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Abstract: Turbulent intensity and scales of
turbulence after hydraulic jump in rectangu-
lar channel. Experimental research was un-
dertaken to investigate the changes in spatial
turbulence intensity and scales of turbulent
eddies (macroeddies) in a rectangular chan-
nel and the influence of the hydraulic jump on
vertical, lateral and streamwise distributions
of relative turbulence intensity and scales of
turbulent eddies. The results of three tests for
different discharges are presented. An inten-
sive turbulent mixing that arises as a result of
a hydraulic jump has a significant effect on
instantaneous velocity, turbulent intensities
and sizes of eddies, as well as their vertical
and longitudinal distributions. In the ana-
lysed case the most noticeable changes ap-
peared up to 0.5 m downstream the hydrau-
lic jump. In the vertical dimension such an
effect was especially seen near the surface.
The smallest streamwise sizes of macroed-
dies were present near the surface, maximum
at the depth of z/4 = 0.6 and from that point
sizes were decreasing towards the bottom.
The intensive turbulent mixing within the
hydraulic jump generates macroeddies of
small sizes.

Key words: turbulent intensity, eddies, hydraulic
jump, sluice gate, rectangular channel

INTRODUCTION

The design of any water structure in
open channels requires knowledge on
a kinematic and dynamic structure of

a stream. The turbulence is one of the
most essential phenomenon that deter-
mines processes occurring in flowing
water. Turbulent flow manifests with
a chaotic and intensive mixing of water
masses, with changing velocity. The in-
vestigations of the turbulence properties
is necessary for understanding of proc-
esses such as: the exchange of mass and
momentum between these parts of the
channel that have diversified velocities,
the transport capacity of the stream,
sediment transport and redeposition,
bed formation, contaminant transport
and the whole cross-sectional discharge
capacity.

A hydraulic jump that is often formed
downstream hydraulic structures, it is
characterized by an intensive turbulent
mixing. It manifests with an increased
velocity at a bottom and pulsation velo-
city of the stream, with a strong erosion
potential, especially for non-cohesive
soils. A stream of water entrains soil
particles and transports them leading to
development of scour holes. The ero-
sion properties of a stream comes from
its complex kinematic structure of the
intensive turbulent flow. These depend
on a construction of hydraulic structures,
especially energy dissipation devices,
outlet design and a submergence of the
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hydraulic jump. There exist a rich body
of literature on this topic.

As previous studies revolved (Kumin
1956, Kali§ 1961, Wu and Rajaratnam
1996, Urbanski 2006, Guan et al. 2014),
turbulence intensity and velocity at the
bottom decrease with a distance from
the hydraulic jump. However, just after
a stilling section, because of its limited
length, a stream turbulence is still high
what intensifies an erosion downstream
and might lead to the development of
scour. It is not desirable from the view-
point of maintaining the stability of the
riverbed and the structure itself.

Open channel flow is, by nature,
three-dimensional. Even in a straight
laboratory channel, turbulence can cause
instantaneous velocities: u;, v; and w;.
The turbulence intensity is one of the
most important characteristics of turbu-
lent water flow, being defined in all three
directions by the velocity components as
follows:

u'=0'x:1lu2, V=0, = v2, w=0,= W

where x, y and z are streamwise, lateral,
and vertical directions, respectively. The
intensity can be also defined in a non-
dimensional form of the relative tur-
bulence intensity given by u /U, v’/U,
and w /U, where U is the time-averaged
point velocity in the x direction. In this
paper we took advantage of the second
definition. Nezu and Nakagawa (1993)
proposed the equations describing rela-
tive turbulence intensity distributions
in single channels for steady two-di-
mensional flow. However, the condi-
tions of water flow in a single channel

or a compound channel with submerged
and emergent vegetation and after a wa-
ter structure are significantly different
and very complex (Shiono and Knight
1991, Tominaga and Nezu 1991, Nezu
and Nakagawa 1993, Nikora et al. 1994,
Rowinski et al. 1998, 2002, Babaeyan-
-Koopaei et al. 2002, Dargahi 2003,
Czernuszenko et al. 2007, Mazurczyk
2007, Yang et al. 2007, Nepf and Ghis-
alberti 2008, Siniscalchi 2012, Pagliara
and Palermo 2013, Koziot 2013, 2015).

