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1 INTRODUCTION 

The present study concerns field measurements in 
a river made under low values of relative submer-
gence, h/D = 2.94, where h is the water depth and 
D a grain diameter representative of the riverbed 
material, in the present case D50. Due to the high 
concentration of coarse elements in the riverbed, a 
roughness-wake effect is formed within the inner 
layer of the flow (Kirkbride and Ferguson 1995, 
Baiamonte and Ferro 1997, Buffin-Bélanger and 
Roy 1998). Previous studies have shown that in 
these 3D flows, self-similarity of time-averaged 
turbulence characteristics does not exist in the so-
called roughness layer, a restricted lower region of 
the flow (Nikora and Smart 1997, Smart 1999). 
Due to the random variability of the bed elevation, 
the flow is 3D and spatially heterogeneous within 
a thick inner layer. Therefore, under these condi-
tions, additional difficulties occur when modeling 
practical and theoretical problems related to river 
flows, such as river restoration, pollution control 
and stable channel design.  

Double-averaging methods (DAM) have al-
lowed progress in the characterization of 3D flows 
over irregular boundaries. DAM are a particular 
form of upscaling, both in time and space. The 
conservation equations of turbulent flows are thus 
expressed for (i) time-averaged quantities, which 
in the case of unsteady flow are defined in a time-
window smaller than the fundamental unsteady 
flow time-scale, and for (ii) space-averaged quan-
tities defined in space windows larger than the 
characteristic wavelength of the boundary irregu-
larities (Franca and Czernuszenko 2006). 

These 3D flows are common to several geo-
physics fields. The formulation of the theory per-
taining to DAM was developed in atmospheric 
boundary layer studies to describe turbulent flows 
within and above terrestrial canopies (Raupach et 
al. 1991, Finnigan 2000, Finnigan and Shaw 
2008), in the study of hydraulically rough beds 
due to bed forms (Smith and McLean 1977, Gi-
menez-Curto and Corniero Lera 1996) and to 
sand-gravel roughness (Nikora et al. 2001, Nikora 
et al. 2007, Pokrajac et al. 2008, Franca et al. 
2008, Ferreira et al. 2009) and in the study of hy-
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draulic flows over and within vegetation (Lopez 
and Garcia 2001, White and Nepf 2008). Com-
pared to numerous DAM laboratory experiments, 
there are few studies based on river field mea-
surements (cf. Buffin-Bélanger and Roy 2005). 

In this paper, we apply DAM to field velocity 
data obtained from 15 profiles in a gravel-bed riv-
er.  DAM were applied to time-averaged velocity 
and stress profiles measured in a 0.40 x 0.30 m
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area roughly in the center of a 6.30 m wide gra-
vel-bed river. We determine double-averaged ve-
locity profiles and double-averaged normal 
stresses per unit mass profiles for the three Carte-
sian components. Additional terms arising from 
the application of the MA methodology to the 
momentum conservation equation, i.e. form-
induced stresses, are quantified. 

First, the theory of double-averaging methods 
applied to the Navier-Stokes equations is intro-
duced. Conditions under which the field mea-
surements were made and details on the Acoustic 
Doppler Velocity Profiler are then given. Finally, 
the empirical results are presented and discussed. 

2 THEORETICAL BACKGROUND 

Reynolds-averaged Navier-Stokes equations 
(RANS), for 3D, isothermal, steady turbulent 
open-channel flows of incompressible Newtonian 
fluids with no solid discharge, may be expressed 
using the following Cartesian tensor notation 
(Hinze, 1975): 
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where u = velocity, x = space variable, sub-
scripts i and j are the 3D Cartesian directions with 
1 for streamwise, 2 for spanwise and 3 for verti-
cal, g = gravity acceleration, ρ = fluid density, p = 
pressure, and ν = fluid kinematic viscosity. The 
over-bar indicates time-averaging, and the prime 
denotes instantaneous fluctuations. The stream-
wise, spanwise and vertical directions are identi-
fied by x, y and z, and the corresponding veloci-
ties, by u, v and w. Total mean stresses per unit 
mass, τij/ρ, are divided into viscous and turbulent 
or Reynolds stresses; these are the left and right 
terms within the brackets, respectively. 

