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Abstract

The main objective of this study was to examine the turbulent flow field over

gravel particles as a first step towards understanding sediment transport in a

gravel bed river. Specifically, the vertical momentum flux in gravel bed turbulent

flow was investigated with particular attention to the near-bed region. Spatial

organization of vertical momentum flux was studied with stereoscopic Particle

Image Velocimetry (PIV) measurements in a horizontal layer 1mm above the

gravel crests. The vertical momentum flux through the water column was de-

scribed with digital PIV measurements in three vertical planes. The data showed

that near the gravel bed, net turbulent momentum flux spatially varies with re-

spect to bed topography. Analysis of the vertical velocity data revealed that

near the gravel particle crests, there is a significant net vertical form-induced

momentum flux approximately with the same order of magnitude as the net ver-

tical turbulent momentum flux. Above the crests, total net vertical momentum

flux is positive. However, below the crests, despite noticeable positive form-

induced momentum flux, total net vertical momentum flux is negative. Results

of quadrant analysis show that variation of turbulent net vertical momentum
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flux through water column is in agreement with prevalence of upward move-

ment of low velocity flow (known as ejection) above gravel crests and downward

movement of high velocity flow (known as sweep) below gravel crests. Below

gravel crests (−0.1 < z/H < 0.0), there is a region where the contribution of

second quadrant to Reynolds shear stress is lower than fourth quadrant, while

the contribution of second quadrant to vertical momentum flux is higher than

fourth quadrant. This can be interpreted that ejection events in this region are

strong enough to lift up fine particles but their contribution is not sufficient to

move fine particles in the longitudinal direction.

Keywords: Gravel Bed, Sediment Transport, Turbulent Flow, Bursting

Process, Vertical Velocity.

1. Introduction

Transport and deposition of fine sediments above gravel bed rivers is com-

mon especially in mountainous areas [1, 2]. Improved knowledge of the distinct

characteristics of fine sediments, which affects their erodibility [3] and the flow

structures above gravel beds will further our understanding of fine sediment5

dynamics. This is important because fine sediments deliver benefits such as a

nutrient supply to biota living in the fluvial system, but excessive fine sediment

loads and the presence of sediment-bound contaminants can cause significant

environmental impacts [4, 5]. Deposition of finer material in the matrix of a

gravel bed and its filtration to the deeper layer (known as colmation) affects10

the fluvial system by reducing hydraulic conductivity [6, 7] and can alter the

physical, chemical and biological properties of the hyporheic zone and benthic

layer [7]. Decolmation, the entrainment of fine particles from the matrix of a

gravel bed, also impacts the fluvial system by increasing the surface and sub-

surface inter-connection [8]. As a consequence, fish spawning and incubation,15

invertebrate development, oxygen availability, and microbial activity can all be

affected by colmation and decolmation [9, 10].

Transport of fine sediment in a free surface flow is triggered by near-bed tur-
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bulence [11, 12, 13, 14]. The interaction between particles and bed turbulence

influences the diffusion and transport processes of suspended sediment in the20

outer part of the flow field. Different studies on the structure of turbulent flow

have recognized the importance of the near-bed bursting-sweep cycle for particle

entrainment and transport [13, 14, 15, 16]. Bursting is a phenomenon common

in the turbulent boundary layer and open channels and provides evidence of

the presence of turbulent coherent structures that develop in the near-bed re-25

gion of the flow field. It comprises a quasi-cyclic process of the upward motion

of low-velocity fluid parcels (ejection) and downward motion of high-velocity

parcels (sweep) [17], which are associated with short-duration large-amplitude

wall pressure fluctuations [18, 19]. Many studies demonstrated the role of in-

tense wall pressure fluctuations in sediment transport [20, 21, 22]. Dwivedi et30

al. [20, 22] show that vertical and horizontal pressure gradients resulting from

wall pressure fluctuations are important for sediment entrainment. According

to Detert et al. [22], pressure fluctuations can cause sediment entrainment. Al-

though the reasoning of Detert et al. [22] and Dwivedi et al. [20, 22] is slightly

different, both agreed that sediments are more probably entrained during sweep35

events. However, at high flow rate and bed-load discharge Radice et al. [23]

found high correlation of bed load transport with ejection events.

Recent developments in research suggest a turbulent burst is the outcome of a

succession of ejections due to the passage of a packet of hairpin vortices [24].

The bursting process in the near-wall region interacts with large scale coherent40

structures in outer layer [24, 25, 26] and is considered to play an important role

in the overall dynamics of the boundary layer and sediment transport processes.

Ejections are considered to be primarily responsible for particle entrainment and

resuspension [11, 16, 27, 28, 29, 30, 31] whereas transport of of fine sediment as

bed load is mostly attributed to sweeps impinging on the bed [32, 33].45

There is experimental evidence that the main features of bursting phenom-

ena are common on both smooth and rough beds [25, 27, 31]. On the other

hand, there are fundamental differences between the two classes of beds. In

smooth wall conditions, bursting is related to flow instabilities taking place in
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the alternating high and low velocity streaks belonging to the viscous sublayer,50

while for a rough bed, the protrusion of roughness elements disrupts the viscous

sublayer and buffer layer and bursting seems to be triggered by the wake-like

vortex shedding at roughness crests [34, 35, 36]. Moreover, these features of the

bursting phenomena in gravel bed flow are accompanied by the experimental

evidence that for this kind of flow the time-averaged velocity field and higher55

order turbulence moments at the near-bed region (known as roughness layer

in fluid mechanics studies [37, 38, 39]) vary spatially in accordance with bed

topography [40, 41].

To properly consider the near-bed spatial variability of the flow in transport

equations, locally time-averaged flow characteristics should also be averaged in60

space, which leads to the Double-Averaged Navier-Stokes (DANS) equations

[42, 43, 44]. In DANS equations viscous drag, form drag, and correlation of spa-

tial fluctuation of time-averaged velocities (known as form-induced stresses) are

explicitly expressed [44]. Form-induced stresses in DANS equations contribute

momentum flux in addition to Reynolds stresses [45]. Despite the common use65

of the double averaging method in rough bed flow studies, vertical momen-

tum transport has not been examined in detail by applying the double averag-

ing method. Specifically, the spatial organization of near-bed vertical momen-

tum flux has not been properly described and the importance of form-induced

stresses in vertical momentum flux and in comparison to double-averaged ver-70

tical Reynolds stress has not been fully addressed.

The aim of the present study is to analyse those characteristics of turbulent

flow which are important for the vertical transport. First, the vertical velocity

and vertical momentum flux over a gravel bed was studied through application

of the extended Wei and Willmarth’s [28] method by applying the double av-75

eraging method. The extension of Wei and Willmarth [28]’s analysis through

the double averaging method improves understanding of the role of near-bed

turbulence heterogeneity and form-induced stresses in vertical momentum flux.

Secondly, to demonstrate the relationship between spatial variations of vertical

momentum flux and the bursting process, quadrant analysis was applied to the80
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experimental data.

The flow field was measured experimentally through the PIV technique [46, 47].

All experimental measurements and analyses were conducted for flows over a

fixed gravel bed in the absence of fine sediments. Any addition of fine sediment

particles in the flow field could lead to unwanted misunderstanding in the veloc-85

ity signal measured with PIV. This is because even very small sediment particles

may not exactly follow the flow and therefore have different velocities with re-

spect to the water and can give an optical signal for the PIV as tracer particles.

This can be particularly true at the near-bed region (see as an example, [30]).