The mechanism of the turbulence is
associated with generation of big scale
vortices, from which the turbulent ener-
gy is transformed into energy cascade for
smaller scale eddies until it is dissipat-
ed into heat by the molecular viscosity
(Nezu and Nakagawa 1993). The largest
scale eddies are considered as macroed-
dies. They are impermanent and disin-
tegrate into structures of smaller sizes
(microeddies), but simultaneously new,
large structures are generated. As the
result, the flow field consists of eddies
of different scales. The information on
eddies scales allows characterizing the
phenomenon of the turbulence, that is
crucial for determining such river proc-
esses as sediment transport and deposi-
tion, bed formation and others.

The sizes of macroeddies determine
the external scale of turbulence. Deter-
mination of macroeddies sizes requires
identification of eddies time-scale. This
is achieved on the basis of an autocor-
relation function — R(?). The function ex-
hibits similar forms of decaying curves
with an alteration of the domains of the
positive and negative values. With the
autocorrelation function Euler time-
-macroscales (7f) are derived according
to (Nikora et al. 1994):
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Ty = TR(z)dt
0

which are the measure of the slowest
changes in the turbulent flow caused
by macroeddies. According to the Tay-
lor hypothesis for a steady and uniform
turbulent flow, when mean velocity in
a given point significantly exceeds the
velocity of fluctuations, there exists
a direct relationship of temporal (7%)
and spatial Eulerian (L) autocorrelation
functions. Referring to Taylor’s relation-
ships between the L and the T turbulence
macroscale, the following formula for
mean streamwise sizes can be derived:

L=UTg

In studies on the turbulence, the siz-
es of macroeddies are often normalized
with the water depths (%) for the sake
of an easier comparison. Macroeddies
in single and compound channels with-
out and with vegetation were previo-
usly analysed by: Nikora et al. (1994),
Koziot (2000, 2008, 2015), Rowinski
et al. (2002), Rowinski and Mazurczyk
(2006), Czernuszenko et al. (2007) and
Mazurczyk (2007).

The size of microeddies is the other
measure characterizing the turbulence.
It accounts for a size of the smallest ed-
dies, present in the flowing water. Kol-
mogoroff and Taylor proposed spatial
scales of microeddies (Nezu and Na-
kagawa 1993, Mazurczyk 2007, Koziot
2012, 2015). The Taylor microscale de-
pends both on the macroscopic motion
by means of the fluctuating velocity and
on dissipative characteristics, whereas
the Kolmogoroff microscale depends
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only on dissipative and viscous char-
acteristics (Nezu and Nakagawa 1993).
The sizes of microeddies are smaller by
few orders of magnitude than a mean ve-
locity (Koziot 2015) or the scale of mac-
roeddies. Because of their small values,
being of order of decimal parts of a milli-
metre, it is difficult to draw conclusions
about significant changes of their values,
therefore they were not analysed in this
paper.

This paper presents the analysis of
the relative turbulence intensity and spa-
tial scales of turbulence (macroeddies)
distributions on length of stream below
a stilling basin, calculated basing on the
measurements of instantaneous water
velocities in a rectangular channel. In-
stantaneous velocities of water in stream-
wise and lateral direction were measured
in centerline of the channel, over a flat
and horizontal bed and three tests were
taken for different flows. The used meas-
uring data come from with earlier inves-
tigations of relating lengths of protection
and the scour of bed (Urbanski 2006,
2012).

EXPERIMENTAL SETUP
AND PROCEDURE

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. Laboratory experi-
ments were performed for a weir model
built in a rectangular channel, wide for
1 m. The diagram of the experimental
setup is shown in Figure 1. It consists of
the sluice gate, stilling base and a section
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of reinforced bottom, as a transitional re-
gion. The sluice gate allowed maintain-
ing a certain water depth at the upstream
side, while a gate placed at the chan-
nel end, ensures the stabilization of the
stream depth (%) in the downstream sec-
tions. The stream flow rate (q), per unit,
was fixed during each experiment. Val-
ues of gate opening height (a) are given
in Table. The submerged hydraulic jump
was formed and maintained in the still-
ing basin. Hydraulic flow conditions of
experiments including properties of the
hydraulic jump: discharge (Q), unit dis-
charge (g), tailwater depth (%), upstream
depth (H), gate opening (a), calculated
supercritical (#;) and (%;) subcritical
depths, and supercritical Froude number
Fry = U/ga)"? (where U, = Q/(ba) is
the supercritical approach velocity, b is
the width of gate, g is the acceleration
due to gravity, are given in Table). More

detailed information’s about the method-
ology are found in the papers Urbanski
(2006, 2012).

