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SYNOPSIS

Velocity profiles during the passages of different hydrographs, simulated in a gravel-bed {lume, have been measured, and
are presented in this paper. It is seen that the log-law and the Coles law can also be used in unsteady open-channel flow.
However, modifications should be made to take inio consideration of the unsieadiness, represented herewith by the Clauser
parameter. The Coles wake parameter indicates that the wake becomes more pronounced in the falling branch compared with
the one in the rising branch. The present data are compared with those from other types of flow reported in the literature; it
is shown that all the data, from steady or unsteady open-channe! flow, over smooth or rough bed, follow the same tendency,
despite considerable scatter.

INTRODUCTION

Unsteady flows are those whose properties depend also on time if referenced to an Eulerian frame. In natural rivers most
of the {lows arc unsteady. However, unstcady phenomena arc worth studymg only if they dcpar! substanha]ly from quask
steady state, or if treated with stcady flow theory, significant errors would arisc, such as flows in mountain strecams charac-
terized by sieep slopes and gravel beds.

In the past, some experiments had been carried out to study unsteady flow in open channels, for example, at the
University of Canterbury, New Zealand, and at the EPFL, Switzerland. The researches at these two institutions concern
mainly with bedload transport in unsteady flow (1, 15, 8) Nakagawa and Tsujimoto (12) studied the time-lag phenomenon
in unsteady flow over sand waves. Tsujimoto (17) using linear analysis to the data obtained by Suszka (16) and Phillips
and Sutherland (15), discussed two mechanisms in unsteady sediment transport: the first due to the direct effect of flow
unsteadiness, and the second brought by the relaxation process of the “fluvial system™. Nouh (14) studied unsteady flow
effect on the armoring layer in a straight open channel. Flume experiments were also conducted by Tubino (21) to
investigate alternate-bars in unsteady flow. - Recently, Tu and Graf (20) examined friction in unsteady {low over gravel beds.

Velocity distribution in unsteady flow has been studied in closed conduits (wind or water tunnels, pipes) by many
researchers (4). However, there are few velocity-distribution data obtained from unsteady flow in open channels.

A more comprehensive review on the past unsteady-flow study as well as on gravel-bed flow study is provided in (19).

In the present laboratory study, different hydrographs (see Table 1) are simulated in a gravel-bed flume. Systematical
measurements of the velocity profiles have been undertaken. The results are presented herein, and are subsequently analyzed.

EXPERIMENTS

The details of the unsteady flow experiments are given in [19], but are briefly described in the following.

In order to simulate meaningfully hydrographs in the laboratory, an examination of those in natural mountain rivers was
undertaken. It was seen that a natural hydrograph is usually skewed, with the water depth increasing rapidly in the rising
branch and subsequently decreasing slowly in the falling branch.

Keceping in mind the characteristics of natural hydrographs, diffcrent hydrographs - as an example see Fig.1 - were passcd
through a gravel-bed {lume, which is 16.8m long, 0.6m wide and 0.8m high, with glass side walls and a smooth steel floor
being covered with gravels. The parameters characierizing these hydrographs are given in Table 1, where the symbols
appeared are defined in the end of this paper.
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Three micropropellers, cach with a diameter of 1.5cm, are used to measure the point velocitics af three sections (Fig.2);
the instantancous water depth at cach section was measured with a limnimeter. The lowest point for the velocity measure-
ment is 0.75cm (i.c., half of the micropropeller's diameter) above the top surface of the grave bed, below which the
reference-bed level is shificd at a distance of 0.254; (4 is the gravel diameter) - sce Fig.2 and Tu at cl. (18). The
micropropelier displace-ment was as follows: ncar the bottom the point velocities were measured every 2mm at § points;
then measured every Smm at another 5 points; from there on till the water surface the velocities were measured cvery
10mm. There were usually 23 to 26 measuring points in cach station.

For unsteady flow, the velocity measurement at a given point in space should be carried out by repeating as many times
as possible the same hydrograph. However, it was found that repeating more than five times hardly improve significantly
the precision. Thus it was decided to repeat the measurements five times at cach given point in space. The five values,
obtained at the same point from the {ive measurcments, and corresponding to cach time instant, are then averaged. These
averaged values are smoothed mathematically. They give the time-mean point velocity, though no information on the
turbulence. The details of the data-treatment procedure are given in Tu (19). .

