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CHAPTER 2

Rivers / Lakes



() Modeling Concepts and Decision Support in Environmental Systems

TURBULENCE IN NATURAL STREAMS

Alexander SUKHODOLOYV, Tatyana SUKHODOLOVA
Heinz BUNGARTZ

Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin
< alex(@igh-berlin.de; suhodolova@igh-berlin.de: bungartz(@igh-berlin.de>

Abstract: River flow represents a valuable factor in fluvial svstems and its
quantification is crucial for many agricultural, engineering, and ecological
aspects of river management. Complete physically sound description of the
flow requires knowledge of mean velocity field and turbulent velocity fluctua-
tions. This contribution reports the results of a measurement study exploring
structure of turbulence in a lowland river reach. Detailed measurements of
turbulence characteristics were made in a representative cross-section of the
Spree River using acoustic Doppler velocimeters. Analvsis is focused on the
spatial distributions of Reynolds stresses and examines the basic mechanisms
of Revnolds stresses formation. The study indicates that turbulence on the in-
vestigated river reach is dominated by two types of structures — organized mo-
tions in the vertical plane and motions coherent in the horizontal plane. It is
shown that spatial structure of Reynolds stresses can be reasonably approxi-
mated by a simplified analyvtical model derived from Reynolds equations.
A semi-empirical relationship for mean stream wise velocity is proposed. This
relation accounts for riverbed and bank friction and therefore expands appli-
cability of conventional logarithmic law.

Keywords: river flow. mean velocity. turbulence. Reynolds stresses. measur-
ing system.

1. Introduction

River flow represents a valuable factor in fluvial systems and its quantifica-
tion is crucial for many agricultural, engineering, and ecological aspects of river
management. Transport capacities of rivers to deliver solids from the watersheds,
sewage from urbanized territories, and capabilities in providing habitats for many
species of aquatic life are primarily dependent on the flow velocity fields. Although
technical hydrodynamics developed in the last century succeeded to describe veloc-
ity fields in simpler cases — for instance in pipes, closed ducts, and smooth channels
- our ability to predict velocities in the river flows still hindered because of turbu-
lence.

Conventionally an instantaneous fluid velocity at a point is represented by the
sum of a mean value, presumed as being deterministic, and a value of a random
character called turbulent fluctuation. Velocity fluctuations and mutual correlations
of velocity fluctuations comprise Reynolds stress tensor. The terms of this tensor
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demonstrate anisotropic properties in many flows and specitically in rivers. If fluc-
tuations are examined in frequency domain it became evident that anisotropy comes
mainly on account of large-scale fluctuations — fluctuations with spatial scales com-
parable to the dimensions of the flow. Because of ample sizes of water masses ex-
periencing large-scale fluctuations, these masses interact with flow solid boundaries
and dependent highly on those interactions specific for certain geometry of the
channel. This property of turbulence precludes development of universal theory and
hence favors experimental methods.

Experimental studies of turbulence have already long history that rolls back
to the pioneering visualization studies of Reynolds (1883). Though first investiga-
tions of turbulent structures in canals and rivers were reported almost century ago
(Riimelin in 1913), systematic research in field began only in mid-fifties (Yokoshi,
1967; McQuivey, 1973; Grinvald, 1974; Grinvald & Nikora, 1988). Progress in field
studies was always hindered by imperfections of measuring devices, logistics of
field campaigns, and difficulties in post-processing and interpreting of the data.
Recent invention of three-dimensional, high-frequency, remotely sensing acoustic
methods have revolutionized the research on river turbulence. During the last decade
a growing number of comprehensive studies dedicated to various aspects of turbu-
lent flows in rivers have been reported (Sukhodolov et al., 1998; Nikora & Goring,
2000; Rhoads & Sukhodolov, 2001; Sukhodolov & Rhoads, 2001; Papanicolaou &
Hilldale, 2002; Rhoads & Sukhodolov, 2004). Despite the impressive progress such
investigations are still limited in their detail mainly on account of laborious logistics
of field measurements. Lack of appropriate commercially produced mounting
equipment and trained personnel, harsh field conditions of work, high variability of
hydraulic flow condition in rivers are still the main limiting factors.

Systematic improvement of field equipment and training for field studies
have been performed during last five years in the Department of Ecohydrology,
Institute of Freshwater Ecology and Inland Fisheries, Berlin (IGB). As a result of
those continuous efforts a set of detailed measurements has been obtained. The pur-
pose of the present paper is to generalize, to a certain extant, the first results of those
studies and to outline the directions of further data analysis and interpretation.

