
 
1 INTRODUCTION 

Knowledge about fluid motion and forces is ne-
cessary for planning and assessing near natural 
flows. However, the computation of the hydraulic 
conveyance, sediment transport and river bed sta-
bility of natural flows is – as far as possible – 
much more complicated in comparison to the 
computation of flows in technical constructed 
straight sections. Natural flows are mainly non-
uniform. This non-uniformity is the result, but al-
so the cause of heterogeneous river bed forms and 
irregularly distributed river bed roughness. 

However, most of the models of open channel 
flows are based on approximations and cognitions 
concerning pipe flows. E.g. Prandtl's mixing 
length hypothesis for estimating turbulent cova-
riance, hence the Reynolds shear stress and fur-
thermore the law of the wall are suitable in open 
channel flows under the assumption of stationary 
uniform flow conditions without secondary cur-
rents. Because it is still impossible to describe the 
secondary currents in natural rivers (Sukhodolov 
et al. 2009), flow equations derived from the law 
of the wall are common approaches for non-
uniform flows (Bravard & Petit 2009). Numerous 
studies focused on the flow and turbulence struc-
tures and on the shear stresses in natural flows or 
above morphological structures (Falcón & 
Kennedy 1983, Manga & Kirchner 2000, Carollo 

et al. 2002). As a result of these studies, the veloc-
ity distributions deviated from a logarithmical and 
the shear stress distributions deviated from a li-
near relationship to the boundary in vicinity to 
roughness elements (Stephan & Gutknecht 2002) 
and in the outer flow (Wang et al. 2001) as well as 
in the whole flow field, if the relative flow depth 
is low (Nikora et al. 2007). That means, that even 
a mild three-dimensionality of flows caused by 
secondary currents will produce false results of 
two-dimensional turbulence models (Bradshaw 
1987). 

Secondary currents, i.e. currents of perpendicu-
lar direction to the main flow, cause momentum 
fluxes, which equal local imbalances of forces. 
One can distinguish secondary currents of 
Prandtl's first kind or skew induced secondary 
currents caused by inertia driven forces, and sec-
ondary currents of Prandtl's second kind, i.e. tur-
bulence induced secondary currents. Some cases 
of both secondary currents were already investi-
gated in detail. Examples are the inertia induced 
secondary currents at curvatures (Boxhall et al. 
2003), at groyne fields (Sukhodolov et al. 2002) 
or at confluences (Rhoads & Sukhodolov 2001) as 
well as turbulence induced secondary currents 
above roughness distributions (Nezu & Nakagawa 
1993) or at composed cross-sections (Sanjou et al. 
2006). 
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But little is known about the secondary cur-
rents and their contribution to the momentum 
fluxes in complex flow fields caused by patchy 
and mutual hydraulically interacting morphologi-
cal structures. At small natural rivers, it is unlike-
ly, that secondary currents are distinguishable into 
first and second kind. The scope of this study is to 
present velocity distributions, combined second-
ary currents of both types and momentum fluxes 
of natural flows from extensive field measure-
ments at five cross-sections of two creeks. The 
non-uniform river bed and the dynamics of dis-
charge and morphology are posing a challenge for 
collecting and processing the data. Therefore field 
sites and methods to filter and to align the velocity 
data will be shown in front of the results. 

2 FIELD MEASUREMENTS AND DATA 
PROCESSING 

Three-dimensional velocity distributions were 
measured at totally 34 dates at two small rivers, 
Hellbach and Nebel, in north-east Germany. 
These measurements were performed at different 
discharge rates. Fig. 1 shows the five investigated 
cross-sections. The Hellbach has been restored to 
a near-natural condition ten years ago. The shape 
of the Hellbach river bed was highly non-uniform 
and a broad range of morphologic structures, e.g. 
of woody debris or different grain sizes, was dis-
tributed irregularly. The river bed geometries, es-
pecially the cross-sectional geometries and the 
water levels were measured by an automatic level 
and by a tachymeter to estimate, e.g., the wetted 
perimeter, the cross-sectional area or the water 
level slope. Cross-section No.1 (Fig. 1) was si-
tuated at an approximately straight backwater sec-
tion with a slightly widening behind a washed out 
root at the left bank side. Cross-section No.2 was 
situated at the apex of a strong curvature with a 