The thus obtained velocity profilcs, together with the water depth, D, allow to calculate the vertically-averaged velocity,
V, as well as the flow discharge, Q. For hydrograph NS1(1), the time-records of ¥, @ and D, are given in Fig.1, where the
friction velocity calculated from the St. Venant equation of motion, u«gy (see 19), is also shown. The figure demonstratcs
what would be predicied with the kinematic-wave theory (5): at a given cross section in the channel, first the velocity, V,
then the discharge, (2, and subscquently the water depth, D, come with their respective peaks. ‘

Table 1 Data range of the hydrographs investigated

Hydro- | 8o | dg | AT | AT | AT D(cm) V(cm/s) Fe=Vi{gD

graph No. (cm) | (s) | (s) | (s) | (min.,max.) | (min.,max.) (min.,max.)
NSI(1) [0.002] 1.35| 110 | 36 | 61 | (9.0,21.2) | (40.8,94.9) (0.43, 0.66)

NS1(2) |0.002 1.35 | 130 | 38 | 59 | (9.3,22.0) | (36.3,93.4) | (0.38,0.64)
NSI1(3) |0.002] 135|110 | 38 | 59 | (9.9,22.5) | (39.7,97.7) | (0.40, 0.66)
NS2(1) |0.002] 135|220 | 76 [ 129 (6.6,21.6) | (30.7,96.1) | (0.38, 0.67)
NS2(2) |0.002] 135|220 | 68 | 135| (7.0,22.5) | (28.4,95.7) |(0.34,0.65)
NS2(3) |0.002] 135|220 | 80 | 129 (7.2,23.2) | (29.1,95.9) | (0.34,0.64)
NS3(1) |0.002] 2.30 | 110 | 46 | 53 | (14.2,24.7) | (683, 122.9) | (0.58, 0.81)
NS3(2) |0.002| 2.30 | 110 | 46 | 55 | (15.4,27.0) | (61.8,120.0) | (0.50,0.75)
NS3(3) |0.002| 2.30 | 110 | 46 | S5 | (15.7,27.0) | (60.5,121.5) | (0.48,0.76)
NS4(1) |0.002| 2.30 [ 220 | 72 {139 | (11.5,24.9) | (58.7,123.7) | (0.55, 0.81)
NS4(3) 0002 2.30 | 220 | 74 | 137 | (12.9,27.2) | (49.1,115.6) | (0.44,0.73)
NSS5(1) |0.005 | 2.30 | 110 | 52 | S5I.| (13.0,23.6) | (76.0,130.9) | (0.68, 0.87)
NS5(3) |0.005] 2.30 | 110 | 48 | 55 | (13.8,25.5) | (68.4,129.4) | (0.59, 0.83)

u, ¢ (cm/s), V{em/s), Q(1/s), D(cm)

120 +
100 +
=
80+ D
@ 5 [}
60+ Jd KN %
14
<
u.sv

0 .20 40 60 80 100 120
t(s)
Fig.1 Time-records ofu.sv} V, @ and D; in hydrograph NS1(1)
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Fig.2 Experimental setup (the installation skelch)
VELOCITY PROFILES

In the following, if not specificd otherwise, hydmgmph NS1(1) - sce Table 1 - will be used as an illusirative example for
the presentation of velocity profiles.

Point-velocity variation with time and waler height

Figure 3 gives the time variations of point velocitics, u(x,y f), at different levels within the entire waler depth (note that
for cach hydrograph the measurements were performed at 23 1o 26 different Jevels). It can be observed that throughout the
waler column, the point velocities near the walter surface arrive at their maximum valucs earlicr than those near the bottom.
This is due to the fact that the relative lmporlancc of inertia over viscosily forces gets greater as one moves away {rom the
bed. With the point velocities as shown in Fig.3, one can now obfain the velocity profile at any time instant.

Evolution of the velocity profiles

The evolution of the vertical velocity profiles during the passage of hydrograph NS1(1), for several different time
instants, is shown in Fig.4(1). The velocity distributions at 1=21s, 41s, 61s, 81s and 101s, being each 20 seconds apart,
are selected here for presentation. The corresponding hydraulic parameters are summarized in a table (see also Table 2).
During the passage of the hydrograph, the velocity profiles get less full in the rising branch, subsequently getting fuller in
the falling branch and tend to return towards the original shape. From the table in Fig.4(1) onc can sce the evolution of the
discharge, Q, the water depth, D, the vertically-averaged velocity, ¥, as well as the [riction velocity calculated from the St.
Venant equation of motion, ., (20), during the passage of the hydrograph (sce also Fig.1).