Working in clear water allowed the authors to avoid this potential source of error90

in the water velocity signal and so clearly depict the aspects of the flow fields

previously mentioned and establish its implications for sediment transport. The

clear water experiments discussed in the paper could be extended in the future

by investigating fine sediment-laden flows on immobile gravel, or at least an

experimental set-up of cobbles partially covered by fine sediments. In this case95

the overall effect could be seen as a first approximation, in its simplest form

the reduction of the absolute bed roughness of the gravel bed (e.g. reduction of

inter-cobbles cavities depths due to partial filling by sand). Moreover, the aim

of the present work was not to consider the "two-phase" flow which does not

consider the effect of particle-particle or fluid-particle interaction. The results100

of the present study can inform understanding of the basic mechanisms of the

entrainment and deposition of fine particles on an immobile gravel bed in rela-

tion to the flow structure in the near-bed region. The "closure" of the problem

of an "equilirium" sediment laden flow over a gravel bed is beyond the aim of

the paper.105

2. Theoretical Background

According to the double averaging methodology in steady, uniform, rough

bed, open channel flow, the following simplifying assumptions are generally

applied: 1) ∂〈 ¯ 〉/∂x = 0; 2) ∂ ¯ /∂t = 0 3) 〈w〉 = 0, where the overbar denotes
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a time/ensemble average and the angle brackets denote a spatial average. As a110

result, the double-averaged momentum transport equation in vertical direction

reduces to [39]:

−gcosθ − 1

ρ

1

Φ

Φ∂〈p〉
∂z

+
1

Φ

Φ∂〈−w′2〉
∂z

+
1

Φ

Φ∂〈−w̃2〉
∂z

+ ν∇(Φ∇∂〈w〉) = 0 (1)

where prime shows turbulent fluctuations in time and tilde shows deviations

of the time-averaged velocities from their double-averaged counterparts (i.e.115

w̃ = w − 〈w〉 and w = 〈w〉 + w̃ + w′), θ is the angle between the bed and the

horizontal line, w is vertical velocity, p is pressure, g is gravitational acceleration,

ρ is fluid density, ν is viscosity and Φ is roughness geometry function which

is defined as the ratio of the area occupied by fluid to the total area of the

averaging domain that includes, below roughness crests, the gravel particles120

[39]. By neglecting the effect of viscosity (ν(∇Φ∇∂〈w〉) ≈ 0.0), this equation

after integration along water depth leads to:

〈p̄〉 = ρ (H − z) cosθ−ρ
〈
w′2
〉
−ρ
〈
w̃2
〉
−
∫ zc

z

[
1

Φ

∂Φ

∂z
(ρ
〈
w′2
〉

+ ρ
〈
w̃2
〉

+ 〈p〉 )
]
dz

(2)

In Eq. 2, (H−z)cosθ is static pressure, ρ
〈
w′2
〉

and ρ
〈
w̃2
〉
are double-averaged

vertical Reynolds stress and vertical form-induced stress, which represent verti-125

cal momentum fluxes. The last term in Eq. 2 is the result of vertical variation

of the roughness geometry function with upper limit of integration, zc, equal to

bed material (in present study gravel) crest. Double-averaged vertical Reynolds

stress is turbulent momentum flux and the vertical form-induced stress is the

transfer of local momentum caused by spatial disturbances in time-averaged130

flow [45, 39]. Form-induced stresses are important in the region below the

gravel crests (known as the interfacial sub-layer, sensu Nikora et al. [39]) and in

a region slightly above the gravel crests (known as the form-induced sub-layer

sensu Nikora et al. [39]). These two sub-layers together are generally called the

roughness layer.135

Nevertheless, Eq. 2 shows that above the gravel crests, where the integral of
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the last term in Eq. 2 is zero, double-averaged pressure (〈p̄〉 ) is only composed

of static pressure (ρ(H − z)cosθ) and a form of "dynamic pressure"(ρ
〈
w′2
〉

+

ρ
〈
w̃2
〉
) caused by turbulence and bed geometry, which contributes to the ver-

tical momentum. This fact shows that among all components of form-induced140

stresses and Reynolds stresses, only 〈w′2〉 and 〈w̃2〉 are important in vertical

momentum transport. In several studies, it is assumed that vertical velocity

fluctuations support sediment suspension [11, 48, 49]. Bagnold [11] stated that

the asymmetric probability density of vertical velocity causes net vertical mo-

mentum flux which keeps particles in suspension despite the influence of gravity.145

Also, vertical turbulent and form-induced momentum fluxes in Eq. 2 are always

positive. However, depending on the sign of w
′
and w̃, they can be in upward

or downward directions. To examine intensity and size of positive and negative

vertical velocity fluctuations in time and space, conditional analysis must be

implemented.150

Following Bagnold’s hypothesis, there have been attempts to study sediment

transport in association with vertical velocity statistics [48, 49]. Leeder [48] and

Wei & Willmarth[49] have correlated the transport of fine sediments to point

measurements of vertical velocity. Wei and Willmarth [28] proposed a condi-

tional analysis method to study the statistical characteristics of the vertical155

velocity measured point by point. In this method, as shown in Figure 1a, the

intervals of positive vertical velocity (∆t+) are separated from the intervals of

negative vertical velocity (∆t−). Accordingly, the total duration of measure-

ment (T ) comprises the total duration of positive vertical velocity (T+) and

negative vertical velocity (T−) i.e. T = T+ + T−. .In this case, upward and160

downward turbulent vertical momentum fluxes can be defined as [28]:

w′2+ =
1

T+

∑
w′

2
+

i
∆ti+ (3)

w′2− =
1

T−

∑
w′

2
−
i
∆ti− (4)
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(a) (b)

Figure 1: Schematic view of (a) vertical velocity signal with Wei andWillmarth’s
[28] parameters (b) spatial mean vertical velocity distribution with parameters
used in extended Wei and Willmarth’s [28] method.

where w′2+ and w′2− are, respectively, upward and downward turbulent momen-165

tum fluxes and w′
2
−
i
and w′

2
+

i
are respectively second power of instantaneous

negative and positive vertical velocity fluctuations. Thus, net vertical turbulent

momentum flux (upward turbulent momentum flux minus downward turbulent

momentum flux) is expressed as [28]:

w′2
NF

= (T+w′
2
+ − T−w′2−)/T (5)170

Note that, in theory, Eq. 3, 4 and 5 are conceptually referred to a continuum

time signal. However, during experimental measurements, continuous velocity

fluctuations above measurement frequency can not be resolved. So, ∆ti+, ∆ti−

are obtained from discrete values and the aforementioned equations should be

written for discrete sampled data. In the present study, In contrast to the mea-175

surements of vertical velocity above a flat plate (study of Wei & Willmarth

[28]), roughness elements cause spatial variation of mean vertical velocity near

the bed. The mean vertical velocity, as shown in Figure 1a, w is not necessarily

equal to zero and should be subtracted before estimation of momentum flux

(Eq.3 and Eq.4). Spatial variation of mean vertical velocity also causes vertical180

form-induced stress which contributes to vertical momentum flux in addition to

turbulent momentum flux. In fact, referring to Eq. 2, net vertical momentum

8



flux can be given by the turbulent fluctuations term(〈w′2〉) and form-induced

fluctuations (〈w̃2〉). This demonstrates that, based on Eq. 2, conditional anal-

ysis of vertical turbulent momentum flux should be supplemented with spatial185

averaging. Therefore, to study total net momentum flux (turbulent momentum

flux plus form-induced momentum flux), the method of Wei and Willmarth

should be extended by considering the double averaging method. Overall tur-

bulent upward and downward momentum fluxes (〈w′2〉+,〈w′2〉−) are defined as:

190 〈
w′2+

〉
=

1

A

∑
w′2

j

+a
j (6)

〈
w′2−

〉
=

1

A

∑
w′2

j

−a
j (7)

where A is the total area of the averaging domain, aj is the area which is at-

tributed to the measurement at point j, w′2+

j
and w′2−

j
are vertical turbulent195

momentum flux which are attributed to the positive and negative time-averaged

vertical velocity (wj
− and wj

+), respectively. Moreover, The subscript j repre-

sents the jth time-averaged data sample in the spatial domain which is different

from subscript i used in the time-dependent data record.This method of spatial

averaging is consistent with a method used by Nikora et al. [39] which is known200

as intrinsic spatial averaging. The results obtained from Eq. 6 and Eq. 7 mark

the fractional contribution of the double-averaged turbulent momentum flux in

the upward and downward directions.

To extend this conditional analysis in space, as shown in Figure 1b, areas with

positive contributions to w (aj+) should be distinguished from areas with neg-205

ative contributions (aj−).The subscript j represents the jth time-averaged data

sample in the spatial domain which is different from subscript i used in the

time-dependent data record. aj+ and aj− are also obtained from discrete sample

values, although, similar to the time signal, conceptually they are referred to as a

continuous signal in space. Consequently, total measurement area (A) is divided210

into the area with positive time-averaged vertical velocity (A+) and the area

with negative time-averaged vertical velocity (A−) i.e. A = A++A−. We should
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note that, in order to satisfy continuity, double-averaged vertical velocity should

be zero (〈w〉 = 0) and there should not be any difference between form-induced

vertical velocity and time-averaged vertical velocity at each point (w̄ = w̃).215

Similar analysis can be also applied to double-averaged vertical form-induced

momentum flux. Similar to the explained conditional analysis for turbulent ver-

tical momentum flux, positive and negative vertical form-induced momentum

fluxes are also defined as:

〈
w̃2
〉

+
=

1

A+

∑
(w̃2

+)
j
aj+ (8)220

〈
w̃2
〉
− =

1

A−

∑
(w̃2
−)

j
aj− (9)

where w̃ is velocity fluctuation respect to double-averaged vertical velocity (〈w〉).