centerline radius of approximately four meter. 
Cross-section No.3 represented a straight section 
with a slightly higher slope of the riverbed than 
the two other cross-sections. The investigated Ne-
bel-section was a straight constructed channel for 
drainage the riverine grassland. Undulating bars at 
this section were caused by deposition of sedi-
ments and organic material in dense reed-
vegetations. At the cross-section No.4, the reed-
bank was on the right-hand side. At the cross-
section No.5, it was on the left-hand side. Three-
dimensional velocity components were measured 
at a sampling frequency of 25 Hz by an acoustic 
Doppler velocimeter (ADV) device (Lohrmann et 
al. 1994, McLelland & Nicholas 2000). The ADV 
was mounted on a cable car like structure, 
spanned over the cross-section by three points. 
Two abutments at the top of the banks and a guide 
bar to the bottom fix the ADV probe and hence 
the sampling volumes in one measurement plane. 
This structure caused no disturbances at the natu-
ral developed cross-sectional shapes and its inte-
raction with the stream was negligible. At each 
cross section the currents were measured at a se-
ries of points: small sampling volumes of approx. 
0.25 cm³ were distributed along a series of vertical 
profiles located at various lateral positions along 
cross sectional width. Vertical displacements of 
2 cm to 15 cm between the measurement points 
and lateral displacements of 0.50 m to 0.75 m be-
tween the verticals were chosen in respect to vi-
sually expected velocity gradients also observed 
in the on-line data. Therefore short displacements 
were chosen close to the river bed and at the 
boundaries of wakes, while large displacements 
were chosen, e.g. in dead zones. The total point 
densities were 25 m-2 at the Hellbach and 12 m-2 
at the Nebel. Every ADV-point was sampled 
about 90 s to 120 s, which achieved the minimal 
record length ascertained by Lesht (1980) and 
Buffin-Bélanger & Roy (2005). Water surfaces 

Figure 1. River reaches and cross-sections at Hellbach and Nebel 
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were measured at the beginning and at the end of 
each cross-sectional measurement to check statio-
nary conditions during the collection of velocity 
data. Acquired data exhibit noise and outliers, so-
called spikes and were filtered by the Phase-
Space-Threshold method as described in detail by 
Goring & Nikora (2002). The original progression 
of spike-filtering was modified by (a) keeping the 
initial value, acceleration and skewness of the ve-
locity and renewing the thresholds for spike-
filtering on basis of the remaining velocities not 
detected as spikes until the iteration has finished, 
(b) an additional noise filter and (c) interpolating 
lags through a spline. Only small lags with less 
than 11 contiguous spikes in the series were filled 
up. Series with larger lags or totally more than 10 
% spikes were removed to prevent analyzing ar-
tificial data. 

Subsequent to the filtering, the raw velocity da-
ta must be realigned, because the raw velocity 
components were aligned in respect to East-
North-Up or to the local coordinate system of the 
ADV-probe mounted on the cable car structure. It 
is unlikely, that the axes of these co-ordinate sys-
tems are identical with the longitudinal x-axis 
along the cross-sectional streamline, the lateral y-
axis and vertical z-axis perpendicular to the 
streamline. Even at the same cross-section, the 
streamline has to be recalculated for every mea-
surement due to the morphodynamic of the river 
bed and different discharge rates. We suggest 
transforming the velocity components on the as-
sumption that the sum of all measured longitudin-
al velocity components in a cross-section should 
be maximized, while the sum of all lateral and the 
sum of all vertical velocity components should be 
zero, i.e. no in- and outflow occurs across the riv-
er bed and the water surface of the cross-section. 