NS1(1); x=14.4m N

120 4
-4
100 4 y=1.09¢cm
)
80- 1.89
%
60+ 4.39
&S [o]
40+ 9.39
L /a
209 14.39
o
0 g t ; 4 T - 17.39
0 20 40 60 80 100 120
1(s)

Fig.3 Point velocity, ue,y,0), variations with time, £, and waler height, y
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Velocity profiles in the rising and [alling branch, for equal water depth

The velocity profiles in the rising and falling branch, for equal water depth, D, are shown in Fig.4(2). It is seen that:

1) at the same water height, y, here given as y/D, the point velocity, u, in the rising branch is generally larger than
the one in the falling branch. The opposite is sometimes observed, called the “crossing phenomenon”, near the bottom
(Fig.5) ‘
2) this difference of the point velocities, u, between the rising and the falling branch gets larger on approaching the
water surface;

3) this difference of the point velocities, u, with the increase of the water depth, D, in approaching the peak of the
wave, becomes smaller.

Similar observations are reported by Suszka (16) and Grishanin (9).

Velocity profiles in the rising and falling branch; for equal vertically-averaged velocity

The velocity profiles in the rising and falling branch, for equal vertically-averaged velocity, V, are shown in Fig.6, with
the corresponding hydraulic parameters listed in a table. It is observed that, except for the part near the water surface, the
two velocity profiles almost converge into the same curve.

ANALYSIS

In the above, the evolution of the velocity profiles during the passage of a hydrograph, as well as the velocity profiles in
the rising and falling branch for equal water depth, D, or for equal vertically-averaged velocity, V, are presented. They shall
now be analyzed.

The velocity distribution in steady flow over gravel beds can be described (18): either by the log-law, being valid in the
inner region of the boundary layer:

. B | @

=

1, y+yo
-K]n p)

or by the Coles law, being valid in both the inner and outer region, thus throughout the entire boundary layer (18):

—u~—ll Y+Vo
Uy K

+ Br + -—-sm?(Jt 1};,:;0 @

where u = the point velocity; y = water height above the top surface of the gravel bed; y,, = the reference-level adjustment,
taken as yo = 0.254; (see Fig.2, and Tu et al. (18)); d; = the gravel diameter; D' = the water height where the maximum
point velocity in a velocity profile, uy,,., is measured; K = the Karman constant; Br = a numerical constant of infegra-
tion; II = the Coles parameter expressing the wake strength; and ux =musg, , the fncuon velncny determined with the St.
Venant equation of motion for unsteady flow, such as (20):

a av v
wavmn gD(S,- RV LY,
dr g dx g ot

in which: ¢ = is the time variable; D = the water depth; V" = the vertically-averaged velocity; x = the Jongitudinal coordi-
nate; and S, = the bottom slope.

‘The question here is whether or not Eqs.1 and 2 still hold in unsteady flow; this will be seen in the foik)wmg

The velocity profiles in Fig.4 are replotied in dimensionless form as Uiy, VEISUS (+yo)ds in Fig.7. It is secn
that the log-law and the Coles law remain valid. Like in steady flow, the Br-values and the II-values can be determined for
each of the velocity profiles, as indicated in the insert of Fig.7. In all, 273 velocity profiles have been analyzed (19). In
this paper, if not specified otherwise, only 65 velocity profiles - covering the evolution of the entire hydrographs (Fig.7(1))
- will be presented. The obtained Br-values and IZ-values, together with other hydraulic parameters, are listed in Table 2,

and discussed in the following paragraphs. In Table 2 the terms, %f— and V' ZV = g a;t/, are calculated from the time-
records of the vertically-averaged velocity, V{x, ¢). Note that, using the kinematic-wave theory, the spatial acceleration %% .

can be expressed by - é %I;, where C is the the wave velocity, being givenasC =V + D %/%?— (20).
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Table 2 Hydraulic parameters and Br and IT-values in the hydrographs investigated

