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Abstract

Straight compoundhannel flows have been studied

many authors, maiy concerned with mean flow variable
Detailed information on the complex turbulent fietd

these flows is still saae. In the present paper high data

measurements were obtained for the streamwise

vertical velocity components, using a 2D LaDoppler
Velocimeter in a experimental compound flume. °
filtered velocities time series allowed the compiota of

relevant turbulence statistics: autocorrelation cfioms,

dissipation spectra, turbulence scales disgipation rate,.
The results are atyzed by comparison with universal la
drawn for isotropic turbulent 2D fully developed e-

channel flow.The presence of strong secondary curr
does not affect the universal law in the floodplais long
as the constants are changed. In the maannel the 3D
behavior of the flow is more pronounced and thesensial
laws fail to reproduce accurately the experimergailts

Introduction

Straight compoundhannel flows have been studied
many authors due to their practical importanceteelac
floods in rivers. In terms of physical interpretsti and
numerical modeling they constitute a challengegesithey
present a complex 3D structure that can includgelacale
horizontal vortices and helicoidal longitudinal tices, alsc
know as secondary currents (Shiodo Knight 1991).
Despite the presence of these structures, mostestaae
focused only in the mean flow variableThe studies of
Knight & Shiono (1990), Shiono &Knight (1991),
Tominaga & Nezu (1991), Nezat al. (1999), Prooijeret
al. (2005), Stocchino &rocchini (2010) and Stocchiret
al. (2011) are among the few studiesend the turbuler

field in straight compoundhannel we addressed.

Nevertheless, the influence of the vortex structiarehe

turbulent scales and in the dizaiion rate we not assessed.

In the present studyhigh data rate measurements w
obtained for the streamwise and vertical velo

components, using a 2D Laser Doppler Velocimetegn
experimental compound flur with a deep flow, where
secondary curras are dominai (cf. Nezuet al., 1999). The
analysis ofthe effect of secondary currents in turbulent
scales and in the dissipation 1 is made by comparison
with universal laws drawn for isotropic turbuler Zully
developed opephannel flow(Nezu & Nakagawa, 1993).

Experimental Setug

The experiments were conducted irn asymmetric
compound flumebuilt in cemer at University of Beira
Interior. The flume is11.60 n long and 0.790 m wide. The
main channel widtlis 0.205 m while thd€loodplain width
is 0.540 m. The widtlof the region between the main
channel and floodplain, called interfais 0.054 m and the
bank full depth i9.051 m, as showin Figure 1.
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Figure 1: Description ahe asymmetricompound flume.

The average lagitudinal bottomslope of the main channel
and floodplain is 0.986 and.911 mm/m, respective. To
set the quagimiform flow it was necessary to measure
water depth in the middle of the main channel asd &
the floodplain to verifythat the value of the fr-surface



slope, in both sulbegions, was between the value of
main channel and the floodpldongitudinalbottom slope.
The measurements of the velocity fieletre made with .
2D Laser Doppler Velocimeter (LDVin a cros-section
located 9.0 mfrom the inlet of the channel, where 1
downstream gate does notnfluence the flow
Measurements in backscattering mode were perfo
through a glass window located on thain channelateral
wall of the channel next tthe main channelThe total
number of points measured to characterize the -section
was 1,148 The measurement time was . s per point and
aluminum oxide powder was usedsaedin.

The discharge used during the experiments 23.16 I/s
and the quasi-uniform flowater depth was 0.33 m. The
relative water depthl,, calculated through the equati(1)
was 0.50. In that equatiod;, andH,. are the floodplait
and main channel water depths, respecti

He =Hgp/Hy (1)

Results and Discussia

The terms used to describe the velocity fieldu andw for

the instantaneous velocityy and w' for the velocity
fluctuations;U and W for the timeaverage velocity; and
U’ and W for the root mean squa@ turbulence intensit
in the longitudinal directionX, and vertical direction,zZ,

respectively (see Figure 1).

Table 1 shows the experintah conditions where
measurements were made. The cgession mea velocity,

Us, was calcudted by the relation between the ir
discharge and the area of the cross secThe geometrical

method (. =./gR,§ , Where g=98m/S is the
gravitational acceleration ang, is the hydraulicradius)

was used to compatthe friction velocity of the secti.
Further, the Reynolds number and Froude number
calculated by the expressigRe=4UR,/v (v = 7.96x10

m?/s is the kinematic viscosity of water at 30° and
Fr =U/\/0Hm: - respectively.

Table 1: Experimental Conditions.

