submergences was also explained by greater standard deviation of
the surface elevation resulting from the casting procedure.

2.4 Flow Field and Water Surface Measurement Techniques

The aim of this thesis is to identify the linkage between the bulk ow properties and the
free-surface behaviour. To achieve this, it is necessary to consider both the hydrodynamics and
the surface wave patterns, possibly at the same time. Many technologies can be employed to
measure the 3D ow eld and the dynamic behaviour of the water surface. The description,
however, might be diverse from technique to technique due to di erent working principles and
characteristics of the method (e.g invasiveness of the instrument). For these reasons, only the
most promising technologies for ow and free surface description are presented over the next
pages: Subsection 2.4.1 introduces the characteristics of PTV and compares it against PIV, after
it focuses on the Shake-The-Box (STB) technique that was used in this research; Subsection 2.4.2
analyses methods to retrieve the instantaneous 3D shape of a dynamic liquid surface, focusing
later on DIC; Subsection 2.4.3 is a short presentation of how wave probes arrays operate.

2.4.1 Particle Tracking Velocimetry

Flow characterisation represents the ability to adequately describe and understand the physi-
cal processes behind the observed behaviour of a uid phase. Hot Wire Anemometry (HWA) is
considered one of the rst techniques used to investigate the motion in turbulent uids. Despite
important advantages, like high temporal resolution, the method has been abandoned due to
its intrusiveness, the complexity of the probes to measure orthogonal components and that it
generally measures at single, or a very small number of points. On contrary, the use of optic
based techniques has grown. Among the multitude of optical methods, PTV and PIV represent
the most popular to measure 2D and 3D velocities non-intrusively. Both rely on the discrete
observation from two or more di erent points of view of essentially buoyant particles (tracers)
that have been previously dispersed in a uid. For these methods, stereoscopic visualisation of
the tracers is critical as the triangulation of an object can be determined from images obtained
from two cameras as long as the positioning of these cameras is known and the collinearity
condition is assumed (target, camera projective centre and image point lie on a straight line)
(Akutina, 2015). The ow eld behaviour is then inferred from the movement of such tracers,
meaning that these tracers are the information carriers (Hadad & Gurka, 2013).

The characteristics of these two methods can be summarised as follows:

~

PTV is a Lagrangian particle tracking method; at each time-step particles are rstly
triangulated to determine their coordinates in space and later trajectories are obtained
from such positions (Maas et al., 1993). Velocity eld is nally derived from the derivative
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of trajectories.

PIV is an Eulerial method; images are subdivided in interrogation windows and via spa-
tial correlation methods the velocity vectors are calculated for each region. The vectors
represent the average velocity of the tracers in a window (Dabiri & Pecora, 2020). It
follows that PIV does not focus on the single tracer but it evaluates group of particles or
particular "patterns” in successive time-steps (Fujita et al., 1998).

Conceptually, the di erence between PTV and PIV is represented in Figure 2.12.

PTV is considered one of the oldest techniques for ow characterisation (Chiu & Rib, 1956;
Jacobi, 1980; Sheu et al., 1982). At the early stages, the particle tracking was performed man-
ually, while automatic routines were only developed in second half of the 1980s (Chang et al.,
1985; Adamczyk & Rimai, 1988; Kobayashi et al., 1989; Papantoniou & Dracos, 1989; Nishino
& Kasagi, 1990). Despite the automation of the tracking procedures, only a limited number of
tracers could be employed to prevent the arising of ambiguities in the identi cation of tracers
and then biasing the results. Because of this, PTV methods su ered from limited spatial reso-
lution (Maas et al., 1993).

In the same period, Adrian (1988) de ned the fundamentals of 2D PIV technique. Here the ow
eld was derived from the auto-correlation function of double-exposed continuous images. This
allowed higher levels of seeding particles to be dispersed in the ow, leading to an increase of the
spatial resolution of the measurements. This resulted in a better characterisation of the velocity
eld compared against contemporary PTV. Since then, PIV has been continuously improved:
Willert and Gharib (1991) introduced digital cameras, Westerweel (1993) de ned the criteria for
the sub-pixel accuracy, Elsinga et al. (2006) developed tomographic PIV which allowed the spa-
tially high resolved 3D characterisation of a ow up to 0.05 particles-per-pixel (ppp), Wieneke
(2008) for volume self-calibration and Atkinson and Soria (2009) for the reconstruction of par-
ticles as intensity peaks in a voxel space. These improvements delivered calibration errors down
below 0.1 pixels (Schanz et al., 2015). Nonetheless, PIV has an important downside caused
by its very cardinal principle: the spatial resolution of the velocity measurements is limited by
the dimension of the interrogation window, which acts as a low-pass lter. Because of this,
PIV cannot be used when strong velocity gradients are expected or when ne ow structures
are studied (Schanz et al., 2016). For this reason, Kahler et al. (2012) recommends the use of
particle tracking methods when it comes to investigate near-wall or near-surface regions or in

Figure 2.12: Conceptual di erence between
PTV and PIV methods: PTV derives velocity
information from the motion of individual
tracers, whereas PIV from the movement of
groups of particles. As a consequence, PTV
can lack of spatial resolution to prevent
ambiguities while de ning the tracks, while
PIV imposes a Iter on the data providing
locally-averaged velocities. Reproduced with
authorisation from Zoheidi (2018).