2
) D v 4 s v c vy 8 oy Br n
(em)  (cm/s) oD Dty. 3 (cm/s) ox
&b (cm/s.s) {cm/s.5) fem/s)
NS1(1) :
21 12.2 60.6 0.31 0.108 1.932 118.5 -0.988 -0.17 7.3 4.9 0.18
41 20.1 90.5 0.42 0.066 0.764 154.0 -0.449 -0.05 8.0 6.8 0.25
61 20.7 88.9 0.39 0.064 0.475 193.5 0.218 0.05 6.0 9.2 0.35
81 18.7 78.2 0.33 0.071 .686 188.8 0.284 0.08 5.7 9.2 031
101 15.5 62.8 0.26 0.085 -0.820 132.7 0.388 0.10 4.0 10.0 0.72
NS1(2)
21 13.0 59.8 0.28 0.101 2.098 125.2 -1.002 -0.22 7.3 3.8 031
41 20.7 0.7 041 0.064 0.632 148.6 -0.386 -0.04 8.1 5.0 41
61 213 86.7 036 0.062 -0.607 246.3 0.214 0.08 6.6 5.8 0.87
81 192 71.5 0.27 0.069 -0.858 194.4 0.316 0.13 5.9 5.8 0.57
101 15.9 55.2 0.20 0.083 -0.840 128.6 0.361 0.15 4.1 6.1 0.93
NS1(3) .
21 13.9 67.1 0.33 0.095 2.045 132.3 -1.037 -0.18 7.6 5.1 0.00
41 21.6 96.4 0.44 9.062 0.517 150.9 0.330 -0.03 8.2 6.7 0.10
61 220 87.6 0.36 0.060 -0.693 264.9 0.229 0.09 6.8 8.2 0.13
81 19.7 7.7 027 0.067 -0.941 206.0 0.328 0.15 6.1 7.3 0.10
101 16.4 54.1 0.18 0.081 0.195 119.5 0.088 0.04 3.6 9.0 0.67
NS2(1) : .
41 14.6 65.2 0.30 0.090 1.087 123.8 0.572 -0.10 7.2 4.9 0.26
81 214 95.8 0.44 0.062 0.162 161.2 -0.096 -0.01 6.9 7.4 0.31
121 2.1 89.2 0.40 0.066 0.296 180.7 0.146 003 5.9 8.5 0.72
161 17.5 5.5 0.33 0.076 0413 163.6 0.191 0.04 5.4 8.5 0.41
201 13.6 54.9 0.23 0.097 -0.509 117.8 0.237 0.07 4.2 8.5 0.41
NS2(2) )
41 154 64.0 0.27 0.086 1.077 125.9 0.547 0.12 7.4 4.5 0.15
81 225 95.6 041 0.059 0.129 150.4 0.082 -0.01 7.1 7.4 0.51
121 210 B5.2 .35 0.063 0.361 196.0 0.157 0.04 6.2 7.4 0.51
161 182 68.1 0.26 0.073 -0.455 172.9 0.179 0.07 5.7 6.7 0.31
201 14.3 49.9 0.18 0.092 0.423 103.0 0.205 0.07 4.0 7.4 0.51
NS23)
41 159 66.4 0.28 0.083 0.982 123.8 0.527 -0.10 7.6 4.6 0.10
81 231 95.9 0.41 0.058 0.088 136.6 -0.062 0.00 7.3 7.7 0.26
121 21.6 83.3 0.33 0.062 0.365 189.8 0.160 0.04 6.2 7.7 0.31
161 185 66.5 0.24 0.072 0492 180.3 0.181 0.08 5.8 6.7 0.26
201 14.6 48.5 0.16 0.090 0.371 96.0 0.187 0.07 3.8 7.7 0.55
NS3(1)
21 16.9 833 042 0.132 1.642 193.4 -0.707 -0.11 6.2 9.5 0.53
41 217 115.4 0.63 0.103 1.119 217.9 -0.593 -0.05 7.4 10.2 0.69
61 4.3 118.3 0.59 0.092 0.622 398.2 0.185 0.04 7.4 10.2 0.61
81 212 101.8 0.50 0.106 0.980 201.7 0.495 0.05 5.5 12.0 0.99
101 16.4 78.9 0.39 0.135 -1.070 156.5 0.539 0.07 4.2 142 0.84
NS3(2)
21 184 78.7 0.34 0.121 1.997 217.4 0.723 -0.20 5.9 8.4 0.77
41 240 113.0 0.54 0.094 0.822 186.3 -0.499 -0.04 8.6 8.5 0.46
61 26.4 112.8 0.49 0.085 0.652 304.1 0.242 0.05 7.4 9.1 0.85
81 23.0 96.7 .41 0.098 -1.028 202.3 0.491 0.08 5.7 1o 092
101 17.9 724 0.30 0.124 -1.173 164.1 0.518 0.12 4.7 10.2 1.00
NS3(3)
21 19.0 80.6 035 0.117 2.198 239.4 -0.740 -0.23 5.5 10.2 032
41 24.2 115.4 0.56 0.093 0.786 192.4 0471 -0.03 8.4 9.1 0.38
61 26.5 113.0 0.49 0.085 0.793 451.9 0.198 0.07 8.0 9.1 0.46
81 23.2 95.1 .40 0.097 -1.099 197.1 0.530 0.08 5.5 12.0 0.69
101 18.0 66.5 0.25 0.124 -1.324 180.5 0.488 0.18 5.5 8.5 0.61
NS4(1) .
41 174 87.3 045 0.128 1.277 186.9 -0.596 -0.08 6.5 2.5 0.62
81 249 123.7 0.63 0.090 0.110 166.5 -0.082 0.00 7.6 113 0.77
121 22.6 107.0 052 0.099 0.494 202.4 0.261 003 6.1 1235 0.92
161 17.7 88.9 0.46 0.126 0.524 188.6 0.247 0.03 5.6 113 0.85
20 13.9 66.1 0.32 0.159 0.522 128.7 0.268 0.04 4.3 125 0.65
NS4(3)
41.0 19.2 79.0 4.33 0.116 . 1307 182.7 0.565 0.12 7.0 7.1 0.57
81.0 270 112.5 0.48 0.083 0.001 112.1 0.001 0.00 8.2 8.5 0.57
121.0 4.5 96.3 0.39 0.092 -0.492 193.5 0.245 0.04 6.2 121 0.74
161.0 19.5 742 0.29 0.115 0.577 178.4 0.240 0.06 5.8 8.5 0.63
2010 150 52.8 0.19 0.148 0.421 105.9 0.210 0.05 4.0 9.6 0.66
NS5(1)
21 15.6 %0.9 0.54 0.142 1.687 180.1 -0.851 -0.08 9.4 6.8 0.15
41 210 122.9 0.73 0.107 1.041 221.4 0.578 -0.04 10.7 8.4 020
61 233 125.6 0.69 0.096 -0.544 348.0 0.196 4.03 109 7.8 0.18
81 199 109.6 0.62 0.112 -1.101 218.6 0.552 0.05 9.5 7.8 0.30
101 152 854 0.49 0.146 -1.144 157.9 0.619 0.05 1.7 8.4 0.20
NS5(3)
21 170 87.8 0.46 0.131 1.881 196.6 .840 -0.12 9.5 6.3 0.10
41 224 120.9 0.67 0.100 0.931 2043 0.551 -0.03 103 7.9 025
61 4.4 119.1 4.59 0.092 0.755 333.3 0.270 005 1.2 7.0 0.17
81 210 99.6 0.48 0.107 -1.456 226.5 0.640 0.09 2.9 6.8 0.18
101 15.8 69.4 0.31 0.140 -1.064 151.4 0.488 0.09 8.1 6.0 0.16
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Clauser's parameter