Analogous to what is explained for turbulent net momentum flux due to fluctu-

ations in time (Eq. 5), net momentum flux (upward flux minus downward flux)225

due to spatial variation is expressed as:

〈
w̃2
〉NF

= (A+〈w̃2〉+ −A−〈w̃2〉−)/A (10)

Finally, to estimate total net vertical momentum flux, net vertical momentum

flux due to spatial fluctuations (〈w̃2〉NF ) should be accumulated with spatial230

averaged of net vertical momentum flux due to time fluctuations
〈
w′2

NF
〉

which can be expressed as:

〈
w′2

NF
〉

=
1

A

∑
w′2

NF j

aj (11)

So, the total net vertical momentum flux (TNWF ) is:

TNWF =

〈
w′2

NF
〉

+
〈
w̃2
〉NF (12)235
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Previous studies have shown that the upward momentum flux in channel flow

is related to the bursting process [15, 27, 28]. From conventional long term

averaging of the data, it is not possible to reveal any information about the

bursting process [17]. To properly describe coherent structures such as the

bursting process, different conditional sampling methods have been developed240

[17, 50, 51]. The most common conditional sampling method for detection of

the bursting process is known as the quadrant analysis [52]. Quadrant analysis

is a method based on the premise that correlation of u′ and w′ is related to

the bursting events [17]. Ejection (u′ < 0, w′ > 0) is the quadrant 2 (Q2) and

sweep (u′ > 0, w′ < 0) is the quadrant 4 (Q4) [17, 52]. Quadrants 1 and 3245

(Q1, Q3) are outward and inward interactions, respectively [17]. Generally, in

quadrant analysis only intense fluctuations should be considered. Indeed, small

fluctuations cancel each other out and are not important in the momentum flux

process [53]. To eliminate small instantaneous fluctuations, it is assumed that

intense instantaneous fluctuations should be greater than a certain threshold. As250

a first approximation, this statistical threshold was a portion of Reynolds shear

stress (κu′w′, where κ is a constant coefficient known as ’hole size’ ) [54]. Later,

Lu and Willmarth [52] and Bogard and Tiederman [55] compared instantaneous

fluctuation (u′(t)w′(t)) with turbulence intensities in streamwise and vertical

directions (κσuσw). Recently, Narasimha et al. [53] suggested root mean square255

of instantaneous u′(t)w′(t) fluctuations (κσu′w′) as the threshold. The fraction

of fluctuations which is discarded in quadrant analysis is also dependent on the

value of coefficient κ, selected as hole size. In the present study, we follow the

threshold suggested by Bogard and Tiederman [55] (κσuσw) with hole size equal

to 1.0 (κ = 1.0). This threshold and hole size have been widely used in clear260

water open channel flows [30, 56].

According to the quadrant analysis, the fractional contributions to different

Reynolds stress components from each quadrant can be estimated by:

(u′mu
′
n)i = lim

T→∞

1

T

∫ T

0

u′m (t)u′n(t)ξidt (13)
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where (u′mu
′
n)i is the fractional contribution of quadrant i to specific component265

of Reynolds stress tensor (u′mu′n where m and n are velocity tensor notation)

and ξi is the detecting function defined as follow:

ξi =



1.0 u
′
(t)w

′
(t) > σuσw and

located in ith quadrant

0.0 elsewhere

(14)

3. Experimental Set-Up

The experiments were conducted in a tilting, water recirculating flume with270

a rectangular cross section (width 0.4m; depth 0.4m; length 6m) at the Hy-

draulics laboratory, University of Trento. The discharge at the flume inlet was

controlled by an inverter for pump speed regulation and measured by an elec-

tromagnetic flow-meter. Free surface profiles were measured by an ultrasonic

distance transducer. The flume bed was covered by a layer of gravel 20cm thick.275

Gravel material was spread uniformly on the channel bottom to create a homo-

geneous gravel-bed layer (Figure 2a). The bed material had a median diameter

(D50) of 22mm and D90 = 29mm (where D90 is the particle diameter for which

90% is finner). In this study, the standard right-handed x, y, z coordinate sys-

tem is used. x−coordinate is in the main flow direction, positive from upstream280

to downstream. The z−coordinate is in the vertical direction (perpendicular to

the streamwise direction) with reference to the bed material (gravel) crest (zc)

and is positive in the upward direction. The y−coordinate is in the spanwise

direction and is positive from the right to the left wall.

The topography of bed elevations was measured by a M5L/200 laser scanner,285

covering a bed region above which velocity measurements were made. The stan-

dard deviation of bed elevations (σl) which is a representative roughness scale

(sensu Nikora et al. [57]) was estimated as 6.1mm.

In Figure 2b the roughness geometry function Φ is shown, which is defined as

the ratio of the area occupied by fluid to the total area of the averaging domain290
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(a) (b)

Figure 2: (a) photograph of the gravel bed (b) roughness geometry function
Φ as measured with water displacement method (�) and with digital elevation
method (black line).

that includes, below roughness crests, the gravel particles. The roughness geom-

etry function was evaluated by two different methods: (1) elevation distribution

method; and (2) water displacement method Aberle [58]. The first method is

based on the digital elevation model of the bed topography measured by laser

scanner. In the second method, water was filled stepwise into the gravel bed and295

Φ was calculated from the volume of the added water and the associated incre-

ment of the water levels after Aberle [58]. The mean bed level Zm was 12.7mm

lower than the gravel crest level Zc, defined as the elevation corresponding to

95% of cumulative frequency of measured bed surface elevations. This Zc level

is defined as the origin of the vertical coordinate z. More information and dis-300

cussion concerning statistical charateristics of gravel bed in present study can

be found in Mohajeri et al. [59].

During the measurements, three different hydraulic scenarios (named Run (I),

Run (II) and Run (III)) were studied with different discharges and water depths.

However, to simplify the problem, Froude number (Fr) intentionally maintains305

almost constant value which is similar to the observed Froude number in shallow

natural gravel bed flow [60]. The experimental conditions for the three sets of

13



laboratory measurements are reported in Table 1. The values of shear velocity in

Table 1 are obtained from extrapolation of the double averaged Reynolds shear

stress profile to the gravel crest. Dimensionless vertical roughness length scale310

∆+ = u∗σl/ν (where ν is water kinematic viscosity, and u∗ is the shear velocity)

much larger than 5 which is an estimate of dimensionless viscous sublayer thick-

ness [61]. This means that the studied flows exhibited a hydraulically-rough

bed condition. Relative submergence (Ho/σl where Ho = H + σl and H is wa-

ter depth) spanned from 7.5 to 10.8 showing that all three experimental flows315

can be defined as flows with small relative submergence [62, 63]. The entrance

length for fully developed conditions (XL) was estimated with the Nikora et al.

[64] formula (see Table 1).

Table 1: Hydraulic conditions of the three laboratory experiments.