36



presence of highly-sheared ows. Furthermore, PIV methods have high memory requirements,
they are extremely time consuming and are a ected by ghost particles (Schanz et al., 2015).
The development in hardware and software technologies allowed PTV to return competitive
again: Willne (2003) de ned an algorithm that made use of the resolved velocity and accelera-
tion elds at previous time-steps to nd the particles in the successive time frame, signi cantly
reducing the computational time for the analysis and the number of ambiguities (Lathi et al.,
2005); the introduction of an iterative particle placement routine instead of more traditional
triangulation methods by Wieneke (2013) permitted seeding concentration comparable to tomo-
graphic PIV. Further considerations on PTV methods can be found in the recently published
review by Pecora (2018).

A major breakthrough in PTV technology was presented by Schanz et al. (2013b) with the
introduction of the STB system and its improvement in Schanz et al. (2015). STB makes use
of the advances in 3D PTV (Willne , 2003; Wieneke, 2013) and in tomographic PIV (Elsinga
et al., 2006; Wieneke, 2008; Scarano, 2013; Schanz et al., 2013a) and the time-resolved infor-
mation that can be derived from previously processed time-steps (Schanz et al., 2015). Known
trajectories are then used to predict the particle coordinates at the successive time-step. The
predicted particle con guration is used to initialise an iterative procedure aimed at re ning and
correcting the particles placement. Once accuracy tolerance is reached the algorithm focuses
on the identi cation of new particles. As an improvements in on reconstruction property (e.g.
position accuracy, ghost particle ratio, percentage of found tracks) leads to advances in other
properties, the process is considered self-stabilising (Schanz et al., 2015). This highly reduces
the probability of obtaining ghost particles and speeds up processing time.

The basic concept of the STB method relies on two assumptions: particles within the mea-
surement volume do not disappear; knowledge of a particle trajectory allows to fairly accuratly
estimate its positioning in the next time-step.

Initially, no information about the particles positioning is available, the algorithm has then to
converge on a stable solution before being able to use time-resolved data to predict the behaviour
of the particles for the next time-step. For this reason, it is possible to identify three di erent
phases for the algorithm: initialisation, convergence and converged state.

In the initialisation phase, valid for the rst instants, particles identi cation is performed using
iterative triangulation procedures. These particles are considered "particle candidates” as only
particles for which a track can be identi ed can be considered real. Trajectories are then de-
rived from the distribution of particle candidates by applying a search radius around either the
particle position or a predicted location. Particles satisfying such criterion are then considered
"real particles".

Once the convergence phase is reached, the time-resolved system is used to determine the solu-
tion for the next time-step. Assuming that the trajectories are known for a certain number of
time-stepst,, the STB scheme for the single time-sten+1 is:

1. perform a t to the last k positions of tracked particles using an optimal Wiener lter
(Wiener, 1949) based on the estimations of the signal and noise spectra of the particle
location signals.
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. predict the position of the particles in the next time-step by evaluating the Wiener coe -
cients.

. ‘shake' the patrticles to a more correct position using residual image (Wieneke, 2013) and
adjust the intensity to eliminate the predicted error.

. identify new particles entering the measurement domain using iterative positioning routines
and assign them the "particle candidates" status.

. ‘shake' all particles again to correct for residual errors.

. remove the particles that leave the volume or that have intensity falling below a certain
threshold.

. iterate steps 4, 5 and 6.

. add new tracks for all the newly identi ed particles within four consecutive time-steps.

After such a process, the entirety of these tracks can be predicted for successive time-stgp., .

In the converged phase the process is the same as in the convergence phase and is represented

in Figure 2.13. At this stage, however, the number of tracks remains nearly constant as tracers
entering the measurement volume equal the ones leaving.

Figure 2.13: PTV STB procedure in converged phase displaying the evolution of the
image residuals (bottom) at di erent steps (top). Reproduced with authorisation from
Schanz et al. (2016).

Discrete tracks can be interpolated onto an Eulerian grid to allow the evaluation of ow
properties and the identi cation of the ow structures. Each component of the ow eld is
modelled as a weighted sum of three dimensional and evenly spaced quadratic B-splines in
which the weights are determined according to known ow velocities (Gesemann, 2015). This
produces a series of linear equations for each known ow velocity at some particular position.
The solution of this system is a ow eld sampled on a regular grid. To maintain the accuracy at
the particle positioning, the system of B-splines oversamples the ow eld (roughly 5-20 splines
per particle). Furthermore, splines interpolating empty cells have only to respect smoothness
and divergence criteria, whereas the ones in non-empty cells have also to describe the velocity
data of the particles.
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