2. Theory

Let us consider a coordinate system with streamwise axis x parallel to the line
of mean change in riverbed elevation, transverse axis y normal to the riverbanks
originating at a river centerline (positively directed toward right bank), and vertical
axis z with origin at the mean riverbed elevation and positive direction toward the
free surface. The riverbed is inclined at an angle ¢ respect to the horizontal so that

its mean slope is S = sin ¢ . The components of velocity vector are denoted as u for
streamwise, v for transverse, and w for vertical respectively.
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For a steady uniform fully developed turbulent flow in open channel Rey-
nolds equations can be simplified to (Guo & Julien, 2005)

- 6; - 61_1 arxy 6 T
vV—+ pw—=pgS+ +—= 1
p 2y pPWSo= P8 oy oz (1
v,y @)
ov Oz
where p is water density, gis gravity acceleration, r,, = —pu'_v', and
Ty :—pm are turbulent shear stresses, viscosity of water is neglected. Simple
manipulations transform the system (1)-(2) into
duv Ouw du'v du'w
Y ()
oy 0z oy o0z
or
6(uv+ u'v')+ 6(14 w+u'w ) = oS
oy cz (4)

where terms in brackets now represent the total shear stresses r,, , r;; composed of
form-induced and turbulent components (Nikora et al., 2001).

Parabolic function was shown to be a good approximate of a river cross-
section (Nikora, 1992)

sp=al(2078)7 ©

Figure 1. Schematic representation of a cross-section.

where z, is riverbed elevation, B is river width, and a, S are parameters defined

empirically, Figure 1. Laboratory experiments (Tracy, 1965; Guo & Julien, 2005)
demonstrate that in proximity of the riverbed the transversal gradients are small as
compared to the vertical gradients and the flow area can be divided into three parts:



44 Alexander SUKHODOLOV, Tatyana SUKHODOLOV et al.

two near banks A /2=A(ajayaq ), Ay/2= A(asagas) and a central
A, = A(ayazasag ) subsections, Figure 1. Cross-section averaged boundary shear

stresses can now be derived integrating equation (4) over the areas 4, and A4, (Guo
& Julien, 2005)

70 _pgSa. (6)
Ly_3

7, =P84 %
2H)_

where L, ; is distance a;—a,, and H =z(ap)—z(a;). Characteristic velocity
scales, conventionally called shear velocities, are respectively defined by

Ux =\/;0/p and (8)
Ve =\';b/p (9)

From (6) and (7), assuming that in rivers the width to depth ratios are normally
large, and A4, > A4, , one obtains a relationship for shear velocities U. 2 V. .

Considering flow in the central part of hydraulically rough channel and ne-
glecting horizontal component of the Reynolds stresses tensor after integration over

the local flow depth # and accepting zero boundary condition at the flow surface,
yields

tvz=pgSoh(1-2/h)=—u'w-uw (10)
where z =z—z, is distance from the riverbed. Equation (10) allows further subdivi-

sion of the tlow in hydraulically rough channels into two sublayers: form induced
sublayer where turbulent stresses are relatively small and the outer sublayer where

form-induced terms uw are small in comparison with turbulent (Nikora et al.,
2001). Accordingly, in the outer sublayer equation (10) reduces to

Tyz zrx:=pgSh(l—z/h)=—ﬁ (11)
and a local characteristic velocity scale or shear velocity is defined w. =74/ p,
7y = p g hS . Note that near the banks equation (4) should be integrated only over a

portion of the local depth from z, to z=z, +/, and u. =/ g/, S respectively.

Similarly integrating equation (4) for the area near the banks, neglecting ver-
tical components of the Reynolds stresses at a certain elevation z and implying zero
boundary condition for horizontal shear stress at the central part of the cross-section,
one obtains



Turbulence in Natural Streams 45

TX).:pgslb(]—y/b):—ﬁ—ll\’ (]2)

where y=-y-B/2, b=l = (bc—B)/2 for negative y, and y=y-B/2,
b=1, = (B—bc )/2 for positive y values. Expanding the muitilayer model of turbu-

lent flow in hydraulically rough open-channel (Nikora et al., 2001) to the case of
three dimensional flow, yields

Tyy 2Ty =pgSl (1-p/b)=—u'v' (13)

Equation (13) defines then a local transversal shear velocity v.=+/7,/p,
7 =pgLS.