During experiments the velocity
profiles were taken over the sandy and
horizontal bed in the axial plane of the
channel starting from the end of the re-
inforced reach (Fig. 1). The measure-
ments of instantaneous velocities were
carried out at 16 verticals. Each profile
consisted of four depth points arranged
as follows: the bottom z; =0.018 m, z, =
=0.34, z3 = 0.64 and just below the wa-
ter surface z4 = & — 0.02 m.

In the study instantaneous streamwise
u; and lateral v; velocities were measured
with the use of the programmable elec-
tromagnetic liquid velocity meter PEMS
manufactured by Delft Hydraulics. The
meter proved to yield a good description
of the turbulence characteristics when
certain conditions related to the flow it-
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FIGURE 1. Schema of investigated model and base dimensions (dimensions in cm)
TABLE. The hydraulic parameters of flow during of experiments
Q q h H a h] hz Fi r
Test 3.1 2
m’-s m-'s m m m m m -
1 0.049 0.049 0.133 0.417 0.032 0.020 0.148 2.73
2 0.073 0.073 0.165 0.445 0.049 0.030 0.175 2.15
3 0.097 0.097 0.193 0.462 0.064 0.040 0.201 1.87
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self and the configuration of the instru-
ment were satisfied (Buffin-Bélanger
and Roy 2005). The measurements were
conducted with a maximum frequency of
10 Hz in the velocity range of 0—-1 m/s
with an accuracy of £0.01 m/s. A sam-
pling duration of 120 s was determined
from initial tests to be adequate to obtain
stationary turbulence statistics and there-
fore, was used. Buffin-Bélanger and Roy
(2005) report that, for most turbulent
statistics, a sufficient record length for
the measurements is 60-90 s. In cases
of our experiments, even longer time se-
ries were recorded to provide reliability
of data and constancy of higher-order
velocity moments. The measured velo-
city field was obviously of a stochastic
nature and the stationarity and ergodicity
of the process was checked.

RESULTS AND ANALYSIS

Velocity profiles

Figure 2 presents the changes of stream-
wise velocities — U, with the relative
depth — z/h (z is the distance from the
measurement point to the bed surface, /4 is

1 T T
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the water depth) on the length of a stream
(x) after the hydraulic jump and the trans-
ition region (Fig. 1). Downstream the
hydraulic jump distribution at a depth
of streamwise velocities diverged from
typical shapes in open channels. Velocity
profiles changed with a length of stream
what is especially visible for flows with
larger depths (test 3, Fig. 2). The lowest
streamwise velocities were observed near
the water surface, while the highest close
to the bottom. It is a result of the velocity
distribution in the hydraulic jump (back-
ward flow near the water surface). With
the increasing distance from the jump the
maximum velocity was shifted from the
bottom towards the surface, it results in
an increase of velocity near the surface,
and its decrease at the bottom, which is
typical for the so-called transition section
for the flow of the hydraulic jump (Wu
and Rajaratnam 1996). In the present ex-
periment in a distance of x/4 = 1.5 the vel-
ocity distribution became similar to the
observed one in open channels. On the
basis of the results of Urbanski (2012)
and present ones, it can be stated that
a distance downstream of the hydraulic
jump, that is needed for a development of
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FIGURE 2. Vertical profiles of streamwise velocities below a stilling basin for three tests
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the typical open-channel configuration of
the velocity profile depends on the prop-
erties of the hydraulic jump and the flow
depth (4) in the lower stand.

Distribution of turbulence intensities

Figure 3 presents the vertical distribu-
tions of streamwise relative turbulence
intensity after the hydraulic jump for
three tests. The highest relative intensity
of turbulence in the vertical occurred at
the water surface, decreasing towards
the bottom, and became constant after
reaching the depth of z/4 = 0.6. Maxi-
mum intensities occurred next to hydrau-

lic jump at a distance x = 0 m. Figure 4
presents the streamwise distributions of
relative turbulence intensities along the
stream below the stilling basin for z/4 =
=0.1-0.9. The most significant decline in
the relative intensity of turbulence took
place next to the jump at a distance x =
= 0-0.5 m, farther downstream its values
remained nearly constant. For smaller
flow rates, at a distance x >0.5 m relative
intensity of turbulence was larger at the
water surface (z/h = 0.85, test 1, Fig. 4).
In single and compound channels,
for free flow conditions, streamwise
turbulence intensities increase from
the water surface towards the bottom
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FIGURE 3. Vertical distributions of relative turbulence intensities for three tests

