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SYNOPSIS

Laboratory experiments were conducted to investigate interactions between the water surface
fluctuations and turbulence structures in open-channel flows. Instantaneous velocity vectors and the
corresponding water surface profiles were measured by a simultaneous image measurement method.
The proper orthogonal decomposition (POD) of the water surface fluctuations successfully detected
their predominant spatial fluctuation patterns, most of which represented sinusoidal wave shapes. By
using the modal amplitudes of the POD eigenvectors, we calculated spatial correlation coefficients
between the amplitudes and the velocity fluctuations. The result showed that there existed a thin
surface-influence-layer near the water surface in which the turbulent flow seemed to be parallel to the
wavy surface and also that there was the specific interaction between the water surface fluctuations
and the large-scale turbulence structures that have the same longitudinal scale. Furthermore, it was
revealed that the spectral distribution of water surface fluctuations followed the —10/3 power of the
wave-number.

INTRODUCTION

Understanding and evaluating the roles of turbulent flows around the free water surface have
become increasingly important from the perspective of environmental fluid mechanics and engineering
because turbulence structures near the surface regions may influence considerably free surface
phenomena such as momentum exchanges, gas transfer, self aeration etc. which are primarily essential
to aquatic life and its environment. In the present study, laboratory experiments were conducted to
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investigate fluctuation characteristics of the water surface and their relations to turbulence structures in
open-channel flows. A simultaneous image measurement method recently proposed by Miyamoto et

~ al. (2) was used to quantify instantaneous velocity vectors and the corresponding water surface profile

in a vertical cross section of the open-channel flows. The proper orthogonal decomposition (POD)
(see e.g. Berkooz et al. (1)) was applied to the measurement data of the water surface fluctuations in
order to extract their predominant fluctuation patterns. Interactions between the water surface
fluctuations and the turbulence structures were examined by calculating space correlations of the POD
predominant fluctuations with the turbulence in the open-channel flow. Moreover, based on the
findings obtained above, the wave-number spectrum of water surface fluctuations was discussed in
some detail.

Although there have been many research works on the topic of turbulent flows with a free
surface boundary, we have had little ImoWledge about the relationships between the surface
fluctuations and the turbulence structures, in particular, when a Froude number becomes large and the
surface fluctuations are considerably pronounced. As for the recent experimental works on the
turbulent open-channel flows with relatively high Froude numbers, Nezu & Nakayama (5), (6)
measured the turbulence and the water surface fluctuations by using a laser Doppler anemometer
(LDA) and an ultra-sonic displacement sensor. They reported that the turbulence structures of
open-channel flows in near surface region differed much from those of pipe flows through the
examination of turbulence statistics and its energy budget (6), and that by using a space-time
correlation analysis there might exist a relationship between coherent vortex in the wall region and
those in the near surface region (5). Their discussion was mainly focused on how turbulence
characteristics changed when turbulence came up from the wall region toward the free surface since
the data of water surface fluctuations were restricted at only one measurement point.

As for numerical studies there have also been many articles on turbulent free surface flows.
Among these works it was considerable that Shen et al. (7) confirmed that there existed two layers in
near surface region, namely, a ‘surface layer’ and a ‘blockage layer’ by performing the direct
numerical simulation (DNS) of a turbulent free surface flow with a small Froude number. The
surface layer represented a thin free surface viscous boundary layer, while the blockage layer was a
relatively thicker one in which the turbulent flows were changed to satisfy with the kinematic
boundary condition at the free surface. Moreover, the recent DNS study on turbulent open-channel
flows by Yokojima & Nakayama (8) indicated that turbulence structures in a near surface region had
three-dimensional characteristics as the Froude number became larger. However, since these
numerical results were obtained from linearized boundary conditions such as the small amplitude wave
approximation, verification based on the appropriate experimental works is necessary in order to
elucidate the phenomena of turbulent free surface flows.

In this study, we could detect the predominant fluctuation characteristics of the water surface
profiles from the experimental data of the simultaneous image measurements. - Therefore, we
investigated the ‘free surface — turbulence structures’ interactions from a viewpoint of the velocity
fluctuations originated from the predominant water surface fluctuations, instead of the conventional
viewpoint of the wall turbulence reaching toward the water surface.  Although it was recognized that
the conventional viewpoint was of importance because the wall boundary generated and maintained
turbulence in open-channel flows, it also seemed to be obvious that this kind of different viewpoint
with the new measurements must be necessary for further understanding of the phenomena.



