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The Kolmogorov’s microscale eddies in a compound channel
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Abstract: The Kolmogorov’s microscale eddies
in a compound channel. Investigations of the lon-
gitudinal sizes of the smallest eddies (Kolmogo-
rov’s microscale) presented in the paper are based
on measurements of instantaneous velocities in
a hydraulic laboratory in a compound trapezoi-
dal channel with different roughness conditions
(smooth bed, rough bed) and with trees system on
the floodplains. Sizes of the smallest eddies var-
ied in the ranges of 0.08 to 0.48 mm. The changes
of longitudinal sizes of the floodplain microed-
dies are not caused by: the increase of floodplain
roughness, the presence of trees, but only when
the main channel bed is smooth, and they are
also not caused by the increase of roughness of
the main channel sloping banks. However, the
increase of the size of the floodplain microed-
dies is influenced by trees, when the roughness
of the floodplains and the main channel sloping
banks are identical. The increase of microeddies
size in the main channel is influenced by: the in-
crease of the main channel sloping banks rough-
ness, by the presence of trees on the floodplains,
but only when the roughness of the floodplains
and the main channel sloping banks are identical.
Microeddies are larger in the main channel cen-
terline than on the floodplains, and the smallest
ones were present in the main channel/floodplain
interface. The calculated values of microeddies
reached decimal parts of a millimeter, and that is
why it is difficult to prove vital changes of their
values, caused by bed roughness and floodplain
trees influence.

Key words: compound channel, microscale, Kol-
mogorov’s eddies, vegetation, floodplains.

INTRODUCTION

The research on turbulence leads to
the knowledge on kinematic and dynam-
ic structure of water stream in a com-
pound channel, and it is also the condi-
tion to explain the processes occurring
during the flow of water. Turbulent flow
is characterized by a chaotic and inten-
sive mixing of water mass in this area,
where velocities change their values and
directions temporarily. The knowledge
on this flow turbulence structure will
provide for a proper understanding of
processes such as: the exchange of mass
and momentum between these parts of
the channel that have diversified veloci-
ties, the transport capacity of a stream,
contaminant transport and the whole
cross-sectional discharge capacity. The
research on turbulence characteristics
is realized both in natural riverbeds and
on small-scale physical models of a riv-
erbed. Eddies, both in micro and macro
scale, are significant for the analyses of
processes occurring during the flow of
water. Using the channel model, which
is described below, and applying differ-
ent roughness of the channel without and
with vegetated floodplains, the variability
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of macroeddies was previously analyzed
in the research papers by: Koziot (2000,
2002), Rowinski et al. (2002), Rowinski
and Mazurczyk (2006), Czernuszenko
et al. (2007), Mazurczyk (2007a) and
Koziot (2008). Relation between sizes of
macroeddies to Kolmogorov’s microed-
dies and Taylor’s microeddies ratio from
Reynolds’s number, was as well given in
Mazurczyk (2007a).

This paper presents the analysis of
the channel roughness and floodplain
trees influence on the longitudinal sizes
of the smallest eddies, calculated basing
on the measurements of instantaneous,
longitudinal water velocities in a com-
pound channel. Instantaneous velocities
of water in each direction were measured
in a main channel and on floodplains for
five tests: smooth channel — Test 1, the
channel with rough floodplains — Test
2, the channel with rough floodplains
with emergent vegetation on the flood-
plains — Test 3 (Koziot 2000, Rowinski
et al. 2002), channel with rough flood-
plains and rough sloping banks of the
main channel — Test 4 (Czernuszenko et
al. 2007), the channel with rough flood-
plains and rough sloping banks of the
main channel with emergent vegetation
on the floodplains (Koziot 2008).

MATERIAL AND METHODS

The experiments considered herein were
carried out in the Hydraulic Laboratory of
the Department of Hydraulic Engineer-
ing, Faculty of Civil and Environmental
Engineering at the Warsaw University of
Sciences — SGGW. A straight open chan-
nel (16 m long and 2.10 m wide) with a
symmetrically trapezoidal cross-section

was used for the laboratory tests. The
main channel width was equal to 30 cm
and the floodplains width was 60 cm.
The sloping banks were sloping at the
ratio 1:1. The bed slope of the channel
was 0.5%o. Water discharge values were
recorded with the use of a circular weir —
540 mm in diameter. A row of PCV pipes
was installed in the initial channel reach
to straighten subside the flow. An uni-
form and steady flow was used in every
case. The water surface was kept parallel
to the bed during the experiments. The
water surface slope was measured by re-
cording the pressure differences among
piezometers located along the centerline
of the channel bed at the distances 4 and
12 m from the channel entrance.