2.5(
2 . zh=01 |[]
, zZh=01
> 15 , Zh=0.1
R ,zh=085 ||
4 < th=088
0.5, ,2h=09 |
0 " "
0 35

x [m]

FIGURE 4. Streamwise distributions of relative turbulence intensities in the x direction below the hy-

draulic jump for z/h = 0.1-0.9
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(Nikora et al. 1994, Koziot 2013). In
the present study for the farthest meas-
urement points the distribution of the
streamwise turbulence intensity was
different. Its values decreased from the
water surface or remain constant along
the depth (Fig. 3), so are different from
these presented by Nezu and Nakagawa
(1993) for single channels. However,
the range of the acquired values for
farthest profiles: u’/U = 0.05-0.2 was
close to these reported in the literature
for the open channels with the free flow
(Czernuszenko and Lebiecki 1980,
Nikora 1985, Shiono and Knight 1991,
Nikora et al. 1994, Nikora and Smart
1997, Rowinski et al. 2002, Rowinski
and Mazurczyk 2006, Sanjou et al.
2010, Koziot 2013).

Figure 5 presents the vertical distribu-
tions of relative velocities and turbulence

zh Test3
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of the turbulence in the streamwise and
lateral directions were constant and did
not change with the length of the stream.
Just downstream the hydraulic jump (x =
= 0 m) near the water surface (z/4 = 0.9)
relative intensities of turbulence in both
directions were the same, while below
z/h <0.6 the streamwise direction domi-
nated. At adistance of the hydraulic jump,
at the water surface the lateral turbulence
intensity was lower than the streamwise
one but toward the bottom (z/4 <0.6) the
intensities became equal (Fig. 5).

It can be noted that the greatest
changes in the turbulence intensity oc-
curred downstream the hydraulic jump at
the distance x = 0—0.5 m, while vertically
near the water surface. These changes
resulted from an intensive mixing of the
downstream the hydraulic jump, espe-
cially at the water surface.
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FIGURE 5. Vertical distributions of velocities and relative turbulence intensities in streamwise and

lateral direction for four verticals in test 3

intensities in streamwise and lateral di-
rection for four verticals in test 3. The
averaged cross-sectional velocity (V) was
almost constant at depth and its value was
small compared to the streamwise vertical
velocity. Profiles of the relative intensity

Spatial scales of turbulent eddies
(macroeddies)

Figure 6 presents the vertical distribu-
tions of streamwise relative sizes of
macroeddies for three tests. The results
suggest that regardless of the flow rate
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z/h Test 1 Test2

Test3

FIGURE 6. Vertical distributions of relative sizes of macroeddies for three tests

downstream the hydraulic jump the verti-
cal distributions of relative sizes of mac-
roeddies are equal. The smallest relative
sizes of macroeddies in vertical direc-
tion appeared at the water surface (L/h =
=0.2-0.6), increased to the relative depth
of z/h = 0.6, and then decreased towards
the bottom to the length of L/h =0.9-1.3.
The intense turbulent mixing in the hy-
draulic jump formed only small sized
macroeddies downstream. In the stream
centre (z/h = 0.3-0.6, Fig. 6) the relative
sizes of macroeddies were greater due
to the presence of the highest gradients
of mean velocity and high turbulence
region near the water surface combined
with fluctuations of the water surface.

All acquired values of the relative sizes of
macroeddies L/h were in the range from
0.2 to 1.6 and are also comparable with
those found in the literature for a single
and a compound channel: from 0.1 to
a few depth of the stream (Nikora et al.
1994, Rowinski et al. 2002, Rowinski
and Mazurczyk 2006, Czernuszenko et
al. 2007, Mazurczyk 2007 and Koziot
2000, 2008 and 2015).

Figure 7 presents the distributions
of relative sizes of macroeddies along
the stream after the hydraulic jump for
z/h = 0.6-0.9. At water surface and near
the bed relative sizes of macroeddies did
not change on the length of the stream
(Figs 6 and 7). However, in the centre of
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FIGURE 7. Distributions of relative sizes of macroeddies on length of stream after the hydraulic jump

for z/h = 0.6-0.9
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the stream (z/h = 0.6, Fig. 7), the rela-
tive sizes of macroeddies slightly grew
at a distance x =0-0.5 m from the hy-
draulic jump and further downstream re-
mained constant.