Q Hrm ch U* Re
H, 4 Fr
(I/s) | (m) (m/s) | (m/s)| (x 1CY)

23.16/ 0.1033) 0.50| 0.4301 0.0227| 1178 | 0.425

Velocity Distribution

Figure 2 shows the time-averageelocity distributionU
andW measured in the cross section at 9.0 m from thet
of the cannel, as well as turbulentensity distributionU’/

U. and W/U.. The interactio between the main channel
flow (with highervelocity and inertic and floodplain flow
(with lower velocity ad inertia) generates a moment
transfer causing the formation of different types
turbulent structures asertical axis vortex, due to the she
layer between the main channel and floodplain flows
longitudinal axis vortex, called secondary curr¢ due to
the anisotropy of turbulend&hiono& Knight, 1991, Nezu
etal., 1999).
In Figure 2a, an ascenddtdw in the interface regic near
the upper interfacés evident, as well as the descenc
flow in the floodplain region near the interfa(0.26 m<Y
< 0.29 m) and irthe main channel region near tlower
interface. Tle generation of the ascendant/descendant
(secondary currentsis caused by thestrong anisotropy
between the floodplain and main chai flows, resulting in
a vortex on the imtrfac¢floodplain region, called
“floodplain vortex”, and a vortex in the main
channelihterface region called “main channel vort (cf.
Tominaga & Nezu, 1991).
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Figure 2: (a) Isovels of mean velociU and vectors of
mean velocityW; (b) Isovel: of turbulent intensityJ’; (c)
Isovels of turbulent intensity.



The magnitude ofW velocity in the main hannel and
interface region is similar, around @0of U.. In the
floodplain region near the interface, the magnitatitheW
velocity decreases untépproximately 1% of U.. The
strongdescendant flow in the main channel region is dt
the meeting of two vortexes, the “main channelexrand
the “free-surface vortex"that is caused by the anisotrc
of lateral wall and fresurface turbulence (Nezu
Nakagawa, 1993). On the other haRijure 2a shows ho'
the isovels are affected by theomentum transport of tt
secondary currents. Since there is an ascendamtirflahe
interface region, thdJ isovels are displaceupwards by
influence of thew velocity. The same effect occurs with 1
descendant flows. Further, due to effects of these-
surface vortex” the maximutd velocity is in the middle o
the main channel at 65% of the water de

For theU’ turbulent intensity (Figure 2bg similarity with
the isovels ofU is observedHowever, the bulging of tr
isovels U’ is more intense and ocresponds with th
ascendant/descedant flows of the cross sect. On the
other hand, the lower turbulent intensitly is observed in
the middle of the main channel below the -surface due
to the dipvelocity phenomenon. In the case of the turbu
intensity W (Figure 2c) a bulging of the isovels in tt
upper interfaceis again observed. Thmain difference
betweenU’ and W is that, while the lower turbulei
intensity U’ is below the freesurface, thew turbulent
intensity decreases towards the feeeface. Further, th
magnitude ofW is slightly smaller than the magnitude
U

Figure 3 shows the vertical distributioh U* for Y = 0.104
m, 0.205 m, 0.253 m and 0.380 m, with and Z defined
as:

U*':U/U%Y) (2)
Z" =20y v 3)

where the ternt«, is the local friction velocity. The loci
friction velocity was determinedusing the lo-law,

consideringthat the vertical location of the measured p
could have some uncertainties. Therefaralisplacement
AZ was consideredn the vertical locatio. The AZ was
adjusted so that the integral constant of the-law

(equation 4, wher& = 0.41is the von Karman consta

was equal tA = 5.3, valid for 2D opemhannel flov (e.g.

Nezu & Nakagawa, 1993). The It@w is presented in
Figure 3 by a line.

Ut :1|n[(Z+AZ)U*(Y):|+A (4)
K \Y

The velocity profilesin the upper interface and floodple
present a trend similar to 2D oj-channel flows, i.e. they
follow the logfaw in the inner layer and d¢hey approach
the free-surfac¢éhey depart from the l-law to a log-wake
law (cf. Nezu & Nakagawal 993). Ir the main channel and
lower interface the velocity profiles also follohet lo¢-law,
but they decrease abruptly near the -surface, which is
due to the presence of strong secondary cur
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Figure 3: Vertical etribution oftime-averaged velocity.

Figure 4shows the distribution oturbulent intensityU’

againstZ/H. In the figure is also included the univer
equation (5)valid for the intermediate region (0.1Z/H

<0.6) of 2D fully developed flov (e.g. Nezu & Nakagawa,
1993).
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Figure 4: Vertical gtribution ofturbulent intensityJ’.



U /U, =2.30exq{-Z/H) ()

The experimental results for the upper interfacal an
floodplain seem to follow a similar trend to eqoati(5),
although with higher turbulent intensities. Thisane that
the flow at those two verticals behaves like a Bivfbut
with higher turbulence intensity. In the main chainthe
experimental data follows the universal equatiotil utiH
around 0.6. As the flow approaches the free surthee
turbulent intensity starts to increase, which i da the
presence of strong secondary currents. For the rlowe
interface, until Z/H around 0.3, the turbulent intensity
decreases and stays below the universal equatarZ/H
>0.3 the turbulent intensity reaches a plateau. The
discrepancies between the experimental results taed
universal equation (5) clearly highlight the 3D @wer of
the flow.