Five tests for two roughness values
of floodplains and sloping banks were
utilized (Fig. 1 and 2). In the first test
(Tests 1), the surface of the main chan-
nel bed was smooth (Manning’s rough-
ness coefficient n = 0.011 m'3s). In
Test 2 and 3 the floodplains, in Test 4
and 5 all sloping banks were covered by
cement mortar composed with terrazzo
with grains of 0.5 to 1 cm in diameter
(Fig. 1 and 2). The Manning’s rough-
ness coefficient for the rough surfaces of
the floodplain equaled about n = 0.018
m~'73s for the left and 0.025 m~"/3s for the
right. The values of average Manning’s
coefficient and absolute roughness of the
channel surface were determined from
the Manning’s equation and the Cole-
brook—White’s equation on the basis of
the average velocity values of the flow
measured in those parts of the channel.
The obtained roughness amounted to
kg = 0.00005 m for the smooth surfaces,
kg, = 0.0074 m for the rough surface of
the left floodplain, and &, = 0.0124 m
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FIGURE 1. Scheme of a laboratory cross-section for three considered tests: a) Test 1 in a channel with
the smooth bed, b) Test 2 in a channel with the smooth bed of the main channel and rough floodplains,
c¢) Test 3 in a channel with the smooth bed of the main channel and rough floodplains vegetated with
trees (0.1 x 0.1 m trees system), 1 — pipes imitating trees, 2 — wooden strips supporting the trees (di-

mensions in cm)

for the rough surface of the right flood-
plain. In Tests 3 and 5 high vegetation
(trees) growing on the floodplains were
modeled by aluminum pipes of 0.8 cm
diameter, placed with both longitudinal
and lateral spacing’s of 10 cm in Test 3

(Fig. 1c) and 20 cm in Test 5 (Fig. 2b).
There were 16 pipes in Test 3 and 8 pipes
in Test 5 in each of 161 cross-sections.
The “tree-tops” were emergent and the
pipes were not subject to any elastic
strains caused by overflowing water.
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FIGURE 2. Scheme of a laboratory cross-section for two considered tests: a) Test 4 in a channel with
the smooth bed of the main channel and rough sloping banks of the main channel, rough floodplains,
b) Test 5 in a channel with the smooth bed of the main channel and rough sloping banks of the main
channel, rough floodplains vegetated with trees (0.2 X 0.2 m trees system), 1 — pipes imitating trees,
2 —wooden strips supporting the trees (dimensions in cm)

The hydraulic parameters of past stud-
ies are given in Table 1. Water levels in
the main channel and on the floodplains,
velocities, water temperature and wa-
ter discharge were measured during the
course of the experiment. The cross-sec-
tion at the half of the channel length was
selected for velocity measurements (Fig.
3, Fig. 4). Instantaneous longitudinal ve-
locities were measured with two probes.
First measurement were conducted at the
use of a electromagnetic meter then af-
ter the purchase of the new meter mea-

surement were continued at the use of a
acoustic Doppler velocity meter (ADV).

In Tests 1, 2 and 3 instantaneous lon-
gitudinal velocities were measured with
the use of the programmable electro-
magnetic liquid velocity meter manufac-
tured by Delft Hydraulics. The principle
of operation of the device is based on
Faraday’s induction law for a conductive
liquid moving through a magnetic field
induced by a pulsed current through a
small coil inside the body of a special
bi-directional, electromagnetic, ellipsoi-
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TABLE 1. The hydraulic parameters
Parameter Test
1 2 3 4 5

Discharge QO [I/s] 69.3 50.0 38.9 95.2 65.7
Depth in the main channel A [cm] 20.2 21.9 21.2 28.3 28.0
Depth in the floodplain //[cm] 5.2 5.9 5.2 12.3 12.0
Relative depth Dr = h,/H 0.26 0.27 0.24 0.43 0.43
Vegetation on the floodplains - - Trees - Trees
The banks slope ratio [] 1:1

The bed slope i [%o] 0.5

The view of the model of the channel for the experiment 5 with pipes imitating the trees
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dal sensor of the size 11 x 33 mm. The
accuracy of the measurement of velocity
is £0.01 m/s. The measurements of in-
stantaneous longitudinal velocities were
carried out at 48 points at 10 verticals
(verticals 6-36 and 39, Fig. 4). The time
of velocity recording at each point was
roughly 40 min and the sampling inter-
val of 0.2 s was taken. It turned out that
the time slightly shorter than 27 min was
enough to obtain fully steady statistical
characteristics of the flow and therefore
the time series of 8000 elements (cor-
responding to the time period of about
26.7 min) were further elaborated. More
detailed informations about the method-
ology are found in the paper Rowinski at
al. (2002).