Unsteady flow is accelerative or decelerative, having a longitudinal pressure gradient, dpg/de < 0 or dpg/de > 0. A di-
mensionless pressure gradient, derived by considering the Karman's integral equation (7), is given as: :

,ﬂ=—§~% | ®

being B< 0 and A> 0 for acceleratmg and decelerating flow, respectively. This parameter, f, is a!so known as the Clauser
equilibrium parameter (22), where & , Tp andp, are the displacement thickness, the botiom shear stress and the freestream
pressure, respectively.

From the reasoning of boundary-layer hydrodynamlcs, the equation of motion for an incompressible fluid (along a
streamline), at the outer edge of the boundary layer is writlen as:

Wpax - O max tu Omax _ 1 Pe (@)
& at max gy p de
where u,,, is the point velocity at the edge of the boundary layer, and the free-stream pressure, p,, is assumed 1o penetrate

the entire boundary layer unchanged.
Thus the Clauser parameter, £, can also be written as:

5 dp 6% Oy, due
Pt ™ ot i ) ®

In order to compare the present unsteady-flow data with those from other types of flow reported in the literature, it is
necessary to calculate the Bvalues for the present data. This is done as follows.
The Clauser parameter, given with Eq.5, can be written as:

Petoec " u? ¢ ‘ ©

To calculate the B-value, one needs to know: the displacement thickness, 8", the friction velocity, ux, and the total
acceleration, diy , /dr. These terms can be determined using the following two assumptions, both based on the fact that the
velocity distribution in the present open-channel flow study follows the log-law (Fig.7):

(i) the velocity profile over the entire water depth can be expressed in form of a power law:

=( ly; yiim ‘ | ' )