Turbulent longitudinal scales and dissipation

The velocities time series can be transformed iato
equally spaced temporal record by taking an avelrsigee
step, T:

(6)

T =tpa/N

being t,,, the maximum time in the record ami the

number of measurements in the record. The instanten
velocity values for each time can be obtained frita
original record through linear regression. Adopting
Taylor's frozen-field hypothesis the time recordnche
transformed into a space record, using a convection

velocity, U ., with a space interval

(7)

r=u.t

In the present study, for each recotdl, was considered

constant and equal to the time-averaged velotity
Although this criterion implies that the convectieelocity
is the same for all flow scales, which is not tfae most
cases, it holds for large and intermediate scéleshulent
intensity is less than 20%e.¢. Tropeaet al., 2007). The
space record allows the computation of the longiiid
autocorrelation functiore(g. Pope, 2000)

(8)

One example of autocorrelation function is presgnte

Figure 5 for the poinZZH = 0.46 in the main channel
vertical. In the figure, the integral length scalgtained by

equation (9)€.g. Pope, 2000) is also presented
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Figure 5: Longitudinal autocorrelation function.

Figure 6 shows the vertical distribution of the d@odinal
integral scales obtained from the autocorrelationcfion
for all points. In the figure equation (10) is alslotted with

B; = 1.0, 1.5, 2.5 and 3.5. This equation was progdse
Nezu & Nakagawa (1993) for 2D fully developed open-
channel flow, withB; approximately equal to 1.0.
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Figure 6: Vertical distribution of the longitudinaitegral
length scalel,.



L :{Bl(z/H)“/2 for Z/H < 0.6 (10)

x
H 0778, forz/H > 0.t

The upper interface and the floodplain resultsyfdllow
equation (10), but with higher coefficieBi. Near the free
surface, contrary to equation (10), the experinieddta do
not present a plateau, instead the integral leragihle
continue to increase towards the free-surface.tff@main
channel vertical the integral length scale is alhtasmstant
through the depth, with a value close to the flogptth.
This indicates that the secondary current in theénma
channel dictates the characteristic size of thgelamrbulent
structures. The lower interface present a simikttegpn of
the one observed for the main channel, but withllema
integral scale.

In Figure 7 the longitudinal dissipation spectrum i
presented for poinEZ/H = 0.8 in the lower interface. The

spectrum was obtained using a Yule-Walker spectral

estimator which is extremely smoothd. Stoica & Moses,
2005), but allows an easy identification of the rfiz
subrange. The dissipation spectrum can be comgted
the velocity power spectrunk;;, using the Kolmogorov
-5/3 law for the inertial subrange (e.g. Pope, 2000)

Ei= Clkv_\,S/sszszs = (EH/(CN/W))?/2 (11)

where ¢ is the turbulent dissipation rat&, is the wave
number andC, is a universal constant equalt0.53. In the
figure the dissipation rate;, was taken from the plateau
and the integral scalé,, and the microscalg,, are also
presented.
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Figure 7: Longitudinal dissipation spectrum forma/H =
0.8 in the lower interface.

The microscale was obtained from the dissipatide kg
assuming isotropic turbulenced. Tropea et al., 2007)

f 2
A, = 30vU
£

Figure 8 shows the vertical distribution of the dd@odinal
microscale for all points. In the figure is alsmiéd the
semi-theoretical relation proposed by Nezu & Nakemga
(1993) for 2D fully developed open-channel flow

(12)

A [158 (E)“exp(i) (19)
H \2.3%Re (H Y
where
Re =U.H /v (14)
K =0.69%+ 3.98/Re (15)
(16)

Re =U'L,/v

In equations (13) to (16), is computed using equation (10)
andU’ using equation (5).

0
10 s Mlain channel
o Lower interface 3
*  Upper interface 1 M
. Floodplain x*
oo 10 a4 a
::»:
10'2_2 T — 0
10 1a 1a

ZIH()

Figure 8: Vertical distribution of the

microscale,.

longitudinal

The results of the microscale for the floodplaird ahe
upper interface are almost coincident and presesitndar
trend to the theoretical curves. The experimergdlies are
higher than the theoretical ones, which can bébated to
the underestimation dJ’ values given by equation (5) (see
Figure 6). For the main channel and lower interféoe



experimental results depart from the theoreticalves,
mostly due to the wrong estimation bf caused by the
influence of strong secondary currents.

Figure 9 shows the vertical distribution of thesiistion
rate for all points, computed through the dissqpaspectra

as mentioned before (see Figure 7). In the figure t
equation proposed by Nezu & Nakagawa (1993) for 2D
fully developed open-channel flows is included

(17)

The experimental results show good agreement vhieh t
theoretical curves, except for the lower interfadeere the
dissipation is substantially higher for the freeface
region. The extra dissipation must be linked to sheng
secondary currents observed.
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Figure 9: Vertical distribution of the dissipaticate,e.

Conclusions

For deep water flow in straight compound channel th
results presented above allow to extract the fahgw
conclusions:

e The universal laws for 2D fully developed open-
channel flows are valid in the upper interface and
floodplain, although the coefficients have to be
increase, mostly due to the increase of turbulent
intensity. This should be a consequence of the
shallowness of the flow which contributes to
maintain boundary turbulence as the dominant
process.

e For the lower interface and main channel, the
presence of strong secondary currents contributes
to the non validity of the universal laws, even if
their coefficients are changed. This means that the
3D character of the flow is “printed” in the
turbulent field and boundary turbulence should not
be dominant.
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