As it can be seen in Figures 6 and 7
an intensive turbulent mixing caused by
the hydraulic jump had a large impact
on the relative sizes of macroeddies and
their vertical and longitudinal distribu-
tions. The biggest changes were just
downstream the hydraulic rebound (x =
= 0-0.5 m) and vertically near the water
surface.

CONCLUSIONS

Investigations of relative turbulence
intensity and the streamwise sizes of
macroeddies, presented in the paper, are
based on measurements of instantane-
ous velocities (u; and v;) after the hy-
draulic jump in a hydraulic laboratory,
in a rectangular channel with a flat and
horizontal bed. The effect of the hy-
draulic jump is considerably high and it
influences most of the turbulence char-
acteristics in the channel.

The intensive turbulent mixing caused
by the hydraulic jump had a large impact
on the instantaneous velocity, turbulence
intensity and sizes of macroeddies, as well
as their vertical and streamwise distribu-
tions in the stream. The largest changes
occurred just behind the hydraulic jump
(x = 0-0.5 m), while vertically near the
water surface. The lateral velocity (V)
was almost constant in the depth and its
values were relatively small compared to
the streamwise velocity (U). The vertical
profiles of the relative intensity of tur-
bulence in the streamwise and lateral di-

107

rections were similar and did not change
with the length of the stream.

Regardless of the flow rate the verti-
cal profiles of the relative sizes of mac-
roeddies had the same shape. The small-
est relative sizes of macroeddies in the
vertical profile were present at the water
surface (L/h = 0.2-0.6), rising to the rela-
tive depth z/A = 0.6, and then decreasing
towards the bottom to the value of L/h =
= 0.9-1.3. The intense turbulent mixing
in the hydraulic jump led to the forma-
tion of only small sizes of macroeddies
downstream. The calculated streamwise
sizes of macroeddies (L/h = 0.2-1.6)
were similar in comparison with the sizes
of macroeddies in an open channel (L/Ah =
= (0.1-4.4, Nikora et al. 1994, Rowinski
et al. 2002, Koziot 2015). Measured tur-
bulence characteristic are significantly
different from the types of distributions
in open channels.

The study presented characteristics of
the turbulence downstream the hydraulic
jump over a flat and horizontal bed, be-
fore the formation of scour. The impact of
ahighturbulence stream (especially down-
stream a water structure) on the bottom
is the direct cause of formation of score
structures downstream water structures.
To complete the picture of turbulence
characteristics downstream the hydraulic
jump detailed information about their dis-
tributions in vertical and longitudinal di-
rections within and above scour should be
also provided. Such a problem will be the
scope of a separate publication.
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Streszczenie: Intensywnos¢é turbulencji i skale
turbulencji po odskoku hydraulicznym w pro-
stokqtnym korycie. Celem badan eksperymen-
talnych bylo wyznaczenie zmian przestrzennej
intensywnosci turbulencji i skal turbulentnych
wir6w (makrowiréw) w prostokatnym korycie
oraz wplywu odskoku hydraulicznego na piono-
we, poprzeczne i podhuzne rozklady wzglednej
intensywnosci turbulencji 1 na skale turbulent-
nych wirdw. W artykule przedstawiono wyniki
dla trzech doswiadczen o réznych przeptywach.
Intensywne mieszanie strumienia wody spowo-
dowane odskokiem hydraulicznym ma bardzo
duzy wplyw zaréwno na wartosci chwilowych
predkosci, intensywnosci turbulencji i dtugosci
makrowirdéw, jak i na ich pionowe, podtuzne i
poprzeczne rozktady w strumieniu. W analizo-
wanym strumieniu najwigksze zmiany charakte-
rystyk wystepuja tuz za odskokiem hydraulicz-
nym, na odcinku o dlugo$ci p6t metra, natomiast
w pionie przy zwierciadle wody. Najkrotsze
podtuzne wzgledne dtugo$ci makrowirdw w
pionie wystepuja przy zwierciadle wody, rosna
do wzglednej glebokosci z/h = 0,6, a nastepnie
malejag w kierunku dna. Intensywne turbulentne
mieszanie strumienia wody w odskoku hydrau-
licznym doprowadzilo do tworzenia si¢ tylko
malych makrowiréw. Pomierzone charakterysty-
ki turbulencji znacznie r6znig si¢ od typowych
rozktadow w korytach otwartych.
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