In Tests 4 and 5 instantaneous longi-
tudinal velocities were measured with
the use of a three-component acoustic
Doppler velocity meter (ADV) manu-
factured by Sontek Inc. The ADV works
on pulse-to-pulse coherent Doppler tech-
niques in relatively high temporal reso-
lution. The ADV proved to yield a good
description of the turbulence character-
istics when certain conditions related to
the flow itself and the configuration of the
instrument are satisfied. The measure-
ments were conducted with maximum
frequency 25 Hz in the velocity range of
0 to 1.0 m/s with an accuracy of 0.25 cm/
/s. The measurements of instantaneous
velocities were carried out at 250 points
at 23 verticals — six on each floodplain
and eleven in the main channel (Fig. 4).
With a time of velocity recorded in seve-
ral dozen points was roughly 20 min
and the sampling interval of 0.04 s was
taken, it turned out that a sampling time,
it slightly shorter than 6 min was enough
to obtain fully steady statistical charac-

teristics of the flow and, therefore, a time
series of 9000 elements (corresponding
to the time period of about 360 s) were
used subsequently. More detailed in-
formations about the methodology are
found in the paper Czernuszenko at al.
(2007).

RESULTS AND DISCUSSION

The determination of longitudinal mi-
croeddies size in the stream

Size of microeddies (Kolmogorov’s mi-
croscale) stands for the smallest size of
eddies, which are present in the turbulent
flow of water. In order to determine the
size of microeddies #, spectrum density
function S(w) was calculated for instan-
taneous, longitudinal velocities and next
the proper frequency range of velocities
was determined, and for that range the
rate of energy dissipation ¢ was ana-
lyzed. Spectrum density function S(w) is
defined as Fourier-transformed autocor-
relation function. Then, for a selected
velocity component, following equation
can be written (Czernuszenko and Le-
biecki 1989):

oo

S(w) -1 j cos(@,t) R(¢)dt (1)
7o

where R(?) is the autocorrelation func-

tion of instantaneous longitudinal velo-

cities, o = 2zf — is the angular frequency,

t — time.

Spectrum density function S(®) ex-
presses kinetic energy of eddies for the
frequency range (o, ® + dw) and this
function is not uniform versus frequency.
Exemplary spectrum density functions
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for the courses of instantaneous longi-
tudinal velocities are given in Figure 5,
and for both probes they are very similar.
These functions take the highest values
for the frequencies of the averaged mo-
tion, while the lowest values are reached
for the highest frequencies.
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be distinguished such subarea, in which
the energy is neither taken from the av-
erage flow, nor dissipated into heat, but
is transported towards smaller turbulent
structures. Such subarea is called the in-
ertial area of a constant energy stream,
coming from all scales of eddies: from

Test 3, vertical 39, z=Tcm
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FIGURE 5. Frequency spectra S(f) of instantaneous longitudinal velocities (z — distance from the mea-

surement point to the bed surface)

The analysis of spectrum density
function involves, among others, the de-
termination of frequency range (inertial
range), whose existence is assumed by
Kolmogorov’s hypothesis, and where
the local anisotropy hypothesis is also
valid as well as —5/3 power law (Niko-
ra 1999). According to theory by Kol-
mogorov, within the energy spectrum,
an area of a universal equilibrium can be
distinguished, and this area covers in a
large extent the dissipative area, where
final conversion of kinetic energy into
heat takes place under the influence of
liquid viscosity, and where the form of
S(w) function is only influenced by vis-
cosity v and dissipation &. For higher
Reynolds’s numbers, at the beginning of
the universal equilibrium area, there can

the largest eddies to the smallest ones.
The determination of such areas enables
to find turbulence scales and energy dis-
sipation rates. Above mentioned values
can be calculated by applying following
formulas (Nikora et al. 1994):

S((t)) — C1€2/3V2/3(a))_5/3

2

)

where: C; = 0.48 — constant (Monin and
Yaglom 1975),  — size of microeddies
(Kolmogorov’s microscale), /' — mean
velocity, v — molecular (kinematic) vis-
cosity. Equations (2) and (3) are valid,
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on condition that we apply the hypoth-
esis of Taylor, which considers frozen
turbulence. Equation (2), known as the
Kolmogorov’s power law —5/3, is used
to determine energy dissipation rates in
an inertial area. The rates of energy dis-
sipation were calculated as arithmeti-
cal means, derived from the course of a
spectrum function for a particular area.
Knowing the energy dissipation rates,
the sizes of Kolmogorov’s microeddies
n were calculated by applying equation
(3). The calculated values of microeddies
are comparable for two different probes.