This condition leads to the rotation angles 
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around the new lateral y-axis, where um = longitu-
dinal, vm = lateral, wm = vertical measured, but al-
ready filtered velocity components in the longitu-
dinal, lateral and vertical direction of the ADV-
probes and in east, north, up direction, respective-
ly. The squared brackets denote spatial averaging, 
in this case across the cross-section. The trans-
formation matrix 
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enables to realign the velocity components u in 
parallel, v lateral and w vertical to the streamline. 
Mean velocities are the flow velocity u  and the 
secondary currents v  and w , where the overline 
denotes time-averaged and Reynolds-averaged, 
respectively. 

3 ANALYSIS AND RESULTS 

Tab.1 shows the observed ranges of hydrometric 
parameters at the investigated cross-sections. All 
flows were turbulent and subcritical. 
Fig.2a-e shows examples of the flow velocities 

Table 1.  Range of hydrometric data at the investigated cross-sections 
Cross-Section Q   A   rHy   Re   Fr   u*   
No. [m³ s-1] [m²] [m] [×104] [1] [m s-1] 
Hellbach       
No.1 0.06 ... 1.56 0.98 ... 3.77 0.26 ... 0.65 5 ... 82 0.03 ... 0.14 0.04 ... 0.07 
No.2 0.06 ... 1.56 1.46 ... 4.86 0.24 ... 0.62 3 ... 60 0.02 ... 0.11 0.05 ... 0.09 
No.3 0.06 ... 1.56 0.44 ... 4.44 0.12 ... 0.62 5 ... 73 0.09 ... 0.18 0.08 ... 0.12 
Nebel       
No.4 0.50 ... 2.18 4.09 ... 6.98 0.51 ... 0.64 22 ... 60 0.04 ... 0.12 0.07 ... 0.07 
No.5 0.47 ... 2.18 4.44 ... 6.56 0.51 ... 0.69 16 ... 69 0.03 ... 0.11 0.04 ... 0.06 
 
Q = Discharge from interpolation of the flow velocities over the cross-sectional flow area. 
A = Mean cross-sectional flow area. 
rHy = Hydraulic Radius, ratio of A to the wetted perimeter. 
Re = Reynolds-number, ratio of inertia induced forces to viscous forces. 
Fr = Froude-number, ratio of mean velocity to wave propagation. 
u* = Shear velocity, u* ≈ (g rHy IE)0.5, with gravitational acceleration g and slope of energy IE from surrounding water 
levels. 
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and secondary currents at the investigated cross-
sections. These plots clearly reveal the non-
uniform flow field in natural rivers. Lateral and 
vertical velocity gradients are of the same order of 
magnitudes suggesting a non-negligible bank 
roughness. Therefore velocity distributions were 
regarded in relation to the minimal distance ζ in-
stead of the vertical distance z to the river bed 
(Fig.3). But even spatial averaged mean flow ve-
locities with identical distances to the river bed 
were just weakly or not correlated to the logarith-
mic law of the wall obtained from least square fit-
ting. The highest correlation coefficient was esti-
mated once with r < 0.9 at cross-section No.4 and 
once with r < 0.7 at cross-section No.1. The plots 
of the secondary currents discover predominant 

converging (Fig.2a+e), circulating (Fig.2b), di-
verging (Fig.2d) or partly diverging and converg-
ing (Fig.2c) flow fields. These secondary currents 
were characteristic for the five cross-sections ob-
served during every measurement and were 
caused by contracting or broadening river bed 
forms and by morphological structures upstream 
of the investigated cross-sections. In contrast, 
clear cellular or cylindrical inertia induced secon-
dary currents were not detected. Even at the apex 
of a strong curvature (cross-section No.2), the 
present circular secondary currents (Fig.2b) ro-
tated contrary to well known secondary currents 
of bankful meander flows (Kikkawa et al. 1976, 
Boxhall et al. 2003). Tab.2 contains the percent-
ages of the secondary currents on the total veloc-