“max
wherem is an éxponent, which is given for a plane-bed river as (11):
1 1 ' '
e .06 )
(1) the velocity gradient near the bed is given by du/dy = u«/(Ky); thus the friction velocity can be expressed as:
du
Usx =Ky a}’-—’y:ds (9)
Using Eq.7, the flow discharge per unit width is given by:

b
(FVDzlj’ udy =" Dy max
o 1+m

Subsequently, the displacement thickness, 8%, and the maximum velocity, i, , ., arc derived, respectively, as:
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D
(5*=[ (1' “ )dy =D(1- v )= 1 D; and “max=1+
)

1
U max Umex l4m v m (V)]

With Egs.7, 9 and 10 an expression for the friction velocity is written as:

1 1/m-1 1 K(1+4m) dsli
e = gy G G g =T T O - ay

The expressions of 6" and Umay in Eq.10 and of u, in Eq.11, are used 10 rewrite the Clauser parameter, §, defined with Eq.6
for unsteady open-channel flow, as follows:

B =____..l".3m.._( ~ D .
myme v

(12

The Clauser parameter, §, evaluated with Eq.12 - in using Eq.8 - is given in Table 2.

The calculation of the Clauser parameter, §, using Eq.12, makes it possible (as will be discussed in the following) to
compare the present data set with those from other types of flow. It is noted, however, that this calculation is
approximative. The two main reasons are: firstly, Eq.4 can only be used when a boundary-layer flow exists in the open
channel, which can not be taken as guaranteed, since a boundary-layer flow is different from an open-channel flow; secondly,
Eq.8 implies that for an equal water depth, the velocity profiles in both the rising and falling branch have the same m-value,
or independent of the flow unsteadiness. This is also questionable, although a similar tendency was always observed by
plotting (not shown here) the II-values given in Tu (19) versus the S-values calculated from different combinations of the
maximum and minimum m-values and d/D-values.

Br-values

In steady flow, the Br-value varies with the relative roughness (18), dy/(D+y ). It is taken as being a constant of Br =
8.5 for small relative roughness, say dy/(D+y ) < 0.05 (6). In unsteady {low, in addition to the relative roughness, the flow

unsteadiness may also influence the Br-value. The Avalue determined with Eq.12, which includes the term of unsteadiness,
dV/dt, will be considered as an unsteadiness parameter.

Br-values versus the relative roughness, dg/(D+y,)

In Fig.8 are plotied the Br-values (from Table 2) versus the relative roughness, d;/(D+y ). 1t shows that, while the Br-
values vary in the range of 3.8 < Br < 14.5 with the relative roughness in the range of 0.058 < d;/(D+y,) < 0.16, the Br-
value may be represenied by a constant, being Br « 8.5. Note that the data from hydrograph NS1 [including NS1(1),

NS1(2), NS1(3)] are drawn with a different symbol from the other unsteady flow data, so that the Br-value variations in a
particular hydrograph can be observed.

Br
14 u
12 25 "
E ™ "
10l opE B LIS ]
DU, Om = " "Brss =
8-7;.@."-—'" E’:.*‘"-'“"—“*‘"-‘“* all data
‘g e B 5 W u o
6+ ppg O L - NS1
] ..nD ]
4 ]
2 4 } } } ] }
0.05 0.07 0.09 0.11 0.13 0.15 0.17
as/(D+y o)

Fig.8 Br-value versus the relative roughness, dg/(D+y o)
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Dr-values versus the Clauser parameter, 3

A simple regression analysis for all the data (273 velocity profiles, see (19)) renders for the Br-values an empirical
relation, such as:

Br=8.10+8.1 ' (13)

. This relation is shown by the broken linc in Fig.9, together with the data from the 65 velocity profiles giVen in Table 2.
Despite the scaticr, a cerfain tendency is evident: for accelerating flow (rising branch), the Br-values are lower than the oncs
for decelerating flow (falling branch). For hydrograph NS1(1) this can also be observed in Fig.7.

Br-value variations with time, ¢

The Br-values variations with time, for hydrographs NS1(1), NS1(2) and NS1(3), are shown in Fig.10. Il is scen that
the Br-values show an increasing tendency during the passage of the hydrographs; being lower in the rising branch
(accelerating flow) and usually higher in the falling branch (decelerating flow) of cach hydrograph.