Results of the Kolmogorov’s microscale
eddies for non-vegetated floodplains

Figure 6 presents vertical distribution of
longitudinal velocities and longitudinal
sizes of microeddies # (Kolmogorov’s
microscale) in Tests 1, 2 and 4 (z = dis-
tance from the bed, # = depth in a verti-
cal). The calculated values of microed-
dies are very small in comparison to the
value of the velocity (Fig. 6) and to the
length of macroeddies L which most of-

ten are presented in relation to the wa-
ter depth (0.4—4.4 L/h, Rowinski et al.
2002, and 0.2—-1 L/h, Czernuszenko et al.
2007). All calculated sizes of microed-
dies are in the order of decimal parts of
a millimeter, and they vary from 0.013
to 0.044 cm. Both for the smooth and
the rough floodplain (Tests 1 and 2) they
vary from 0.013 to 0.020 cm and in Test
4 from 0.015 to 0.027 cm. In Tests 1 and
2, microeddies do not vary significantly
in the main channel, and they range from
0.014 to 0.031 c¢m, while the increase of
sloping banks roughness in Test 4 result-
ed in such growth of microeddies size,
that they reached from 0.024 to 0.044 cm
in length (Fig. 6).

It was concluded, that the increase of
floodplain roughness and main channel
sloping banks roughness, did not cause
vital changes of microeddies size on
the floodplain. However, the increase of
floodplain roughness and the increase of
main channel sloping banks roughness
caused a growth of microeddies size in
the main channel (Fig. 6).
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FIGURE 6. Vertical distribution of longitudinal velocities and longitudinal sizes of the smallest eddies

in Tests 1, 2 and 4
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Results of the Kolmogorov’s
microscale eddies with emergent
vegetation on the floodplains

Figures 7 and 8 present vertical distribu-
tions of longitudinal velocities and longi-
tudinal sizes of Kolmogorov’s microed-
dies # in the compound channel with the
presence of floodplain trees (Tests 3 and
5). Trees did not result in big changes
of microeddies size, and the calculated
values are also in the order of decimal
parts of a milimeter and range from
0.008 to 0.048 cm (Fig. 7 and 8). In Test
3, microeddies size did not change on
the floodplain and in the main channel,
but only in the interaction zone, close to
the surface that divides the main chan-
nel and the floodplain, the eddies were
decreased (vertical 30, Fig. 7).

In Test 5, floodplain trees contributed
to 50% increase of microeddies size on
floodplains, but did not have an influence
on the vertical distribution of microed-
dies length (Fig. 7). However, in the sur-
face dividing the main channel and the
floodplain, microeddies length did not

Test, Vertical Tests L 2 and 3

zh Tests 1, 2 and 3
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vary considerably, and in the test with
floodplain trees, the lengths of micro-
eddies did not change with depth. That
is why the microeddies size slightly in-
creased near the bed, and in Test 5, over
the relative depth 0.4 z/h, they decreased.
The size of microeddies in the main
channel almost did not change in Test 5,
but floodplain trees resulted in changes
of the vertical distribution of microed-
dies size. With the increasing distance
from the bed, the length of microeddies
increases until the depth of 0.45 z/A, at
which the eddies are the longest, and
then the lengths decrease upwards to the
surface of water (Fig. 8). The lengths
of microeddies are significantly higher
in the middle zone of the main channel
(0.3-0.7 z/h) than on the floodplain.

The calculated Kolmogorov’s mi-
croeddies reached very similar values to
those achieved in a Braunschweig exper-
imental channel (Mazurczyk 2007a, Ma-
zurczyk 2007b), both in the main chan-
nel and on the floodplains. It was then
concluded, that trees on the floodplains
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FIGURE 7. Distribution of longitudinal velocities and longitudinal sizes of the smallest eddies in Tests
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did not result in considerable changes
of microeddies length, and usually their
values were very similar. The analyzed
microscale was within the range: 0.01 to
1 cm. This statement is consistent with
the scientific results achieved for free
streams and near the wall regions (Czer-
nuszenko and Lebiecki 1989, Nikora et
al. 1994, Nikora and Smart 1997).