Within the double-averaging framework we 
apply, to any instantaneous variable θ, a decom-
position similar to the Reynolds decomposition 
where the spatial variability is accounted for, 
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where < > is the double-averaging operator, 
both in time and space, and 

~
 is spatial variation. 

Any instantaneous quantity θ is thus decomposed 
into a double-averaged component ( θ ), a com-
ponent corresponding to the spatial deviation from 
the time-averaged quantity ( θθθ −=

~

), and an 
instantaneous component (θ’). 

The definition of the double-averaging operator 
applied to a quantity θ, over a specific horizontal 
plane at level z is (Nikora et al., 2001), 

( ) ( )∫=
Ω

βαθθ Sz,,
)z(A

z
f

d
1

 (3) 

Where Af = void function corresponding to the 
fraction of the area occupied by the fluid at a 
given elevation (z) and Ω = horizontal domain lo-
cated at a given elevation (z) parallel to the river-
bed. The integration is made over a horizontal sur-
face (dS). Dummy variables α and β are defined 
as 0 < α < Lx and 0 < β < Ly, where Lx and Ly are 
the streamwise and spanwise extension of the area 
defined by Ω. Both Lx and Ly should be larger than 
the wavelengths of the spatial distributions of the 
variations of the near-bed longitudinal velocities 
(Smith and McLean 1977).  

For steady flows, manipulation of RANS after 
the application of the double-averaging operator 
to the time varying quantities and to the partial de-
rivatives (cf. Nikora et al. 2007 on the application 
of DA to the derivatives) renders the DANS 
(Double Averaged Navier-Stokes equations), 
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where fD = pressure drag per unit mass, fV = 
viscous drag per unit mass and Ψ = ratio between 
area occupied by the fluid (Af ) and total area for a 
given z. 

When compared to RANS, three additional 
terms appear in the momentum equation: the third 
term within the brackets containing the total stress 
tensor, corresponds to the form-induced or disper-
sive stress tensor (Nikora et al. 2001, Poggi et al. 
2004, Campbell 2005); the last two terms in equa-
tion (4) correspond to the form- and viscous-
induced drags due to the existence of protruding 
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bed forms. The viscous and Reynolds stress ten-
sors, corresponding to the first two terms within 
the brackets containing the total stress tensor, ap-
pear spatially-averaged in equation (4). 

In the present paper we assess experimentally 
the quantities, iu , iu ,  ij 'u'u , i

~

j

~

uu  and the 
function Ψ. Given the turbulent nature of the flow, 
the viscous contribution is negligible. Thus it is 
not considered in the present study for the esti-
mate of the total stresses tensor. 

3 FIELD MEASUREMENTS 

3.1 Flow measurements 

The present measurements were taken during the 
summer of 2004, in the Swiss river Venoge (can-
ton of Vaud). Fifteen instantaneous velocity pro-
files were measured in a single day under statio-
nary shallow water flow conditions, as confirmed 
by the discharge data provided by the Swiss Hy-
drological and Geological Services. The measur-
ing station was located about 90 m upstream of 
the Moulin de Lussery. The river hydraulic cha-
racteristics at the time of the measurements are 
shown in Table 1. 

 
Table 1.  Summary of the river hydraulic characteristics. _____________________________________________ 
Q   s  h  B  Re   Fr  D50 D84 h/D50 _____________________________________________ 
m3s-1  %  m  m  (x10-4) -  mm mm (-) _____________________________________________ 
0.76  0.33 0.20 6.30 12   0.43 68  89  2.94 _____________________________________________ 
 

where Q is the discharge; s, the river slope; B, 
the river width; Re, Reynolds number; Fr, the 
Froude number; D50 and D84, the bed grain size 
diameter for which 50% and 84% of the grain di-
ameters are respectively smaller. The water depth, 
h, is the difference of level between the water sur-
face and the lowest trough in the riverbed.  

The riverbed material was sampled according 
to the Wolman method (Wolman 1954), and ana-
lyzed using standard sieve sizes to obtain the 
weighted grain size distribution. The riverbed is 
hydraulically rough and composed of coarse and 
randomly spaced gravel. There was no sediment 
transport during the measurements.  