Figure 2. Examples of flow velocity and secondary currents at cross-sections a) No.1, b) No.2, c) No.3, d) No.4 and e) 
No.5 with the operative date, discharge rate and reference arrows above each plot. Isolines of the same flow velocities 
represent the distributions of 0.05 m/s steps. Arrows denote the secondary currents. Dots denote the ADV-sampling sites.
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ity for the cross-sections. Ratios were higher at 
the restored river section (cross-section 1-3), but 
not negligible at both river sections. 

 

Table 2. Ratios between secondary currents and total veloci-
ty  

Cross-Sections n η σ 
No.  [%] [%] 
1 8 17 5 
2 6 51 13 
3 5 37 14 
4 8 9 2 
5 7 15 2 

n = number of measurements 
η = <(v²+w²)0.5/(u²+v²+w²)0.5>; Note: < > denotes spatial, 
here geometrical mean values of all measurements at indi-
vidual cross-sections. 
σ = standard deviation of η 
 

As a result, the whole flow field is three-
dimensional and hence the momentum flux 
through turbulence as well as the momentum flux 
through secondary currents must be considered to 
total the momentum flux  

vmdId ⋅=  (4) 

where md  = mass flux and v = velocity vector. 
Id  equals a force with the direction of v exerted 

on its surrounding area. The longitudinal compo-
nent of the force relating to the parallel plane cor-
responds to the shear stress, which in respect to its 
temporal mean depends on the covariance be-
tween the longitudinal components u and its per-
pendicular component n of the velocity v . The 

covariance of the vertical and lateral velocity fluc-
tuations as well as the product of the mean verti-
cal and lateral velocities do not cause any shear 
stress in longitudinally aligned layers, hence do 

not affect the longitudinal velocity distribution 
and are furthermore neglected. To total shear 
stress from fluctuating and mean velocities, one 
can simplify 

nunu
τττ +=

''
 (5) 

where 
''nu

τ = turbulent, Reynolds shear stress, 
nu

τ = shear stress from secondary currents. Note 
that n is the two-dimensional vector of v and w. 
The covariance between u and n can be estimated 
applying the mathematical rules to sum and multi-
ply complex numbers. Therefore the velocity 
components can be described as complex numbers 
ur = u, ui = 0, nr = v and ni = w with the indices r 
for the real and i for the imaginary part. Hence, 
the time-averaged shear stress will be expressed 
through the magnitude |τ| and the angle ϕ of the 
principal shear stress 

( )ϕττ iexp=  (6) 

In contrast to dividing each component of the 
shear stress into two (Cartesian) parts, this trans-
formation into a complex manner enables present-
ing the shear stress and its components in single 
plots, where the magnitude and the angle of the 
principal shear stress are directly observable. 
Fig.4 shows one example of the three terms of 
Eq.5, each estimated with Eq.6. It is obvious, that 

Table 3. Mean shear stresses in the flow field, averaged about the cross-sectional areas and over all measurements, and mean 
river bed shear stress, averaged along 10...100 m sections (see text) and over all measurements at the cross-sections  

Cross-Sec. τ 
''nu

τ  
nu

τ  
nunu

ττ
''

 τ0 

No. [N m-2] [N m-2] [N m-2] [%] [N m-2] 
No. 1 4.24 0.56 3.71 10 3.16 
No. 2 6.38 1.02 5.74 16 5.27 
No. 3 6.82 1.01 5.32 23 9.65 
No. 4 6.81 0.69 6.43 12 4.87 
No. 5 3.96 0.54 3.49 17 2.65 