Table 1 Overview of hydraulic conditions .

Case | Q (cm’/s) B(cm) | H(cm) | U(c/s) | Us(emly) | UI | Re(x10Y) | Res Fr
1 3.29 -.304 1.53 1149 1.0 1502 | 053
2 25 25 : 291 34.3 ; 1.78 747 1.0 518 0.64
3 X 10° ; 2.42 413 2.14 447 1.0 517 0.85
4 1.89 52.8 2.67 237 1.0 505 1.23

Q: flow rate, B: channel width, H: mean water depth, 77 : mean bulk velocity, Us : friction velocity, 1 : channel slope,
Re=U H/v : Reynolds number based on U and H, Rew=U.H /v : Reynolds number based on U/ and H,
Fr=U/(gH)" : Froude number.

HYDRAULIC EXPERIMENTS AND SIMULTANEOUS IMAGE MEASUREMENTS

Experimental Conditions

The laboratory expeériments reported here were conducted in a clear acrylic flume with length of
10 m and width B =25 cm. The hydraulic conditions are listed in Table 1. In the experiments, we
kept a Reynolds number based on the mean bulk velocity {7 and the mean water depth H with the
water viscosity v, Re = [H / v, a constant (= 1.0X10%), whereas we changed a Froude number
based on {7 and H with the gravitational acceleration g, Fr = ﬁ/ @ , from 0.53 (subcritical flow)
to 1.23 (supercritical flow), as indicated in Table 1. We also kept an aspect ratio of channel B/H
greater than 7.0 throughout the experiments so that we could obtain the two-dimensional flow
characteristics in long-term turbulent structures in the central zone of the channel, where effects of the
side-wall friction almost disappears (see Nezu and Nakagawa (4)). As for the mean velocity, since
the values of a Reynolds number based on the friction velocity U. and H, Res = U.H /v, were set to
be about 500 in all cases, the vertical distributions obtained here were recognized to be good
agreement with the well-known log-law distribution, more precisely, with the log-wake law
distribution with almost zero wake function (see Nezu and Nakagawa (4)). Consequently, the
dependence of the Froude number on turbulence characteristics in the open-channel flows was
expected to be investigated without any differences in the mean velocity structures throughout the
experiments.

Simultaneous Image Measurements of Velocity Field and Water Surface Profile

Figure 1 shows a schematic view of the image measurement system used in the laboratory
experiments. The image measurement system was composed of several pieces of equipment, i.e., a
double pulse YAG laser with a laser beam expander, a highd‘esdution CCD camera, a mirror,
monitors, a timing controller, and a personal computer with a hard disk. Particles with diameters of
about 0.02 mm and with a specific gravity of 1.02 were utilized as a tracer for visualization. A flow
field, where the tracer particles were seeded, was visualized by a laser light sheet, as shown in Fig. 1.
The visualized images were captured by the high-resolution CCD camera with 1008 X 1018 pixels and
were recorded on the hard disk in the PC. An image of the water-surface profile, on the other hand,
was taken through the mirror so that the water surface would not be hidden by a meniscus of a water
surface on the front wall. Consequently, the images of both the flow field and the water surface
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profile on the vertical laser light plane -
were simultaneously - obtained in the
same image flame. Figure 2 shows an
example of the visualized images.
The upper part in the Fig.2 shows the
image of the water surface profile
through the mirror, while the lower part
shows the image of the flow field. An

. &
laser light sheet

image processing technique proposed ~ :
by Miyamoto et al. (2) was applied to double pulse timing
the images in order to simultaneously YAG laser ; controlier
quantify instantaneous water surface
profiles and velocity vectors. In the Fig.1 Schematic of image measurement system
image processing technique, an edge

extracting algorism is employed to detect the location of water surface, while a particle image
velocimetry (PIV) is applied to measure the velocity vectors (Miyamoto et al. (2)).  The measurement
section in the experiments was a vertical cross section along the streamwise axis at the center of
channel width, and was located at about 7.5 — 8.0 m downstream part from the entrance of the flume
where the turbulent boundary layer generated on the bottom wall was supposed to be fully developed.
In the image measurements the sampling interval of velocity vectors (temporal resolution) was 1/15
seconds and the pixel size of the image (spatial resolution) was about 0.098 mm.