- Run (I) Run (II) Run (III)

H(m) 0.04 0.052 0.06
S(−) 0.0028 0.0026 0.0029
Fr(−) 0.51 0.47 0.51

ReH × 103(−) 12.75 17.63 23.32
B/H(−) 10 7.7 6.7

Q(10−3m3/s) 5.1 7.05 9.33
∆+(−) 170 201 250
XL(m) 1.37 1.61 1.74
Ho/σl 7.5 9.5 10.8
u∗(m/s) 0.028 0.033 0.041
Uave(m/s) 0.32 0.34 0.39

S: channel slope, Fr = uave/
√
gH: where g

is acceleration of gravity, ReH = uave∗H/ν:
Reynolds number, Q: water discharge

Measurements were performed in a flow region at least 150mm from both side

walls at a distance of 3.3m from the entrance of the channel, where the velocity320

profile is fully developed while the effects of the downstream weir remain negli-

gible. The flow fields were measured in two series of Particle Image Velocimetry

(PIV) on the vertical planes and the horizontal layer. In the first series of

experiments, stereo-PIV was applied to measure three components of velocity

(streamwise u, spanwise v and vertical component w) at an x − y horizontal325
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layer located 1mm above the gravel crests. In the second series of experiments,

two dimensional PIV was employed in three vertical planes (x − z plane) lo-

cated especially at the centreline, 50mm to the left and 50mm to the right of

the channel centre line. The camera and laser were high-speed Fastcam X 1024

PCI Photron and Nd:Yag in continuous mode, respectively. The tracers used in330

all the experiments were sieved pollen particles with a diameter ranging from

0.075 to 0.125mm and a density of 1.07gr/cm3. The size of the measurement

region was equal to 1024 × 512px2 ≈ 128 × 64mm2 in the vertical planes and

1024 × 1024px2 ≈ 140 × 140mm2 in the horizontal layer. For each PIV mea-

surement, vertical planes in total cover at least 12 gravel bed particles (D50)335

along x-direction. The measurement sampling frequency was 500Hz and the

flow was sampled for 38.4 and 13 seconds in each vertical plane and horizontal

layer. Cooper and Tait [65] studied the effect of sampling duration on velocity

measurement over gravel beds and a comparison with the present study shows

that measurement duration in vertical planes is long enough to ensure statistical340

convergence of the measured flow field. Despite short measurement duration in

the horizontal layers for obtaining reliable statistics, it seems that the duration

is long enough for our analyses as its spatial equivalent exceeds 60 flow depths

assuming Taylor’s frozen turbulence hypothesis is valid [61]. In addition, the

sampling errors were calculated based on a 95% confidence interval and Normal345

distribution [66] and are reported in Table 2.

Image analysis and processing were performed by PIVDEF software (CNR-

INSEAN) [67]. To reduce the effects of laser flare, the minimum value of image

intensity for each pixel was subtracted from the PIV recording. The flow field

was reconstructed by iterative cross-correlation method with the smallest inter-350

rogation size equal to 32×16 (75% overlapped) in the vertical plane and 64×64

to 28 × 28 zero padded algorithm (50% overlapped) in the horizontal layer by

applying windows deformation and subpixel refinement [68]. Finally, a median

filter was applied to reduce the number of spurious vectors [69]. The final vec-

tor spacing was approximately 1mm in both the horizontal layer and vertical355

planes. In the horizontal layer, the 2D-3C reconstruction was performed using
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Table 2: 95% relative sampling errors of turbulence parameters.

Vertical Planes (%) Horizontal Layer (%)

Run (I) Run (II) Run (III) Run (I) Run (II) Run (III)
w 28.14 24.41 30.36 15.91 15.28 29.87

−w′2 1.96 2.34 2.22 4.88 5.24 4.88
−u′w′ 0.43 0.53 0.51 0.75 1.05 0.89

Soloff polynomial algorithm 332 degree [70].

It has been shown that if the ratio of particle-image diameter to the size of

a Charge-Coupled Device (CCD) pixel on the photograph is larger than 3-4,

the uncertainty of the measurement is equal to one-tenth to one-twentieth of360

the particle diameter [71]. This condition was satisfied in all PIV measure-

ments. More information concerning experimental arrangement and conditions

are available in Mohajeri [72].

4. Results

4.1. Reynolds stresses365

As we plan to conditionally analyse Reynolds stresses, it would be useful to

start with demonstrating profiles of 〈u′w′〉 and 〈w′2〉. The profiles of the non-

dimensional spatially-averaged Reynolds shear stress (〈u′w′〉/u2
∗) together with

the form-induced component (〈ũw̃〉/u2
∗) for all three runs are given in Figure

3a. Profiles of 〈u′w′〉/u2
∗ increase linearly toward the bed and reach the maxi-370

mum almost at the level of of the crest of the gravel particles. Below the crest,

rapid reduction was observed. On the other hand, below the crest, profiles of

〈ũw̃〉/u2
∗ increase significantly. Profiles of 〈ũw̃〉/u2

∗ and 〈u′w′〉/u2
∗ obtained from

this study are in conformity with those reported by Nikora et al. [39], Manes

et al. [63], Mignot et al. [51] and Dey and DayDas[73]. From Figure 3a, it is375

clear that the values of 〈ũw̃〉/u2
∗ vary from −0.05 to 0.22. and this agrees with

the observations of Manes et al. [63]. However, Values of 〈ũw̃〉/u2
∗ in Manes et

al. [63] range from 0.00 to 0.5 which is wider than the the range of 〈ũw̃〉/u2
∗

in present study. Instead, Nikora et al. [39] found similar values of 〈ũw̃〉/u2
∗
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(ranges from 0.0 to 0.2).380

Profiles of non-dimensional spatially averaged vertical momentum flux (〈w′2〉/u2
∗)

and vertical form induced momentum flux (〈w̃2〉/u2
∗) for all three runs are re-

ported in Figure 3b. Above the gravel crests, profiles of 〈w̃2〉/u2
∗ increase with

a decrease in z/H and reach a maximum near the level of the crests of the

gravel particles. Below the crest of the gravel particles, 〈w̃2〉/u2
∗ rapidly reduces.385

This observation is consistent with those reported earlier by many researchers

[39, 63, 73] with the maximum value of 〈w̃2〉/u2
∗ changing from 0.9 to 1.2, de-

pending on the relative submergence. Manes et al. [63] report a maximum

value of 1.0, while Dey and Das [73] observed a smaller value (0.7) and Nikora

et al. [39] found a higher value (1.2). Profiles of the three runs are clearly390

separated over the whole flow depth, demonstrating higher vertical momentum

flux for lower flow submergence. This observation differs from that reported by

Grass [27] and Nezu and Nakagawa [17], who highlighted a tendency for the

vertical turbulence intensity to increase in the near-bed region with increasing

the roughness scale (∆+). This discrepancy suggests that in our data set the395

turbulence structure has a greater dependence on flow submergence than on

the bed roughness. However, the unambiguous separation of these two effects

in our experiments was not possible. The analysis of the form-induced vertical

momentum flux shows a strong increment near the crest of the gravel particles,

while no sharp peaks for 〈w̃w̃〉/u2
∗ are visible. Form-induced vertical momentum400

flux assumes values at the gravel crests range between 0.05 and 0.15, similar to

those obtained by Manes et al. [63] and by Dey and Das [73].

4.2. Examination of vertical momentum flux

In previous studies, it has been observed that vertical velocity is positive in405

the upstream zone and negative in the downstream zone of roughness elements.

As an example, Dancey et al. [74] found positive and negative vertical velocity,

respectively, in the zones upstream and downstream of uniformly-distributed

spheres. In the case of a random gravel bed, McLean and Nikora [41] also ob-
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(a) (b)

Figure 3: (a) Spatially-averaged Reynolds shear stress (open symbols) and form-
induced shear stress (filled symbols) profiles (b) Vertical profiles of spatially-
averaged turbulent vertical momentum flux (open symbols) and form-induced
vertical momentum flux (filled symbols); M Run (I); 2 Run (II) ◦ Run (III).

served that the form-induced component of vertical velocity (w̃) is positive in410

the upstream zone and negative in the downstream zone. The spatial organi-

zation of near-bed vertical velocity observed in the present study follows this

pattern. Figure 4 shows contour maps of the vertical velocity normalized with

respect to u∗ in the vertical plane 1 (Figure 4a) and the horizontal layer (Figure

4b) for run (I). In Figure 4b, the red dashed line marks the position of the415

horizontal layer. Also, in Figure 4b, the red dashed lines mark the position of

the vertical planes and the black shaded areas represent those parts of the bed

topography which are higher than the mean value of the bed elevations (i.e.

the gravel crests). In the near bed region, the bed topography is expected to

show patches of positive and negative vertical velocity [74]. This is observed420

in present data for z <≈ 2.5σl which corresponds to z/H <≈ 0.35 in Figure

4a. In the near-bed region, shown in Figure 4a (z ≈ 2.5σl which corresponds to

z/H < 0.35 in Figure 4a), the vertical velocity is heterogeneous with patches of

high positive and negative values. In agreement with what has been observed

in previous studies, the spatial variation of vertical velocity in both the vertical425

plane and horizontal layer are affected by the bed topography. Furthermore, in
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(a) (b)

Figure 4: Contour maps of non-dimensional vertical velocity (w/u∗) (a) in ver-
tical plane 1 (b) in horizontal layer just above the crest for Run (I), flow from
left to right. (c) profiles of double-averaged vertical velocity normalized with
mean streamwise velocity (〈w〉/Uave).