The measurements were made on a 3x5 rectan-
gular horizontal grid. 15 velocity profiles were 
equally spaced in the spanwise direction by 10 cm 
and in the streamwise direction by 15 cm. The 
ideal number of velocity measured profiles to es-
timate good quality double-averaged quantities is 
still an open subject although recent developments 
on the search for optimal measuring conditions 
indicate that a combination of density and position 
of profiles has to be satisfied (i.e. Ricardo, 2009). 

The profiles herein analyzed were obtained on dif-
ferent representative positions of the bed variabil-
ity and over a window larger than the characteris-
tic wavelength of boundary irregularities (roughly 
by D84). The vertical resolution of the measure-
ments is about 0.5 cm. The level of the riverbed 
was determined by the sonar-backscattered re-
sponse. The profiles were measured for 3.5 min. 

3.2 Instrumentation 

A field deployable ADVP developed at the LHE-
EPFL, allows measuring 3D quasi-instantaneous 
velocity profiles over the entire depth of the river 
flow. Its resolution permits evaluating the main 
turbulent flow parameters. The detailed ADVP 
working principle is given in Rolland and Lemmin 
(1997). We used a configuration of the ADVP 
consisting of four receivers and one emitter, 
which provides one redundancy in the 3D velocity 
profile measurements. This redundancy is used for 
noise elimination and data quality control (Hurth-
er and Lemmin 2000, Blanckaert and Lemmin 
2006). This configuration combined with a dea-
liasing algorithm developed by the authors (Fran-
ca and Lemmin 2006) theoretically allows noise-
free 3D cross-correlation estimates. A Pulse Repe-
tition Frequency (PRF) of 1666 Hz and a Number 
of Pulse Pairs (NPP) of 64 were used for the esti-
mate of the Doppler shift, thus resulting in a sam-
pling frequency of 26 Hz. A bridge which sup-
ported the ADVP instrument allowed the easy 
displacement of the system across the section and 
along the river streamwise direction, thus mini-
mizing ADVP vibration and flow disturbance. 

3.3 Void fraction 

The void fraction (Figure 1), or porosity, corre-
sponds to the ratio of the area occupied by the 
fluid to the area occupied by the solid elements 
from the bed at a given elevation. 

The void fraction, between the troughs and 
crests of the riverbed, was determined from the 
detection of local bed elevations obtained with the 
Doppler echo provided by the ADVP. Above the 
highest crest, located at z/h ≈ 0.40, the void frac-
tion corresponds to 1.0, which means that the do-
main parallel to the riverbed is entirely filled by 
the fluid. Below the lowest trough, we used a con-
stant value of 0.38 of the void fraction which cor-
responds to an asymptotic convergence, as has 
been verified in laboratory tests with similar re-
constituted gravel beds. 
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Figure 1. Distribution of the void fraction. 

4 RESULTS 

4.1 Double-averaged velocities 

Figures 2 to 4 present, for the streamwise, span-
wise and vertical components, the time-averaged 
and double-averaged velocity profiles, corres-
ponding to, respectively, 
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Figure 2. Time-averaged (*) and double-averaged (thick 
line) streamwise velocity profiles. Time-averaged data (*) 
correspond to the 15 measured profiles. 

From the analysis of the double-averaged 
streamwise velocity profiles, one may corroborate 
the findings in Franca et al. (2008) where the flow 

was considered to be divided into the three layers: 
inner, intermediate and outer. A logarithmic-like 
distribution exists in the intermediate region and 
extends roughly from z/h = 0.40 to z/h = 0.80. 
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Figure 3. Time-averaged (*) and double-averaged (thick 
line) spanwise velocity profiles. Time-averaged data (*) cor-
respond to the 15 measured profiles. 
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Figure 4. Time-averaged (*) and double-averaged (thick 
line) vertical velocity profiles. Time-averaged data (*) cor-
respond to the 15 measured profiles. 

Below z/h = 0.40, roughly between z/h = 0.30 
and 0.35, a linear region is observed which is in 
accordance with the findings by the authors in 
Ferreira et al. (2009).  