As for the reference frame employed in this study, x, y in the Cartesian coordinate denote the
streamwise direction (positive downward) and the vertical direction (positive upward), respectively,
with the origin at a point on the channel bed. U, ¥ denote the components of mean velocity in the x-,
y— directions, reSpectively, u, v, the instantaneous velocities, and z', v', the velocity fluctuations. &
represents the instantaneous water surface profile, while H and 4’ are the mean and fluctuation
components of the water surface profile.

the image of the water surface
profile through the mirror

boundary of the images

'\ the image of the flow field
for PIV

Fig.2 An example of the visualized images with the explanation



ANALYTICAL METHODS

In this study, we used the proper orthogonal decomposition (POD) (see e.g. Berkooz et al. (1)) to
extract fluctuation characteristics of the water surface and also applied the space correlation analysis to
investigate interactions between water surface fluctuations and turbulence structures. The two
analytical methods are briefly summarized below.

Proper Orthogonal Decomposition

The POD provides an efficient basis for the modal decomposition of an ensemble of data by
analyzing the data as an eigenvalue problem. In the present paper, the POD was applied to the water
surface fluctuations #'. :

The eigenvectors ¢, in the POD are obtained from the following equation.

[Rufipn} = 2ufp.} 0

where

) ,
[Rh]=[Rl-,j]={—;—,[—2h'(xi,rp>h'<acj,tp)}, ,j=1,2,...,N @

p=1

is the covariance matrix of the water surface fluctuations %', m represents the number of the POD
mode, and A, represents the eigenvalue in mode m. In Eq. (2), x; denotes the locations of each
measurement point in the x-direction, N, total number of the measurement points, #,, each discrete time,
and M, total number of the discrete times. Since the eigenvectors ¢, form a complete orthogonal
set, the water surface fluctuation %’ is reproduced by the following equation.

Weat) = Shabn) = Sak)eb) ®

m=}

where

am(tp) = (h’(xiﬂ 4 p)‘ P (x,)}/ <¢m (xi)! P (x)) Q)

is the modal amplitude (modal time-series) and %', is the component of #' in mode m. In
addition, since the eigenvalue A, corresponds to the square of fluctuation intensity of the 4y, a
cumulative contribution ratio Cr, is given with the eigenvalues by using the following equation:

m m 4

Cm = Xr, = Yo—
n=1 n=1 /11

=1
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where 7, is the contribution ratio in each mode n.
Space Correlation Analysis

A space correlation coefficient COR(x, y) of fluctuations f(t,) and g(x, y,t,) are defined as
follows.

3 £(0) 205 3.1,)
CORg(x,y)= 2=l 6)

(if(rp P23 gy o))"
P= p=l

In this study, as will be discussed in the next chapter, the modal amplitude a, of the water surface
fluctuation 4’ (see Eq. (4)) was chosen to calculate the correlation coefficients, instead of the water
surface fluctuation A’ itself.

RESULTS AND DISCUSSION
Instantaneous Velocity Field and Turbulence Statistics

An  instantaneous  velocity b
vectors (u, v) and the corresponding
water surface profile # are shown in
Fig. 3 (Case 4: Fr =1.23). From Fig.
3(a) the values of % are almost
constant along the streamwise
direction, but its shape seems to have
small wavy fluctuations  with
wavelengths of 3 -~ 4 om.
Furthermore, at this instant the values
of h throughout the profile become §
smaller than the mean water surface H :,
= 1.89 cm (see Table 1, Case 4). In
the instantaneous velocity vector field

om)

[Ewerp——y
N=JOOOND

]

oo

=3

(a) A water surface profile

2. 50 (cm/sec): —-

0 :
shown in Fig. 3(b), there are the 0 10
several regions in each of which the x (em)
velocity  vectors  fluctuate either (b) Velocity vectors and the water surface profile

upward or downward, e.g. (x = 6 — 8

cm, y=1-1.7 cm). Fig.3 A snapshot of instantaneous velocity vectors and

Figures 4 and 5 show the the corresponding water surface profile. The water
 distributions of mean velocity U and surface profiles in (a) and (b) are the same. The
those of turbulent intensities simultaneous image measurement method was used to