Figures 4a and 4b at the upstream face of the gravel crests, flow tends to be di-

verted upwards, while at the downstream face, downward flow occurs. Far from

the bed (z/H > 0.5), vertical velocity values tend to be negligible, In agreement

with what has been observed in previous studies.430

Figure 5 displays the spatial pattern of Net Vertical Turbulent Momentum Flux

w′2
NF

(see Eq. 5). The values are normalized with respect to u2
∗. Similar to

the observed distribution of mean vertical velocity, Figure 5a shows that w′2
NF

in the vertical planes is mostly positive above the gravel crests. Referring to

both contour maps (Figure 5a and 5b), it is observed that in the gravel crest435

region general negative values of w′2
NF

are located downstream of the grav-

els. Also, local positive maximum values of w′2
NF

are mostly found at the

upstream side of the gravels. Below the gravel crests, negative values of w′2
NF

tend to slightly prevail. We have to bear in mind that by the definition of

w′2
NF

(Eq. 5), positive values of w′2
NF

can be associated to corresponding440

positive or negative values of w. Moreover, conformal to observations of Wei &

Willmarth [28], values of w′2
NF

and w underline two different mechanisms of

vertical momentum transfer: the former can gives reason of a vertical convec-

tive momentum transport, while the latter is responsible for turbulent vertical

19



momentum transport. Therefore, looking at Figure 4 and 5, we can argue that445

far from the bed the vertical turbulent momentum flux is mainly positive and

therefore it tends to maintain any sediment particle that is transported by the

flow into suspension, while in this region vertical convective motion is negligi-

ble. Closer to the bed, at the gravel crest region, both convective and turbulent

vertical momentum fluxes works "in phase", that are mainly upward directed at450

upstream face of gravel and downward directed at its downstream face. More-

over, going further below gravel crest region, net vertical turbulent momentum

flux tend to be mainly downward directed, so turbulent upward transport of the

particles lie in this region is quite difficult. Figure 5 displays the spatial pattern

of mean net vertical momentum flux (see Eq. 5) due to the turbulence. The455

values are normalized with respect to u2
∗. Similar to the observed distribution

of mean vertical velocity, Figure 5a shows that w′2
NF

in the vertical planes is

mostly positive above the gravel crests. Below the gravel crests there are some

regions where negative values of w′2
NF

are found. Referring to both contour

maps (Figure 5a and 5b) it is observed that in general negative values of w′2
NF

460

are located downstream of the gravels. Also, local positive maximum values

of w′2
NF

are mostly found at the upstream side of the gravels. In contrast to

the findings of the present study, Dancey et al. [74] found that the turbulent

velocity fluctuations, above roughness elements, give an overall upward directed

momentum flux with maximum values registered at the "gap" between adjacent465

roughness elements and minimum values at the gravel crest region, both imme-

diately downstream and upstream of it. They finally concluded that in the

horizontal layer above roughness elements there are two counteracting effects

on net vertical momentum fluxes: the mean (time-averaged) motion causes a

downward directed flux, while the turbulent velocity fluctuations give an over-470

all upward directed momentum flux. Contour maps of our data in Figure 5

show that turbulent velocity fluctuations do not necessarily contribute to up-

ward movement and they can also cause downward movement. However, the

overall trend of net vertical turbulent momentum flux near gravel particle crests

can be better seen by the spatially averaged profiles of w′2
NF

.475
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(a) (b)

Figure 5: Contour maps of non-dimensional net vertical turbulent momentum
flux (w′2

NF
/u2
∗) (a) in vertical plane 1 (b) in horizontal layer 1mm above the

crest in Run (I), flow from left to right.

To further explore vertical momentum flux, the double averaging method was

applied to the turbulent momentum flux. In Figure 6, profiles of double-averaged

upward and downward turbulent and form-induced momentum fluxes are shown.

The values are made dimensionless with second power of the shear velocity. Both

upward and downward turbulent momentum fluxes increase from the water sur-480

face toward the bed. Near the bed (z/H < 0.4 in Figure 6a and z/H < 0.3

in Figure 6b) both upward and downward turbulent momentum fluxes become

almost constant, the maxima being located approximately at the gravel particle

crests for upward momentum fluxes, while for the downward directed turbulent

momentum fluxes the maxima tend to be located slightly below the level of485

the gravel crests. Below the gravel particle crests both upward and downward

momentum fluxes attenuate abruptly. Note that in this region, attenuation of

upward turbulent momentum flux seems to be faster than downward turbulent

momentum flux. The overall impression is that the downward directed turbulent

momentum fluxes affect a larger area between the gravels (interfacial sub-layer)490

than upward directed turbulent momentum fluxes. The form-induced upward

and downward momentum fluxes are not noticeable far from the gravel bed.

Near the bed z/H < 0.1, both 〈w̃2〉+/u2
∗ and 〈w̃2〉−/u2

∗ become significant.
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Around the gravel crests (−0.1 < z/H < 0.1), dimensionless form-induced up-

ward and downward momentum fluxes are smaller than 0.2, while dimensionless495

upward and downward turbulent momentum fluxes are larger than 0.8. This

indicates that although both upward and downward form-induced momentum

fluxes are not high; they are not completely negligible in comparison to upward

and downward turbulent momentum fluxes. In particular, focusing our attention

on upward momentum flux, Figure 6a, we can recognize form induced contri-500

bution to upward motion represented by 〈w̃2〉+/u2
∗ which can be considered as

the "convective" component to vertical momentum flux, is about 0.2, while the

turbulent component, 〈w′2+〉/u2
∗ ranges between 1.1 and 0.5 in the same region.

Therefore, we can argue that in the region −0.1 < z/H < 0.1, the contribution

of the form induced stresses to the potential fine sediment entrainment and re-505

suspension is not negligible with respect to the turbulent contribution (see Eq.

2). As far as the downward vertical momentum flux is concerned (Figure 6b),

the situation is a bit different. The turbulent component 〈w′2−〉/u2
∗ is more

vigorous than the corresponding upward component and tend to persists more

in depths beneath the gravel crest, assuming values ranging between 0.7 and510

1. At the same time, the form induced component 〈w̃2〉−/u2
∗ hardly assumes

values higher than 0.1. Therefore, in the region immediately below gravel crests

there is an "asymmetric" behavior of upward and downward turbulent events

that contribute to vertical momentum budget (Eq. 2), and so to fine sediment

particle transport. This makes the upward dispersive component of vertical515

momentum flux not negligible compared to the upward turbulent component,

while in the downward component flows this is not so true. This circumstance

call for a deeper analysis of the turbulent structure of the flow field, especially

at the near bed region, that will be performed in the next paragraph through a

quadrant analysis of the measured velocity field.520

The profiles of double-averaged vertical net turbulent momentum flux (〈w′2
NF
〉/u2
∗)

are shown in Figure 7a. The profiles of all three runs have maximum positive

values at the middle of the water column (z/H ≈ 0.45). The values decline

from z/H ≈ 0.45 to the water surface where 〈w′2
NF
〉/u2
∗ is approximately equal
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(a) (b)

Figure 6: Profiles of double-averaged (a) upward momentum flux profiles (b)
downward momentum flux profiles (open symbols due to the turbulence; filled
symbols due to the spatial fluctuations).

to zero. From z/H ≈ 0.45 toward the gravel bed, profiles of 〈w′2
NF
〉/u2
∗ re-525

duce and below the gravel particle crests (z/H < 0.0), the values are negative.

The profiles of net vertical turbulent momentum fluxes described in the present

study differ slightly from those observed for smooth beds, especially in the near-

bed region. For smooth beds, profiles of net vertical turbulent momentum flux

are positive almost everywhere, except in 10 < z+ < 30 (z+ = (zu∗)/ν) where530

the values of w′2
NF

become negative [28]. This region (10 < z+ < 30) almost

overlaps with the buffer layer. Results from the present study show that over a

rough bed, net vertical turbulent momentum flux is positive in the outer part

of the roughness layer (almost overlapping with the form-induced sub-layer).