Figure 3. Examples of flow velocity distributions vs. relative bed normal distances. Numbers refers to the cross-sections. 
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the momentum fluxes were independent from the 
distances to the river bed. Tab.3 displays the geo-
metric mean values of the shear stresses and the 
average ratio between the percentages of turbu-
lence to secondary currents at the cross-sections. 
Therefore secondary currents always dominated 
the influence of turbulence and prevent the devel-
opment of two-dimensional shear layers. The 
mean bed shear stress was estimated through 

EHy Irg ⋅⋅⋅= ρτ 0  (7) 

where ρ = water density, g = gravity accelera-
tion, rHy = hydraulic radius, which is the ratio be-
tween cross-sectional area and wetted perimeter 
and the energy slope IE approximated by the ratio 
of water level difference along a 10...100 m longi-
tudinal distance. At non-uniform flows it is not 
reasonable to estimate the bed shear stress by the 
local flow depth and the river bed slope. It must 
be noted, that τ0 is the mean river bed shear stress 
of 10...100 m long river section, while τ, 

''nu
τ  and 

nu
τ  belong to particular cross-sections. Although 
the parameters represent different scales, resulting 
values are similar, especially for the comparison 
between the river bed shear stress and the shear 
stress caused by secondary currents. However, 
deviations up to one order of magnitude exist be-
tween the river bed shear stress and the Reynolds 
shear stress. Therefore, one may suggest that most 
of the shear stress and hence most of the flow re-

sistance in natural river flows are caused by mo-
mentum fluxes through secondary currents. 

4 DISCUSSION AND CONCLUSION 

Field measurements in highly non-uniform rivers 
and creeks are posing a challenge. The necessary 
time for measurement is limited by the require-
ment of quasi-stationary time-spans or time-spans 
of daylight. Therefore, in comparison to labora-
tory studies, only few ADV-samples of relatively 
short record length have been used to analyse the 
flow and the momentum flux distributions and 
mean values. This circumstance may limit the ac-
curacy of the hydraulic parameter and individual 
data, but do not change the general finding, that 
secondary currents resulting from mainly patchy 
morphological structures and river beds deliver 
the main contribution to the momentum flux. Vice 
versa Reynolds shear stresses, i.e., turbulent mo-
mentum fluxes are negligible for total momentum 
fluxes, independently from discharge rates at the 
cross-sections. As a result from all 34 cross-
sectional measurements, recurrent pattern of mo-
mentum flux and velocity distribution were ob-
served at the individual cross-sections, but with-
out clear relationships to the river bed distances, 
as an essential characteristics of two-dimensional 
shear layers. In consequence, it is not suitable to 

Figure 4. Example of a) total shear stress and shear stresses from b) secondary currents and c) turbulence at cross-section 
No.1 at the same operation date as the current profile in Fig.2a. The isolines and the arrow length denote value of the shear 
stress. Isolines of the same shear stress represent the distributions of 1 N m-2 steps. The angle of the principal shear stress ϕ
is represented by the arrow alignment 
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use models and equations of two-dimensional 
shear layer flows. Preceding data-processing, es-
pecially the realignment of velocity components 
in respect to the cross-sectional stream-line, is in-
dispensible for analysing non-uniform flows. Oth-
erwise, flow velocities will be under- and secon-
dary currents will be overestimated. Actual 
investigations of open channel flows over differ-
ent kinds of surface and form roughness used spa-
tial averaged Reynolds-equations, i.e. double-
averaged Navier-Stokes-equations to model flow 
and shear stress distributions (Nikora et al. 2007, 
Aberle et al. 2008). This concept could also be 
helpful to investigate particular or combinations 
of morphological structures in complex flow 
fields. Averaging should be performed simulta-
neously at different spatial scales within planes 
parallel to the river bed or to the morphological 
structures to estimate the hydraulic interaction of 
these structures. The present shear stresses from 
secondary currents correspond to the form-
induced shear stress caused by structures of the 
scales up to the river bed within the respective 
cross-sectional plane. 
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