Ju? /U* , v /U* respectively. obtain the data. Case 4: Rex = 505, Fr = 1.23.
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Fig.4 Distributions of the mean velocity U*. Fig.5 Distributions of turbulent intensities
The experimental values are compared with the x/u_-’2 /U, and \/72 / U. . The experimental
log-law curve. The vertical axis in the figure values are compared with the
is shifted for the comparison between the cases. semi-theoretical curves (Nezu et al. (4)).
The values of the friction velocity U, listed \/ﬁ b2e
in Table 1 were calculated by matching the 0.05 NP —
velocity data to the log-law with the Karman [0 Re=6000
constant x = 0.41. The experimental 004 [ ° iz:;gggg}makase etal?) B
values of U" are in very good agreement with Lo Re=8000) .
the calculated curves of the log-law. As 003 —ﬁﬁjz‘%’%} Nekayama ©) of
expected earlier, no precise wake regions OWO,_.&“’
exist near the water surface due to the Res =~ 002 - : : ° &
500, which results in no significant difference I gooemLt e
in the mean velocity structures throughout all 001 F %,3-5 e" ‘
cases of the experiments. With respect to - &.O:QM/‘
the turbulence intensities shown in Fig. 5, the 0 Do
experimental values of both «/ﬁ/U* and 0 0.5 1 1.5 2 25
«ﬁ:’i / U. agree well with the semi-theoretical
curves by Nezu et al. (see Nezu & Nakagawa Fig.6 Relationship between the intensity of
(4)). In addition, the values of \/;7—5 / U. water-surface fluctuation «/7;_'7/11 and the
decrease sharply near the surface region about Froude number Fr.

y/H > 0.8 as the free surface is approached,

which seems to be the effects due to the kinematic boundary condition at the water surface like the
blockage effect by Shen et al. (7). Consequently, it is verified from these results that the velocity
vectors with high accuracy are obtained by the simultaneous image measurements.

Figure 6 shows the relationship between the intensity of water surface fluctuations \/ﬁ H
and the Froude number Fr. The values of \/h——'5 / H in the present study (symbols: &) become large
as Frincreases. This increasing feature with Fr is almost the same as the results of other experiments
by Nakase et al. (3), as indicated in Fig. 6. However, a sharp increase around the critical flow (Fr =
1) reported by Nezu & Nakayama (6) does not appear in this study. Since the data by Nakase et al.
(3) also do not have the sharp increase (e.g., symbols: ), with respect to the fluctuation
characteristics of water surface it should be necessary to take the different approaches through which
the interactions of water surface fluctuations with turbulence structures beneath the surface can be
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considered.
Fluctuation Characteristics of Water
Surface Profile

The water surface fluctuations are
supposed to reflect somehow the turbulence
structures with various spatiotemporal scales.
Therefore, investigating  their
interactions, we made an effort to detect
predominant fluctuation characteristics of the
water surface by applying the POD analysis
to the water surface fluctuations 4’ (x, 7).

Figure 7 shows the distributions of the
POD eigenvectors ¢ , of surface fluctuation
# obtained by Eq. (1) (Case 1: Fr = 0.53).
The cumulative  contribution ratio  Cy
indicated at the right side of each figure

before

~ shows that 90 % of the water fluctuations are

reproduced by summing up ¢, from mode
m= 1 to 7. Predominant patterns of the
water surface fluctuations represented by
@ are almost the same as sinusoidal waves,
and the values of their wave-number increase
as the number of the POD mode m becomes
large. Furthermore, = these kinds of
sinusoidal distributions continue to appear in
@ » with higher POD modes. This result
reveals that fluctuation distribution of the
water surface is almost completely
represented by the superposition of sinusoidal
waves in this case (Case 1: Fr = 0.53). The
nonlinear behavior of the water surface
fluctuations, on the other hand, is reflected by
the modal amplitudes an (see Egs. (3) and
(G