However, in the inner part of the roughness layer (almost overlapping with the535

interfacial sub-layer) net vertical turbulent momentum flux is negative. These

results are consistent with the description of the near-bed large scale coherent

structures dynamics given e.g. by Detert et al. [21] and Migniot et al. [51] for

gravel bed flows. At the near-bed region (typically z/H < 0.4) sweep-like flow

structures over-roll and interact with low momentum ejection-like flow which540

causes high turbulence kinetic energy production and transport in and from the

near bed region.
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In Figure 7b, the net vertical momentum flux due to spatial heterogeneity (net

form induced momentum flux) of vertical velocity (〈w̃2〉NF /u2
∗) is shown. The

values are negligible above the gravel crests, but near the bed (z/H < 0.1),545

they have an incremental trend to reach positive values. Comparison of Fig-

ure 7a and 7b shows that 〈w̃2〉NF /u2
∗ and 〈w′2

NF
〉/u2
∗ are nearly at the same

order of magnitude. It is interesting since, as highlighted, in Figure 6, up-

ward and downward form-induced momentum fluxes are significantly smaller

than upward and downward turbulent momentum fluxes, while their net effects550

reach approximately the same order of magnitude with opposite signs. Below

the gravel particle crests, net turbulent and form-induced momentum fluxes

present opposite behaviours. Specifically, while near the gravel bed 〈w̃2〉NF /u2
∗

is directed upwards, the 〈w′2
NF
〉/u2
∗ is negative (tendency to transport mass

downward with turbulent momentum flux and upward with form-induced mo-555

mentum flux).

As explained in the Theoretical Background, in theory, double-averaged vertical

velocity 〈w〉 must be equal to zero. However, our experimental results show that

in Run I and II below gravel particle crest, in some points there is not negligible

positive double-averaged vertical velocity. Non-zero values of 〈w〉 could be the560

result of the measurement uncertainty or properties of spatial averaging in the

present study. Indeed, the form induced components are sensitive to both the

minimum required size of spatial averaging and to the density of measurements

[65]. The non-zero vertical double-averaged velocity can affect the results shown

in Figure 7b. However, we do not believe that the trend of positive net verti-565

cal form-induced momentum flux below the gravel crests is strongly affected by

〈w〉 6= 0. As a matter of a fact, in Run III, below gravel particle crest level

with 〈w〉 ≈ 0, the values of net vertical form-induced momentum fluxes are still

positive (Figure 7b) and are still the same order of magnitude as the net vertical

turbulent momentum flux.570

To better compare the contribution of 〈w̃2〉NF and 〈w′2
NF
〉 to vertical momen-

tum flux, the total vertical net momentum flux (TNWF ), obtained from Eq.

12, is presented in Figure 7c. At the near-bed region (z/H < 0.1), the simul-
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(a) (b)

(c)

Figure 7: Profiles of (a) double-averaged vertical net momentum flux profiles
(〈w′2

NF
〉/u2
∗) (open symbols) (b) vertical net momentum flux due to spatial

heterogeneity (〈w̃2〉NF /u2
∗) (filled symbols) (c) total net vertical momentum

flux (TNWF/u2
∗) (open symbols) for three Runs; M Run (I); 2 Run (II) ◦ Run

(III).

taneous effects of net momentum flux due to both time and space fluctuations

is noticeable. It seems that in a level below the gravel crests (z/H < −0.1) the575

values of form-induced momentum fluxes are smaller than the values of vertical

turbulent momentum flux and so total vertical net momentum flux is negative.

4.3. Quadrant analysis

The analysis of the vertical velocity component, both in time and space,580

has allowed us to depict those characteristics of the turbulent flow field which

are important in the vertical momentum transport equation. In order to relate
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the features of the vertical momentum fluxes to the bursting process, quadrant

analysis was undertaken and the results were compared to values reported in

the literature. It is noteworthy that most of the published data refer to flows585

on smooth or rough beds at high submergence conditions (H � σl), therefore

the spatial variations at the bed have not been analysed. Only the data of

Hardy et al. [62], Dey and Das [73], Mignot et al. [51] and Sarkar and Dey

[75] explicitly refer to quadrant analysis over very rough beds and consider the

effect of spatial heterogeneity which characterizes the roughness layer. However,590

these studies consider flow with high relative submergence (H/σl = 25.3 in Dey

and Das [73], Ho/d50 = 21.9 in Mignot et al. [51] and Ho/σl = 25.6 in Sarkar

and Dey [75]), while present data concern flow at lower relative submergence

(Ho/σl = 7.5 ∼ 10.8 see Table 1).

In Figure 8, results of the quadrant analysis for Run (I) and in plane 1 are595

shown. In this Figure, contributions of each quadrant to Reynolds shear stress

are normalized with respect to u2
∗. The data in Figure 8 refer to the hole size (χ)

equal to 1.0 (for more information, see Theoretical Background). In agreement

with the data reported in the literature for smooth and rough bed flows [15, 17],

the absolute values of the contributions from quadrants 2 (Figure 8b) and 4600

(Figure 8d) are higher than the contributions from quadrants 1 (Figure 8b) and

3 (Figure 8c). For present study, in the near-bed region (below gravel crests to

the level z = 3σl), all contour maps are heterogeneous. Hardy et al. [56] also

found spatial variation of different quadrants at z/H < 0.15. The larger area af-

fected by the bed topography in the present study (z/H < 0.3 in Figure 8b) can605

be ascribed to different configurations of bed topography and smaller relative

submergence in this research. Additionally, there is experimental evidence that

quadrant 2 events and its fractional contribution to Reynolds shear stress are

predominant in the outer part of the near-bed region, while closer to the bed,

quadrant 4 events tend to be prevalent [14, 15, 17, 27, 37, 76, 73, 51]. Similarly,610

Figures 8a and 8d clearly show that while quadrant 2 events are intense in the

near-bed region and above gravel crests (0.0 < z/H < 0.3), quadrant 4 shows

local peaks only in the gaps between gravel crests (z/H < 0.0) and suggest that
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(b) (a)

(c) (d)

Figure 8: Contour map of non-dimensional Reynolds shear stress for different
events ((u′w′)i/u2

∗) with κ = 1.0 in vertical plane 1 for Run (I), Plane 1; (a)
quadrant 1, (b) quadrant 2, (c) quadrant 3, (d) quadrant 4.

the higher contribution of quadrant 4 takes place in the region below the gravel

crests. To further investigate the spatial organisations of four quadrants with615

respect to bed topography, quadrant analysis was repeated for the horizontal

layers. The results of quadrant analysis in horizontal layers show a correlation

between the occurrence of quadrant 2 and 4 events and bed topography. As an

example, the results of quadrant analysis in the horizontal layer and for Run

(I) are shown in Figure 9. In all contour maps in Figure 9 (a: quadrant 1, b:620

quadrant 2, c: quadrant 3 and d: quadrant 4), locations of gravel crests are also

shown in the background similar to the previous figures. These contour maps

show that the fractional contribution of all quadrants ((u′w′)i/u2
∗) varies spa-

tially with respect to the bed topography. More precisely, quadrant 2 mostly
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occurs at the upstream side of the gravel particle crests, while quadrant 4 is625

more common at the downstream side of the gravel particle crests.

To further investigate the contribution of different quadrants to Reynolds shear

stress for flow over rough beds, especially in the near-bed region, double av-

eraging is commonly used [73, 51, 75]. The results from applying the double

averaging method to the present quadrant analysis are shown in Figures 10a630

and 10b. To better observe the variation of quadrant analysis with the hole size

(κ), results of quadrant analysis without eliminating mild fluctuations (κ = 0.0)

are also reported (the red symbols refer to the quadrant analysis with κ = 0.0

and black symbols refer to the quadrant analysis with κ = 1.0). Analogous to

previous studies [17, 51], fractional contributions of all quadrants reduce with635

increases in the hole size, while the shape of the profiles are approximatively

similar for different hole size. The spatially-averaged contribution to Reynolds

shear stress from quadrants 1 and 3 are weak (open symbols in Figure 10a and

10b); and the corresponding profiles slightly increase by moving from the free

surface towards the bed and then decline below gravel particle crests, the max-640

ima being located slightly below the level of the gravel crests. Similar results

are also reported in previous studies [73, 51, 75].