Equations (5), (10)-(13) represent a simple analytical model of the flow in
natural streams. This model can be used, for example, to compute mean velocity
field if a closure scheme relating Reynolds stresses to mean velocity is provided.
Particularly application of Boussinesq hypothesis leads to logarithmic distribution of
mean velocities. However, apart of importance of those equations for modeling
purposes, they represent convenient analytical framework for analysis and interpre-
tation of turbulence field measurements.

3. Field measurements

River reach A measurement study was performed in the lowland river Spree
near the village Freienbrink, 10 km east of Berlin, Germany. In the study reach the
channel is straight with stone armored banks and with a bed covered by sands of
about 1 mm in diameter. Measurements were performed during 2 — 6 June 2003 at
water discharge of 4.9 m¥/s that provided following bulk characteristics of the flow:
mean velocity 0.27 cm/s, river width 20.45 m, averaged depth 0.89 m, free surface

slope 4.65x10”, Froude number 0.09, Reynolds number 2.18x10°, shear velocity
2.0 cm/s.

Measuring systems The acoustic Doppler velocimeter (ADV) was used to
measure velocities in this study. The device is capable of remotely sensed three-
component sampling velocities at high frequence of sampling - 25Hz and higher
with new models (Micro-ADV, Vectrino).

To mount ADV probes customary manufactured mounting equipment was
employed in this study. This equipment consists of an adjustable light weight bridge
for applications in river with a maximum depth of 2 meters, Figure 2. The bridge
was designed for accurate positioning and easy traversing of the devices across and
spanwise the flow, and to prevent flow-induced vibration of the instruments. Align-
ment of ADV probes and determination of water slopes were performed with a laser
total station Elta R55. Local river depth was measured with standard hydrometrical
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two other components everywhere in the cross-section A-A and therefore is not
received consideration here.

Scaling Reynolds Stresses According to equation (10), the distribution of Reynolids
stresses component —u'w' should scale on shear velocity u.. For an individual
profile particulate value of shear velocity can be determined fitting linear regression

to a measured distribution —#'w' in the outer sub-layer of the flow (Nikora et al.,
2001) satisfying condition (11).

Measured —u'w' vertical profiles were normalized by fitted shear velocity
values and plotted in Figure 6. The data set was subdivided into four sub-sets. Each
sub-set corresponds to a certain range of relative distances —-0.5<y/h<0.5,
b= B/2 from the centerline of the channel. For example, distribution of normalized
Reynolds stresses for the central part —0.15< y/b <0.15 is shown in Figure 6a.

Equation (11) is represented in this plot by solid line and dashed lines indicate 5%
accuracy intervals. Gray scales outline the ranges of form induced and interfacial
sub-ranges. The upper boundary of the form-induced sub-range was determined as
the distance from the river bottom at which measured normalized stresses deviated
significantly from 5% accuracy interval. Analysis of vertical distributions indicates
that most closely (scatter within +5% ) measured values follow theoretical descrip-
tion, equation (11), in the central part -0.15< y/b<0.15 for dimensionless dis-
tances ranging from 0.3z/h to 1.0z/h. Scatter in the data remains moderate,
within +10% interval, as the locations approach the banks (-0.35 < y/b <—-0.15
and 0.15> y/b>0.35), though the height of the form induced sub-layer is slightly

increasing (Figure 6b). Near the corners of the channel stresses profiles indicate very
distinctive pattern (Figure 6¢). They characterized by pronounced increase of posi-
tive contribution of turbulence that has to be offset by negative contribution of mean
velocity correlation in accordance with equation (10).

Shear velocity values obtained from individual Reynolds stresses vertical
profiles (Figure 6) can be scaled with values computed from relationships (6)-(9).
However, in many practical situations, when the areas of bank influence is not
known in advance, equations (6) and (8) used, and the averaged shear velocity is

simply defined as U. =/ gHS where H is mean depth on the river reach.
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the estimate accounts for a crude representation of the area of influence of the bank
shear in a triangle shape. Measurements, Figure 8, indicate that the area of influence
of bank shear is even smaller. Nevertheless the crude estimate is still good and can
be used in practical applications.

Application for flow modelling From similarity consideration or applying mixing
length hypothesis one obtains a logarithmic law describing velocity distribution over
river depth. Particular form of the logarithmic function is velocity defect law

;o —;( z ) L

—ln— (14)

Ux K

Velocity defect law (14) assumes quasi-two-dimensional channel flow which is
approximately established in the central part y ~ 0 of the river. To expand the ap-

plicability of (14) to the whole cross-section requires specification of its parameters
u. and uo as functions of transverse coordinate y .