Br Br
% 14 o
14+ i " waler depth
' H D=Dmax
121 3?4 “ NS1 121 |
% ] |
L % % | % > 10+ =
10 coli i ot N L s me D HS1(1)
4 N % -+ %% %
8 ' 0 _,.,.’&-g? Ag;%. . NO“ T g NS1(2)
et g A® H o 6 4 ) =3 b
6L A T NS4 e l'm non NS1(3)
o8 N/‘S P T o I '
L] . 8
4T = accelerating 7£< decelerating — 2 ; , # , ' ; )
2 5 . | ; ,  EBeid 0 20 40 60 B8O 100 120
-0.30 -0.20 -0.10 0.00 0.10 0.20
1(s)
B . i, .
Fig.10 Br-value variations during the passage
Fig.9 Dr-value versus the Clauser parameter, § of different hydrographs
I-values

IT-values versus the Clauser parameter, £ in boundary-layer flow

It is common in {luid mechanics to correlate the wake-strength parameter, 17, oqu 2, with the Clauser equilibrium
parameter, 8. An cmpirical expression, being valid for equilibrium and "even for non-cquilibrium” boundary-layer flows,
such as:

17~0.8(8+0.5)0-75 if f>-0.5 (14)

was proposed by White (22).

Graf and Altinakar (7) presented an analysis of the /Z-value, based on the existing data in the mcraturc For flow
without pressure gradicnt, dp /¢ = 0, obviously § = 0, and the IT-values become [T & 0.55, which corroborates with
boundary-layer data by Klebanoff. For positive pressure gradient, dp/de > 0, one has > 0 and the /T-values become IT >
0.55, which corroborates with boundary-layer data by Clauser. For negative pressure gradient, dp/de < 0, onc has < 0

and the IT-values become IT < 0.55, which corroborates with boundary-layer data by Herring ct al. and with plpe -flow data
by Nikuradse.

M-values versus the Clauser parameler, [; in unsteady open-channel flow
A simple regression analysis for all the data (273 velocity profiles, sce (19)) renders for the IT-values an empirical
relation, such as:

IT=1.028+ 046 . 15)

This relation is shown by the solid linc in Fig.11, together with the data from Table 2. The empirical relation from
boundary-layer {Jow (Eq.14) is represented with the broken line. While the scatter is considerable, it isscen that the present
unstcady open-channel {low data follow a similar trend as do the data from boundary-layer flow. The scaticring in Fig.11 is
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explained (19) by the fact that a small error in measuring the maximum velocity, Umay the water depth, D (or the
boundary layer thickness) and the friction velocity, u,, can produce a remarkable error in the /T-value.

I-values versus the Clauser parameter, B in different types of open-channel flow

There are a few studics on open-channel flow available in the literature with which the present data set should be
comparcd; this is shown in Fig.12. Data from uniform flow over smooth bed, being of slightly accelerating type, are
reported by Nezu and Rodi (13) and by Cardoso et al. (2). Data from steady flow over smooth and rough beds, of gradually
accelerating and decelerating types, are reported by Cardoso et al. (3) and Kironoto and Graf (10), respectively. For the sake
of comparison, Eq.15 being a fit to the present data and Eq.14 being a fit to the boundary-layer data, are also plotted. Figure
12 shows that all the data, from steady or unsteady open-channel flow, over smooth or rough bed, follow the same fendency,
despite considerable scatter.

I
0.80 \ - :
// -== boundary-layer flow, Eq.14 .
0.407 1. & O Nezu and Rodi (uniform flow, smooth bed)
0.00 Yy ‘ '
A B /;'/ - ’%fd) —T % Cardoso et al. (uniform flow, smooth bed)
/ - I
-0.40 p ,‘/' | 4 Kironoto and Graf (non- uniform flow,
/‘ s | rough bed) :
-0.80+ A, i 4 Cardoso et al. {(non-uniform flow, smooth bed
L4
-1.204 4 4 N } — present data (Eq.15)
A
.1.60 A __A 4 | 4y - extrapolation of Eq.15
-1.50 -1.00 -0.50 0.00 0.50
B

Fig.12 IT-value versus the Clauser parameter, §; for different
types of open-channel {low

IT-value variations with time, ¢

The II-value variations with time, for hydrographs NS1(1), NS1(2) and NS1(3), are shown in Fig.13. I is seen that the
II-values have a tendency 1o increasc during the passage of the hydrographs. The wake becomes more pronounced in the
falling branch (decelerating flow) compared with the one in the rising branch (accelerating flow). For hydrograph NS1(1),
this can also be observed in Fig.7. .