Figure 8 shows the distributions of
eigenvectors ¢, in the first mode for all
cases (m = 1, Case 1-4: Fr = 0.53-1.23).
The distribution of ¢, changes from a
sinusoidal wave to nearly a constant as the
Froude number Fr increases. This indicates
that at a supercritical flow condition (Fr > 1.0
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Fig.7 Eigenvectors ¢ _ of the water surface
fluctuations /' (i denotes the number of the
POD mode). The vertical axis is shifted in
0.2 between two successive modes, m and
m-+1, in order to compare wavelengths among
the modes. Case 1: Fr =0.53.
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Fig.8 Comparison of the first mode eigenvectors
¢, (m = 1) of the water surface fluctuations in
all cases. The Froude number Fr is varied from
0.53 to 1.23. The vertical axis is shifted in 0.2
between two successive cases.



but not so high values) the fluctuation
component that has a larger streamwise
scale becomes predominant rather than
the component with a sinusoidal shape.
This large-scale fluctuation component
might be generated by different factors
from the turbulence structures beneath the
surface whose distinct correlations with
the sinusoidal-shaped components will be
revealed  in  the next  section.
Furthermore, in higher POD modes m >
2, 3, ... in Case 2-4 the distributions of
@ » become sinusoidal shapes, which is
the same feature as in Case 1.

With respect to @,  with the
sinusoidal wave distributions (i.e., most
of the ¢, ’s) we calculate the /
corresponding wavelengths Ly, Figure 9 shows the relationship between the non-dimensional
wavelength Ln/H and the contribution ratio r,,. Here, r, represents the ratio of the square of the
water surface fluctuation ;172,: in the mode m to that of the whole fluctuation /4’2 , as explained in the
previous chapter. In Fig. 9 there exists a strong interrelation between L, /H and r,,, which means
that the water surface fluctuation with a longer spatial scale has larger fluctuation intensity.
Moreover, it should be noted that there is no Froude number dependence in L/H < 2. This result
indicates that when the wavelength Ly, smaller than 2H, the predominant components with the same
streamwise spatial scale have the same ratio of the fluctuation intensity to the total intensity /'
irrespective of the Froude number Fr. In L,/H > 2 of Fig. 9, on the other hand, the values of L,/H
Therefore, it is found that the Froude number
dependence of the water surface fluctuation 4’ appears at the fluctuations with the streamwise scale
larger than 2H.

Casel; Fr=0.53
Case2; Fr=0.64
Case3; Fr=0.85
Cased; Fr=1.23

® ® ® O

10 15

ry (X107

Fig.9 Relationship between non-dimensional
wavelengths Ly/H of the eigenvectors and their
contribution ratios 7.

with same 7, increase as Fr becomes larger.

Spatial Correlations of Water Surface Fluctuations and Turbulence

To examine the interactions between the water surface fluctuations and turbulence structures
beneath the surface, we calculated their space correlation coefficients with Eq. (6). In this study,
since we could not obtain distinct correlation structures between the water surface fluctuation #' at
one measurement point and the velocity fluctuations u’, v', we carried out a conditional space
correlation analysis; namely, by utilizing the fact that 4’ (x, 7) is represented by the superposition of
the eigenvectors ¢, we calculated the space correlation coefficients COR gmy, COR .y between
the modal amplitude gy, of the fluctuation #',, and ', V' (see Egs. (3) and (4)).

Figure 10 shows the contours maps of CORgmy, COR,,, (Case 4: Fr = 1.23, mode m =
3,7,10). The corresponding eigenvectors ¢ ,, have the sinusoidal wave shapes that are drawn in the
upside of each figure. The distributions of COR,,, in Fig 10(a-2), (b-2), (c-2) have positive and
negative regions alternately along the streamwise direction both in near surface region (about y/H >

45



46

g T 1
0 1 2 3 4

(8-1) COR g (m=3)

0 T 0 : :
0 1 2 3 4 5 )

(b-1) CORpp (m=T) {(b~2) COR o (m=T7)

/'\’/"’\ T, ot
g

0 i =
0 1 2 3 4

(c~1) COR .y (m=10)

0 1 2 3 4 5

5
A (€-2) CORppy (m=10) X/ H

Fig.10 Spatial correlation coefficients of the modal amplitude ay of the surface

fluctuation component %'n and the velocity fluctuation components »’ and v'. The

figures in left column show the distributions of the coefficients between am and u',

while those in right show those between am and v', in modes m = 3,7,10, Case 4: Fr =