As far as quadrant 2 events are concerned (filled symbols in Figure 10a), their

values increase moving from the free surface toward the bed. In the central

region of the flow field (0.5 > z/H > 0.1) the values are almost constant and645

they decrease moving toward the bed and below the crest level (z/H < 0.1).

Maxima of the ejection quadrant 2 contribution profiles are located at about

the gravel crest level. The profiles of quadrant 4 events show slightly different

behaviour (filled symbols in Figure 10b). Moving from the free surface toward

the bed, the profiles increase almost linearly. The linear increase of quadrant650

4 profiles continue even below the gravel crests level leading to the maximum

values being located at about z/H ≈ −0.1. Below this position all three profiles

decrease. The features of the profiles do not show a significant change with or

without eliminating mild fluctuations (κ = 0.0 or κ = 1.0). Figure 10c and

10d show the double-averaged contributions of quadrants 2 and 4 to the tur-655
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(b) (a)

(c) (d)

Figure 9: Contour map of non-dimensional Reynolds shear stress for different
events ((u′w′)i/u2

∗) with κ = 1.0 in horizontal layer for Run (I); (a) quadrant
1, (b) quadrant 2, (c) quadrant 3, (d) quadrant 4.
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(a) (b)

(c) (d)

Figure 10: Double-averaged profiles of (a) 〈u′w′〉/u2
∗ for quadrant 1 (open sym-

bols) and 2 (filled symbols) (b) 〈u′w′〉/u2
∗ for quadrant 3 (open symbols) and 4

(filled symbols)(c) 〈w′2〉/u2
∗ for quadrant 2 (d) 〈w′2〉/u2

∗ for quadrant 4 (M Run
(I); 2 Run (II) ◦ Run (III)) with κ = 0.0 (red spots) and κ = 1.0 (black spots);
blue lines in (a) and (b) refers to Mignot et al. [51] with κ = 0.0.
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bulent vertical momentum flux, with and without hole size. It can be clearly

recognized that, in the region above the gravel crests z/H > 0, the profiles

conform to the corresponding Reynolds shear stress profiles for both quadrants

2 and 4 (Figure 10a and 10b). Below the gravel particle crests, some differences

between Reynolds shear stress profiles and vertical turbulent momentum flux660

take place. Specifically, below the gravel particle crests, the contribution to the

vertical momentum flux from quadrant 2 still increases and reaches a maximum,

at about z/H = −0.1, below this level the contribution of quadrant 2 quickly

declines. Therefore, one can argue that quadrant 4 events are more effective

than quadrant 2 events in affecting the turbulent flow field below gravel crests.665

Also, at this level (z/H = −0.1), the contribution from quadrant 4 to turbulent

vertical momentum flux reaches its maximum, similar to the profiles of quadrant

4 contributions to Reynolds shear stress (Figure 10b).

In order to better observe variations of quadrant 2 with respect to quadrant 4

along water depth, in Figure 11 the profiles of quadrant 2 and quadrant 4 ratio670

for Reynolds shear stress (Figure 11a) and vertical turbulent momentum flux

(Figure 11b) are reported. In Figure 11a, it can be noted that in the interfacial

sub-layer (z < 0) values of quadrant 2 are always lower than the corresponding

quadrant 4 and also the decreasing trend of quadrant 2 is faster than that of

quadrant 4. In contrast, above the gravel particle crests, the contribution of675

quadrant 2 is always higher than the corresponding quadrant 4.

Focusing the attention at the near-bed region, the results of this study con-

firm the findings of Mignot et al. [73] and Dey and Das [51] both for quadrant

2 and quadrant 4 profiles. In particular, all the experimental results confirm

that the maximum contribution of quadrant 2 events is at the gravel crests680

level and below gravel crests there is a prevalence of quadrant 4 events over

quadrant 2 events. Data comparison for the upper region (i.e. outer region) is

not possible, because the measurement technique used by the authors (Acoustic

Doppler Velocimetry probe) [73, 51, 75] does not allow measurements to span

the region close to the free surface. Moreover, low aspect ratios in experimen-685

tal measurements of Mignot et al. [73] and Dey and Das [51] speculate this

31



(a) (b)

Figure 11: Double-averaged profiles of the ratio between fractional contribution
from quadrant 2 to quadrant 4 (a) for Reynolds shear stress (〈u′w′〉2/〈u′w′〉4)
(b) for vertical momentum flux (〈w′2〉2/〈w′2〉4) with κ = 1.0; M Run (I); 2 Run
(II) ◦ Run (III).

idea that the turbulent flow field in the outer region is affected by the presence

of secondary currents and occurrence of dip phenomenon [17]. The profiles of

(〈w′2〉)2/(〈w′2〉)4 ((Figure 11b)) show slightly different behaviour to the profiles

of (〈u′w′〉)2/(〈u′w′〉)4, below gravel crests. In this region, there is a narrow band690

(−0.1 < z/H < 0) where (〈w′2〉)2/(〈w′2〉)4 is still higher than unity, while the

ratio of (〈u′w′〉)2/(〈u′w′〉)4 is lower than one.

5. Discussion

The analyses of present study focus on the vertical momentum flux. Many695

researchers believe that vertical momentum flux provide resistance oppose to

settling tendency of a fine sediment grain and keep the sediment particles in

suspension [11, 48, 77]. The percentage of upward and downward vertical ve-

locity fluctuations in time and space is important for suspension [11]. In fact,

the downward vertical velocity fluctuations support fine sediment settling, while700

upward vertical velocity fluctuations act to oppose the downward trajectory of a

settling grain. To distinguish upward and downward vertical fluxes conditional

analysis, as explained in the Theoretical Background, was used. Both vertical
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net turbulent and form-induced momentum flux were estimated and used to

find the general trend of momentum transport in the vertical direction.705

Moreover, to understand which turbulent motions are the main contributors to

the net vertical turbulent momentum flux, the analysis of the quadrants is used.

Originally, this analysis was developed for flat boundaries [54]. However, many

researchers apply it to rough boundaries like gravel bed flows [75, 51, 76, 73].

There is a notable difference between application of quadrant analysis in flat and710

rough boundary conditions. According to the quadrants analysis, attribution of

a value to a given quadrant is dependent on the orientation of the axes. Orien-

tation is straightforward for fluxes over a flat bed, as x− is oriented in the main

flow (i.e. as the bed) and z− is perpendicular to it. So, there would be u 6= 0

and w = 0, while in the case of a rough boundary, the orientation of the axes is715

not clear and consequently u 6= 0 and w 6= 0. In the present study, the quadrant

analysis has been performed on spatially averaged quantities. Therefore, by

definition, the spatially averaged vertical velocity component has to be equal to

zero. This circumstance allows quadrant analysis to be performed regardless of

the local orientation of time-averaged velocity, given that the spatially averaged720

vertical mean velocity, 〈w〉 = 0, does not contribute to any of the quadrants.

This assumption allows the contribution of quadrants 2 and 4 to be considered

as sweep and ejection events, respectively. More accurate analysis of sweep and

ejection events in rough boundaries can be done through visualization of co-

herent structures [78, 79]. Results of coherent structures visualization can also725

give us the chance to control accuracy of the quadrant analysis results in rough

boundaries but this matter needs to be better clarified in future studies. The

small ratio of the vector spacing to the size of prevailing bed particles in our

experiments provided the possibility to detect the disturbances of near-bed flow

induced by bed topography.730

Countour maps of net-vertical turbulent momentum flux in the horizontal layer

(Figure 5b) show that protrusions of gravel crests tend to locally provoke flow

diversions in upward and downward directions. These diversions are quite ir-

regular and seem to be dependent on local orientation and shape of the pebbles

33



that originate them. The profiles of double averaged vertical momentum flux735

(Figure 6 and 7) show that above gravel crests, the upward turbulent momen-

tum flux tends to prevail, with a maximum located at about z/H = 0.45. At the

gravel crest region (0.1 < z/H < −0.1), there is a substantial balance between

upward and downward vertical momentum fluxes, while in the lower part of the

roughness layer (z/H < −0.1) the downward turbulent momentum flux tends to740

prevail. Moreover, the dispersive component of vertical momentum flux is not

negligible only at the roughness layer and upward directed. This means that

while turbulence can sustain and maintain into suspension fine sediment parti-

cles above gravel crest, when particles are placed below gravel crest, turbulence

can hardly pick-up and carry upwards it. On the other hand, this tendency745

to particle settling can be partially counterbalanced by convective upward mo-

tion represented by dispersive vertical momentum flux. With the aim to have a

deeper insight about the features of vertical turbulent momentum flux, a quad-

rant analysis has been performed.