23
VERTICALLY-AVERAGED VELOCITY

For steady flow over gravel beds, Tu et al. (18) have shown that the vertically-averaged velocity, V, can be measured
directly at a point where the relative water depth is y/D~0.4. Whether this remains true in unsteady flow is to be seen in the
following. Here we continue to designate the aforementioned relative water depth as (v/D), . :

In Fig.14 is ploticd the time variation of (y/D),, for hydrograph NS2(1). The time variation of (y/D),, for all the
other hydrographs are given in Tu (19). It is seen from Fig.14 that (y/D),, can not be assumed as a constant of 0.4 during
a hydrograph. Being slightly smaller than 0.4 during most part of the hydrograph, it decreases in the rising branch and then
increases to return to about 0.4 in the falling branch.

a 0Dy
- 0.6+
1.40 o ‘waler depth
1.204 waer depth o D=Dmax
. D=Dmax
0.5+ !
1.004 { o . u I -
w} ‘ ] |
0.804 | - NS1(1) e ® | a
I o == =} L e T e T !
o * - LN T ‘,,lgjl—L ml!'L L
0.60+ [n] : u O L} NS§1(2) 1E B lr‘“‘im{._m"f‘ml‘ Ly g " |LIL
u I & ES ® s B L '
0.40+ a | L] Cf‘ ] NS1(3) 0.3+ | B
o IDDDﬁ | !:}’ L o I
0.204 a &) 1v "o ,,I""o - ‘ v ‘ '
. L] T 1] H
0.00 +——l%-f0%: ; ; { 0 50 100 150 200
0 30 60 90 120
1(s)
1(s)
Fig.14 Time variation of the relative water depth, (/D)
Fig.13 IT-valucs variation with time, ¢ in hydrograph NS2(1)
CONCLUSIONS

Velocity profiles in unsteady flow over gravel beds have been measured, and are presented and analyzed in this paper. The
major results can be summarized in the following. )

1) The point velocities near the water surface arrive at their maximum values earlier than those near the bottom
(Fig.3).

2) For an equal waler depth, the point velocity in the rising branch is generally Jarger than the one in the falling
branch (Fig.4(2)); however, the inverse may occur (Fig.5). For an equal vertically-averaged velocity, the velocity profiles
fall almost onc on the other, except near the water surface where the point velocities in the rising branch are usually larger
than the ones in the falling branch (Fig.6).

3) The Jog-law (Eq.1) and the Coles law (Eq.2) can also be used in unsteady flow (Fig.7).

4) The Clauser parameter, f, has been calculated (Eq.12) for unsteady open-channel flow using some reasonable
assumptions; for the hydrographs investigated a variation in the range of -0.23 < f< 0.18 was found (Fig.11).

5) The Br-values, varying in the range of 3.8 <Br < 14.5 with the relative roughness in the range of 0.058 <
dg/(D+y o) < 0.16, may be represented by an average value of Br = 8.5 (Fig.8). For accelerating flow (in the rising branch
and B < 0), the Br-valucs are lower than the ones for decclerating {low (in the falling branch and 8> 0) (Figs.9 and 10).

6) The IT-values versus the Clauser parameter, for all the hydrographs arc shown in Fig.11. The present data are
compared with boundary-layer flow data as well as other open-channel flow data in Fig.12, which shows that all the data
{ollow the same fendency, despite considerable scattering. It js seen from the time variation of the [T-values (Fig.13) that
the wake becomes more pronounced in the falling branch (decelerating flow) compared with the one in the rising branch
(accelerating flow). .

7) The relative water depth, (y/D),y, Where the point velocity equals the vertically-averaged velocity, can not be
assumed as a constant of 0.4 during a hydrograph (Fig.14).

8) The present st of experiments and the conclusions drawn herewith should be regarded as being indicative; only
Jarger variations of the parameters - in future studies to be done - will or will not be confirmative.
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APPENDIX-NOTATION
The ‘foll()wing symbols are used in this paper:

Br = a numerical constant of integration in the log-law;
o v oD
C =wave velocity, C =V + D oo’
D =waler depth;
D = the water height where the maximum point velocity in a velocity profile, ., is measured;
dg = median gravel diamctcr,ds=d50;
g = gravitational accelcration;
Q = {low discharge;
So = bottom slope;
t = time variable;
u = longitudinal component of the point velocity;
= maximum velocity in a velocity profile;

= friction velocity calculated from the St. Venant equation;

1 D
vV = vertically-averaged velocity, V = ofu dy;
y—0
x = the longitudinal coordi-nate;

y = vertical coordinate;
Yo = reference-level adjustment;



= Clauser parameter; f = —————————{(- 5 —);

i Ve

= total time duration of a hydrograph;

= time duration of the rising branch in a hydrograph;
= time duration of the falling branch in a hydrograph;
= displacement thickness;

= Karman constant;

= viscosity coefficient;

= wake-strength parameter; and

= fluid density.
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