1.23. The profile of the corresponding eigenvector is indicated in the upside of the
each figure.

0.8) and in central region of the flow (about y/H < 0.8), and their spatial scales are the same as the
wavelengths Ly, of the corresponding eigenvectors ¢ ,,. Therefore, it is revealed that the turbulence
structures beneath the water surface can be divided into two layers, namely, the layer near the surface
with thickness about § = 0.2H where the turbulence is strongly affected by the water surface
fluctuations and the layer under the surface influence layer where large-scale turbulent motions are
well developed. This thickness § is almost the same scale as that by Nezu & Nakayama (6). We
call this thin layer near the surface the surface-influence-layer hereafter in this paper. The
distributions of COR zm, in Fig 10(a-1), (b-1), (¢-1), on the other hand, also have alternate positive
and negative regions around the surface, but do not have such regions in the central region of the flow.
Moreover, it is shown in the distributions COR,,, in Fig 10(a-2), (b-2), (c-2) that, in the upper part
of the surface-influence-layer, the values of COR,,,y become positive where the shapes of the ¢,
changes from troughs to crests, while the values become negative from crests to troughs. This result
implies that the turbulent flow in the upper region of the surface-influence-layer becomes parallel to
the wavy surface due to the kinematic boundary condition at the surface. From these discussions, we
can conclude that the surface-influence-layer obtained here is supposed to be almost the same as the
blockage layer by Shen et al. (7). The distributions of COR,,y show that, in the central region of
the flow, the values of COR,,, become positive where the corresponding shapes of the ¢,



changes from crests to troughs, and vice versa. It is confirmed from this evidence that there is a
specific interaction among the surface fluctuation 4, the turbulence in the surface-influence-layer,
and the large-scale turbulence structure in the central region of the flow that have the same spatial
scale in the streamwise direction. Furthermore, from the fact that the characteristics of the space
correlation structures obtained here are almost identical for the eigenvectors ¢, having sinusoidal
shapes, this type of ‘surface fluctuations — large-scale turbulence structures’ interactions is expected to
be universal in turbulent open-channel flows.

As examined earlier in Fig. 8, when the flow becomes supercnncal (Fr > 1.0), the fluctuation
component that has a spatial scale considerably larger than the scale of measurement cross section is
most predominant in the water surface fluctuations. In this component (Case 4: Fr = 1.23, mode m =
1) there is no specific structure in COR gy and COR,,, . This implies that the detection of the
interaction failed due to the lack of the flow field information because the experimental data collected
in this study were restricted in the measurement vertical cross section with the streamwise length of
about 10 cm. Consequently, further experimental works need to be carried out with respect to the
Froude number dependence of the water surface fluctuations.

Wave-Number Spectrum of Water Surface Fluctuations

Based on the discussion already mentioned in the previous two sections of this chapter, we
examine the wave-number spectrum of water surface fluctuations. ‘

The POD analysis on the water surface fluctuation in this paper is equivalent to the spectrum
analysis since most of the obtained eigenvectors ¢, are sinusoidal waves with the wavelengths L.
Therefore, the contribution ratio r,, obtained from the POD analysis corresponds to the value of the
spectrum at the wave-number &y = 27 /Ly, of the streamwise direction. As for the discussion in Fig.
10, on the other hand, it was found that there is a specific interaction between the surface fluctuation
A » and the large-scale turbulence structure that have the same longitudinal scale L, Therefore, if
we assume a physical mechanism on which the pressure fluctuation p, due to the large scale
turbulence u,, with Ly, makes the surface fluctuation A', with the same scale L, we can
conjecture that in the Fourier space the p ', ~ p,. ~ pghn have the same slope in the
spectral distributions. Consequently, when the spectrum of u',, follows the well known —5/3 power
law, the spectrum of %', which is equivalent to r,, in this study, follows the —10/3 power of the
wave-number &y, in the spectral distribution.

Figure 11 shows the spectral distributions of water surface fluctuation %’ that are obtained by
redrawing the relationship in Fig. 9 on the basis of the above consideration. It is evident in Fig 11
that there exists a range in which the slope of the distribution follows the —10/3 power of the
wave-number ky, in each case. In addition, the range with the —10/3 power becomes large as the
Froude number Fr increases. In this study, F7 is in proportion to a Fouude number Fr-= U, / \/g—H ,
where the numerator of Frsrepresents the amount of a driving force of the water surface fluctuations
because the wall boundary mainly maintains the turbulence structures of the whole open-channel,
while the denominator represents the amount of a restoring force due to the gravity. Therefore, the
reason for the range enlargement seems to be that the effect of turbulence as the driving force becomes
relatively larger as Fr« (or Fr) increases.
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0. 14
1 10

Fig.11 Streamwise spectrum of the water surface
fluctuation. The values in horizontal axis are shifted by
multiplying X5, X 52, X 5% in Case2, 3, 4, respectively,
in order to compare the distributions among the cases.