As it was already demonstrated in the section 3.4, the transversal distribution
of bottom shear stresses can be predicted using the local depths values. With a sim-
ple algebra by virtue of (5) one obtains

m(y):zu(l—(zy/zz)l’)”2 (15)

where 11, = u. (y = 0). Distribution of mean velocity in the outer layer of the flow
can be represented by a power function

- m
LU ( -2 ) (16)
ug B

where m is an empirical parameter. Substituting (15) and (16} into (14) yields

" - 9y m
u(y,a):lmﬁwf (1-2y/B)

w(y) oz (1_(2))/3)13)1/2

where C, =1u,/u. is friction coefficient at y =0. The value of friction coefficient

(7

can be determined with the use of a semi-empirical relationship (Sukhodolov et al.,
1998)

h
a(z),z /g )n

where a=7.99x10"and n=2.71. Relationship (18) was established from a com-
prehensive set of field and laboratory data and has been shown to predict with accu-
racy about 20%. The value of the parameter m was determined from the distribution
of mean velocities (Figure 4) and equaled 0.37.

Cs=25In (18)
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The performance of the model (5), (17), and (18) was tested on a data set of
hydrometric surveys conducted in the Spree River at Freienbrink during 1993-1995.
Velocities in this surveys were collected with electromagnetic current meter taking 5
point measurements over verticals spanning the cross-section by 2 meter intervals.
The measured data, their best fit approximation and computations with the model are
shown in Figure 9. Overall good predictive capabilities of the model can be conjec-
tured from these plots.

5. Discussion and Conclusions

This study explores the structural properties of the turbulent tlow in a straight
reach of the lowland river Spree. Detailed measurements of turbulence characteris-
tics were completed with the use of state-of-the art acoustic Doppler velocimeters.
Analysis of obtained data is focused on spatial distributions of Reynolds stresses —
the most valuable turbulence quantities. Obtained data compared to the analytical
models and comparison revealed in most cases an agreement with simplified theo-
retical predictions.

Theoretical deduction provided a set of algebraic relationships for spatial dis-

tribution of Reynolds stress components u'w', and u'v', equations (11) and (12).
These relationships were obtained with the assumption on dominancy of one com-
ponent on another over the certain area of the flow. Detailed measurements com-
pleted in the experimental river reach in general revealed the applicability of this
assumption and allow outlining approximate boundaries for flow parts. This scheme
shows that, except a small area near the bottoim, the spatial distribution of Reynolds
stresses can be described by a simplified analytical model (11)-(12). The area near
the river bed marked as “bed-form-induced horizontal structures™ is related to the
effect of riverbed morphology. This structure obviously develops at the trough of a
bedform located upstream the section A-A, Figure 3. Unfortunately at the moment
there is no appropriate theoretical approach to describe the effect of meso-scale
morphological structures on tlow structure.

Reynolds stress distributions in vertical plane can be accurately scaled with
bulk shear velocity for the central part of the flow —0.3< y/b<0.3 for the range of
dimensionless distance from riverbed 0.3<z/A<1.0, Figures 6. There was also
observed growths of the form-induced layer thickness from the center of the flow
toward riverbanks. Thickness of form-induced layer was maximal at bank corners -
that indicates that the effect most probably comes from the shape of the channel. To
summarize the issue on Reynolds stresses, it should be concluded that distribution of
Reynolds stresses in natural streams is a complex and contributed by different fac-
tors: friction over the riverbed and banks, effect of bedforms and the channel shape.
Simplified theoretical approaches provide reasonable description of Reynolds
stresses for the central part of the flow. The accuracy of prediction is within +20% .
Near solid boundaries of the tlow the deviations are much greater and the appropri-
ate description in many cases lacking. This situation is common for different
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branches of fluid mechanics and hydrodynamics of turbulent flows. Even in simple
cases of flow over smooth surfaces treatment of flow near boundaries require appli-
cation of special, sometimes purely empirical, functions.

2.0 j
1.6 —j
_g 1.2 —
0.8 —
0.4 T T 1
(o] 10 20 30
26 —
24 ;
S22
20 ——
18 T T 1
(o]
0.8 —
\g 0.6 —
Y o4 j
0.2 —
T T 1
(o) 10 20 30

Q, m/s

Figure 9. Measured and predicted bulk characteristics of the flow.

Further development of river flow hydrodynamics will obviously require elaboration
of special formulations describing structure of the flow near boundaries. This is also
important that future studies should consider specific types of bedforms, and first of
all meso-forms, on the riverbed.
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