Contour maps of quadrant analysis in horizontal layer near gravel crests (Fig-750

ure 9) reveal presence of spatial organizations, correlated with bed topography.

Specifically, ejection events are common at the upstream side of gravel particles,

while sweep generally happens at the downstream side of gravel particles. This

observed interaction of bed topography and quadrant results is also reported

by Hardy et al. [56]. They found alternating patterns of quadrants 2 and 4,755

respectively, at the upstream and downstream sides of gravel crests. Cooper and

Tait [80] also reported the occurrence bursting events in the certain locations

on their bed. However, they did not find any correlation between near-bed flow

and bed topography probably because of insufficient spatial resolutionn (ratio

of vector spacing in PIV measurement to D50 of the bed materials) in their mea-760

surement (which is equal to 0.5) compared to the present study (which is equal

to 0.05). Comparison of quadrant analysis and net-vertical turbulent momen-

tum flux in the horizontal layer immediately above gravel crests suggests that

net upward turbulent momentum flux, which is generally the result of ejection

events, is mainly located at the upstream side of the particles, while net down-765
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ward turbulent momentum flux, which is in general the result of sweep events, is

mainly at the downstream side of the particles. Comparison of quadrant analysis

and net-vertical turbulent momentum flux in the horizontal layer suggests that

net upward turbulent momentum flux at the upstream side of the particles is

generally the result of ejection events, while net downward turbulent momentum770

flux at the downstream side of the particles is in general the result of sweep

events.

Figure 12 is a schematic view of quadrant analysis and analysis of vertical ve-

locity based on our experimental results shown in Figure 7a, 7b and 10. In this

figure, it is possible to see the vertical momentum flux budget along the water775

depth and compare it with the occurrence of bursting process events. Three

regions can be identified in the flow field: 1) "Upper layer" from free surface to

about z/h ≈ 0.1 where ejection events and related upward turbulent momen-

tum flux prevail. In this layer form-induced vertical momentum flux is negligible.

This layer can be divided in two parts. In the lower part, between 0.1 ≈ z/H780

and the level of maximum total net turbulent momentum flux (z/H ≈ 0.45),

ejections and sweeps are still intense (see Figure 10). Therefore, this intense

ejection event can entrain fine particles in the near gravel crests region, where

sediment concentration is high [81], and bring them to the upper part of the

flow, where sediment concentration is low [81]. In the upper part, between785

z/H ≈ 0.45 and the free surface, the positive values of net turbulent vertical

momentum flux result from a competing contribution of very weak ejection and

sweep events (see Figure 10). So, in context of sediment transport, prevalence of

this type of upward turbulent momentum flux could help to keep in suspension

those particles which have already been suspended by the intense events com-790

ing from the near-bed region. 2) "Lower layer", located below z/H ≈ −0.1, in

which sweep events are intense and are the main contributor both to Reynolds

stress and to turbulent vertical momentum flux. Therefore, strong sweep events

in this region can bring pulses of fast flowing water with relatively low sediment

concentration down toward the bed. At the same time, the relatively high frac-795

tional contribution of quadrant 4 to Reynolds shear stress in this region can

35



Figure 12: Schematic comparison of quadrant analysis and analysis of vertical
velocity.

cause a potentially significant contribution to longitudinal sediment transport.

3) Near gravel crests, between upper and lower layers (+0.1 < z/H < −0.1),

there is also an "Intermediate layer", which is dominated by particularly in-

tense ejection and sweep events. In this region, there is a substantial dynamic800

balance between quadrant 2 and 4 events to Reynolds shear stress contribution,

with the higher contribution of the former occurring in the upper part of this

layer (z/H > 0.0). In the upper part of this layer, values of both net turbulent

and form-induced vertical momentum fluxes (Figures 7a and 7b) are positive

and with the same order of magnitude. In the lower half of the intermediate805

layer (0.0 > z/H > −0.1), it is the contribution of sweep events to Reynolds

shear stress that tends to be prevalent and the net vertical turbulent momentum

flux is negative (downward directed) and is counterbalanced by the upward net

form-induced momentum flux. It is important to highlight that despite the neg-

ative net vertical turbulent momentum flux in this region, the turbulent vertical810

momentum flux associated with ejections reaches its maximum values approxi-

mately at z/H = −0.1. This means that immediately below gravel crests, the

vertical fluctuations induced by ejection events are more effective to produce

vertical upward turbulent momentum than horizontal turbulent momentum.

Therefore, it can be speculated that ejection events can lift up fine sediment815

particles from below the gravel crests, but their contribution to the longitudinal

movement of particles in this region is negligible. Only after the fine particles
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have been lifted up above the level of the gravel crests by ejection can they be

transported downstream by the longitudinal fluctuations.

Finally, it should be stressed that the analysis in the present study did not con-820

sider all the terms that appear in Eq. 2. Indeed, as discussed in the Theoretical

Background, the last term in Eq. 2 (
∫ zc
z

[
1
Φ

∂Φ
∂z (ρ

〈
w′2
〉

+ ρ
〈
w̃2
〉

+ 〈p〉 )
]
dz)

which is caused by the variation of roughness geometry function in vertical di-

rection has not been analysed. The main difficulty in the analysis of this term

is to parametrize variation of bed geometry in the vertical direction.825

6. Conclusions

This paper reports on an experimental investigation of the vertical momen-

tum flux over an immobile gravel bed. Flow fields were measured with Stereo-

PIV at the near-bed horizontal layer and Digital-PIV in the vertical planes

covering three distinctly different hydraulic scenarios. The data were analysed830

through an extension of Wei & Willmarth’s [28] method and quadrant analysis.

In summary, the analysis of the data led to the following findings:

1. Spatial variation of vertical turbulent momentum flux is caused by bed

topography. Net turbulent momentum flux occurs in a downward direc-

tion at the downstream side of gravel crests, while net upward turbulent835

momentum flux generally occurs upstream of gravel particle crests. These

spatial variations correspond to the presence of sweep and ejection events

in the zones downstream and upstream of the gravel crests, respectively.

2. Analysis of the extended Wei & Willmarth’s [28] method shows that above

gravel crests and far from the bed, net vertical turbulent momentum flux is840

generally upward, while below gravel crests net turbulent momentum flux

is mostly in the downward direction. It was also found that net vertical

form-induced momentum flux is significant only near and below gravel

crests (z/H < 0.1) and occurs in an upward direction toward the water

column. This net upward form-induced momentum flux is approximately845

the same order of magnitude as the turbulent net momentum flux. So,
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in the upper part of the roughness layer (approximating the form-induced

sub-layer) there is upward total net vertical momentum flux due to the

positive turbulent and form-induced vertical momentum fluxes. While, in

the lower part of the roughness layer (approximating the interfacial sub-850

layer), despite positive form-induced net vertical momentum flux, negative

turbulent vertical momentum flux leads to the negative total net vertical

momentum flux.

3. Comparison between the results of quadrant analysis and the extended

Wei & Willmarth [28]’s method shows that net upward turbulent vertical855

momentum flux between the free surface and z/H > 0.45, which results

from competition between very weak sweep and ejection events, can main-

tain particles in suspension mode. In contrast, in the lower part of the

roughness layer (z/H < −0.1) net downward turbulent vertical momen-

tum flux, resulting from intense sweep and ejection events, can bring pulse860

of fast flowing water with low sediment concentration down to the bed.

4. Finally, there is also an intermediate layer around gravel crests (−0.1 <

z/H < 0.1) where intense sweep and ejection events prevail. In the lower

part of this layer −0.1 < z/H < 0.0, it is found that while the contribution

of sweep events to Reynolds shear stress is higher than ejection events, the865

contribution of sweep events to vertical momentum flux is lower than ejec-

tion events. In contrast, above gravel crests, the contribution of ejection

events to both Reynolds shear stress and vertical turbulent momentum

flux is higher than from sweep events. This means that below gravel

crests, ejection events can lift up fine particles, but they can not cause870

significant longitudinal transport of fine particles until those fine particles

reach the gravel crests.
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