CONCLUSIONS

Laboratory experiments on the turbulent open-channel flows with Res ~ 500 and Fr =
0.53-1.23 were conducted to investigate the interactions between the water surface fluctuations and
the turbulence structures beneath the free surface. The simultaneous image measurement method is
used to obtain the velocity vectors and the water surface profile, and the POD and the space correlation
analyses are applied to examine their interactions. The main conclusions obtained from this study are
as follows:

(1) From the results of the POD analysis on the water surface fluctuations, it is shown that most of the

predominant fluctuation patterns become sinusoidal wave distributions with certain wavelengths Lp,.

The Froude number dependence of the surface fluctuations appears obviously in the POD component
with the scale Ly, larger than twice the mean water depth .

(2) There exists a layer near the water surface with thickness about § = 0.2H where the turbulence is
strongly affected by the water surface fluctuations (the surface-influence-layer). In the upper region
of the surface-influence-layer, the turbulent flow seems to become parallel to the wavy surface due to
the kinematic boundary condition at the surface. ,

(3) There is a specific interaction between the predominant surface fluctuation, the turbulence in the
surface-influence-layer, and the large-scale turbulence structure in the central region of the flow that
have the same spatial scale in the streamwise direction.

(4) The spectral distribution of water surface fluctuations follows the —10/3 power of the wave-number.
The range with the —10/3 power becomes larger as the Froude number increases.
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APPENDIX —- NOTATION

The following symbols are used in this paper:

am(tp) = modal amplitude (or modal time-series) as defined by Eq. (4);
= channel width;
B/H = aspect ratio of channel;
Cn = cumulative contribution ratio as defined by Eq. (5);
CORglx, y) = space correlation coefficient of f (tp) and g(x, v, tp) as defined by Eq (6);
Fr = Froude number based on {7 and H (ﬁ/ \/;g?f )
Frs = Froude number based on U, and & (u. / Jgf? %
1) = fluctuation;
g(x, ¥, tp) = fluctuation;
g = gravitational acceleration;

H = mean water depth;
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h = instantaneous water surface profile, h=H+ #';

" = fluctuation component of the water surface profile;

™ =component of #' in POD mode m;

«/h:’E = intensity of water surface fluctuations;

i = mean square of water surface fluctuation 7'y ;

i,]j = integers;

km = wave-number of ¢ , (27 /Ly);

L =wavelength of @ ,;

Lo/H = non-dimensional wavelength;
M = total number of the discrete times;
m = number of the POD mode;
N = total number of the measurement points;

J = pressure fluctuation with wavelength Ly;

Re = Reynolds number basedon 7 and H (UH/v);
Rex = Reynolds number based on U. and H (U.H [v);

[Rh]n [R;, ,-] = covariance matrix of 4’ as defined by Eq. (2);

T = contribution ratio in each mode n;

tp = discrete time;

U = mean bulk velocity;

U. = friction velocity;

U = mean velocity profile ({7 /U.);

U = turbulence with wavelength Ly, ;

Uv = components of mean velocity in the x-, y- directions, respectively;

u,v = instantaneous velocities in the x-, y- directions, respectively,
wv=UN+@, v)

u, v = velocity fluctuations in the x-, y- directions, respectively;

u'”? = turbulence intensities in the x-directions;
v'2 = turbulence intensities in the y- directions;

X; = locations of each measurement point in the x-direction;

Xy = streamwise direction (positive downward) and vertical direction (positive
upward), respectively, in the Cartesian coordinate with the origin at a point on the
channel bed;

v = vertical direction as the inner variable (yU./v);

) = thickness of the surface influence layer;

v = kinematic viscosity;

K = von Karman constant;

Y2 = density of water;

@n = POD eigenvector as defined by Eq (1); and
Am = eigenvalue in POD mode m as defined by Eq (1).
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