CONCLUSION

Investigations of the longitudinal siz-
es of the smallest eddies (Kolmogorov’s
microscale) presented in the paper are
based on measurements of instantane-
ous velocities in a hydraulic laboratory
in a compound trapezoidal channel with
different roughness conditions (smooth
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bed, rough bed) and with trees system on
the floodplains. The calculated values of
microeddies are comparable for two dif-
ferent probes and sizes of the microed-
dies varied in the ranges of 0.08 to 0.48
mm.

The changes of longitudinal sizes of
the smallest eddies on the floodplains are
not influenced by: the increase of flood-
plain roughness (Test 2), the presence of
trees, but only when the surface of the
main channel is smooth (Test 3), the in-
crease of main channel sloping banks
roughness (Test 4). However, approxi-
mately 50% increase of microeddies
length on the floodplain is conditioned
by trees, but only when the roughness of
the floodplains and sloping banks of the
main channel are identical (Test 5).

The increase of the longitudinal sizes
of the smallest eddies in the main chan-
nel is caused by: the increase of the main
channel sloping banks roughness (Test
4), the presence of floodplain trees, but
only when the roughness of the flood-
plain and the main channel are identical.

The longitudinal sizes of the small-
est eddies are greater in the centerline of
the main channel than on the floodplains,
however, the smallest are in the main
channel/floodplain interface.

The calculated longitudinal sizes of
microeddies are very small in compari-
son to the value of the velocity (0.1-0.45
m/s) and to the length of macroeddies
which most often are presented in re-
lation to the water depth (0.4—4.4 L/h,
Rowinski et al. 2002). The values of the
microeddies are in the order of decimal
parts of a millimeter, and that is why it is
difficult to conclude significant changes
of their values, as a result of bed rough-
ness and floodplain trees influence.
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Streszczenie: Mikrowiry Kotmogorowa w korycie
o zlozonym przekroju poprzecznym. W artykule
przedstawiono dlugosci podtuznych mikrowirow
(mikroskala Kotmogorowa) w strumieniu w kory-
cie o ztozonym przekroju poprzecznym. Diugosci
mikrowirow obliczono na podstawie szybkoSci
dyssypacji energii i lepkosci cieczy. Do okresle-
nia szybko$ci dyssypacji wykorzystano analizg
funkcji gestosci spektralnej, wyznaczonej na pod-
stawie pomierzonych w laboratorium hydraulicz-
nym chwilowych predkosci w korycie o zlozo-
nym przekroju poprzecznym dla dwoch réznych
szorstkosci powierzchni dna koryta i rozmiesz-

czonych drzew na przyleglych terenach zalewo-
wych. Na zmiany podluznych dtugosci mikrowi-
ré6w na terenie zalewowym nie wplywa: wzrost
chropowatosci powierzchni terenéw zalewowych,
wystgpowanie drzew ale kiedy powierzchnia ko-
ryta gtéwnego jest gladka, wzrost chropowatosci
powierzchni skarp koryta glownego. Natomiast
na wzrost dlugosci mikrowirdw na terenie zale-
wowym wplywaja drzewa kiedy powierzchnie
terenéw zalewowych i skarp koryta gtéwnego sa
identyczne. Na wzrost dtugosci mikrowiréw w
korycie gtéwnym wptywa: wzrost chropowatosci
powierzchni skarp koryta gléwnego, wystepo-
wanie drzew na terenach zalewowych ale kiedy
powierzchnie terenow zalewowych i skarp koryta
glownego sa identyczne. Mikrowiry sa wigksze
w osi symetrii koryta gldwnego niz na terenach
zalewowych, a najmniejsze w plaszczyznie roz-
dzialu pomigdzy obiema czg¢$ciami koryta. Obli-
czone wartosci mikrowirdw sa rzedu dziesiatych
czesei milimetra, wige trudno mowic o istotnych
zmianach warto§ci w wyniku wplywu chropowa-
to$¢ powierzchni dna i obecno$ci drzew na tere-
nach zalewowych.

Stowa kluczowe: koryto o ztozonym przekroju
poprzecznym, mikroskala, mikrowiry Kotmogo-
rowa, ro$linno$¢, tereny zalewowe.
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