Within the inner layer, z/h < 0.40, the double-
averaged streamwise velocity profile is inflected 
as expected between the troughs and crests of the 
riverbed (Katul et al. 2002). The limit z/h < 0.40 
corresponds roughly to D84 of the riverbed grain 
size distribution; this grain size is considered by 
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several authors as the principal scale for bed pro-
tuberances (Bathurst 1988). The inner layer cor-
responds to the roughness layer, as described by 
Nikora and Smart (1997) and Smart (1999), where 
random deviations of time-averaged velocity pro-
files and three-dimensionality occur. In our study, 
the flow is mainly conditioned by the bed rough-
ness, and self-similarity of time-averaged quanti-
ties does not exist. 

The time-averaged velocity profiles confirm 
the heterogeneity and three-dimensionality of the 
present flow. The double-averaged profiles are not 
conclusive and seem to be influenced by a few ex-
treme time-averaged profiles; given the discre-
pancies between time-averaged profiles, the dis-
cussion on spanwise and vertical double-averaged 
velocity profiles requires additional measurements 
in the river. 

4.2 Double-averaged fluid stresses 

Figures 5 to 7 present, for the streamwise, span-
wise and vertical components, Reynolds, form-
induced and total normal stresses per unit mass, 
corresponding to, respectively, 
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As mentioned above, the viscous stress is neg-
ligible, and therefore not used in the estimate of 
the total stresses. 
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Figure 5. Time-averaged Reynolds (*), spatially-averaged 
Reynolds (thin line), form-induced (dashed line) and total 
(thick line) streamwise normal stresses. Time-averaged data 
(*) correspond to the 15 measured profiles. 

Some heterogeneity is found in the amplitude 
of time-averaged stresses, especially in the vertic-
al component, but they all show similar distribu-
tion patterns. 

It can be seen from Figures 5 to 7 that form-
induced stresses are of the same order of magni-
tude as Reynolds stresses. In the streamwise case, 
form-induced stress has three times the value of 
Reynolds stress. In all three cases, form-induced 
stresses contribute largely to total stresses, espe-
cially below the top of the riverbed crests. 
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Figure 6 Time-averaged Reynolds (*), spatially-averaged 
Reynolds (thin line), form-induced (dashed line) and total 
(thick line) spanwise normal stresses. Time-averaged data 
(*) correspond to the 15 measured profiles. 

 

0.0 1.0

x 10
−3

0.0

0.2

0.4

0.6

0.8

vertical stresses (m
2

s
−2

)

z/
h

 (
−

)

 

 

Reynolds

form−induced
total

 
Figure 7. Time-averaged Reynolds (*), spatially-averaged 
Reynolds (thin line), form-induced (dashed line) and total 
(thick line) vertical normal stresses. Time-averaged data (*) 
correspond to the 15 measured profiles. 

Streamwise and spanwise Reynolds stresses peak 
at around z/h ≈ 0.35, whereas form-induced 
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stresses peak slightly below, at z/h ≈ 0.25. In both 
cases the peak value of form-induced stresses are 
higher than Reynolds peaks, and the total stresses 
maxima are located at z/h ≈ 0.25, well between the 
troughs and crests of the riverbed.  

Vertical Reynolds peak stresses are located 
high in the water column, roughly at z/h ≈ 0.55. 
Form-induced and total vertical stresses peak at 
the level corresponding to the highest crests of the 
riverbed. 

5 DISCUSSION AND CONCLUSIONS 

The double-averaging concept was applied to 
ADVP field measurements which allowed new in-
sight into the turbulence structure of this flow 
field under low values of relative submergence 
and into the balance between Reynolds and form-
induced stresses.  

The roughness layer is well defined and cor-
responds to the region below the riverbed crests; 
the upper limit, situated at z/h ≈ 0.40, corresponds 
to the D84 of the bed material.  

Form-induced stresses are important. They are 
of the same order of magnitude or higher than 
Reynolds stresses within the roughness layer, and 
largely condition total stress distribution. Total 
stresses peak inside the roughness layer, and tend 
to zero near the lowest troughs of the riverbed.  

Further investigation will evaluate the balance 
between stress and drag in the momentum equa-
tion, especially between the troughs and crests of 
the riverbed. 
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