Unsteady Open-Channel Flow

- Its mean structure and suspended load transport -

By TUH.", W. H. GRAF " and N. TAMAI"""

Reported here are the unsteady flow investigations carried out by the
authors in recent years. These include mainly four parts: 1) longitudinal
component of the point velocity, which was carefully measured in
hydrographs simulated ina tilting flume; 2) friction velocity and flow
resistance, the results of which can be used to understand field data; 3)
shear stress on horizontal planes and its vertical distribution, of which the
characteristics are theoretically explained; and 4) suspended-load transport.
Also presented is a theoretically derived dimensionless parameter of flow
unsteadiness. Major results are summarized in Table 2.
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1 Introduction

Until recently, experimental study on unsteady flow in open channels, unlike that of steady flow, has
been rare. Unsteady flow research, except for numerical modeling, has been mainly subjects of fluid
mechanics. In the following we shall first try to distinguish different unsteady flow phenomena, and give a
brief review of the existing unsteady-flow investigations, including laboratory and ficld studies.

There are different types of unsteady flows. Basically two forms of unsteadiness are involved (Telionis
1981): the crratic unsteady motion due to hydrodynamic instability and the organized motion due to the external
disturbances. While the first is beyond the present discussion, the sccond may be subdivided into two
categories: free surface flow; and non-frec surface flow, such as unsteady flow in pipes and in wind tunncls.
Free surface unstcady flow includes oscillatory flow encountered in coastal engincering and open-channel flow
appeared in river engineering. Oscillatory flow experiments, though many (sce for example, Knight 1978, Carr
1983), have been limited in either wind and water tunnels, or pipes, but rarely conducted in open channels.

Systematical cxperiments have been carried out to study unsteady open-channel flow, to the authors'
knowledge, at the University of Canterbury, New Zealand, at the EPFL, Switzerland, and recently at Kyoto
University. Phillips and Sutherland (1984) investigated spatial and temporal lag cffect in bedload transport.
Suszka (1987) conducted systematical experiments of bedload transport in unstcady flows. Song ct al. (1991)
investigated the turbulence characteristics in unsteady open-channel flow using both an acoustic Doppler
Velocity Profiler and a hot-film anemometer. With a LDA system Nakagawa et al. (1993) measured the
turbulent structures in unsteady channel flows.

Nouh (1989) examined unsteady flow effect on the armoring layer in a straight open channel. Flume
experiments were also conducted to investigate alternate-bars in unsteady flow (Tubino 1989). Kuhnle (1992)
studied bed-load transport in natural unsteady flows.

On the other hand, the flow resistance in unsteady open-channel flows is usually represented by the
Manning's coefficient, n. In practice, the Manning 1 is firstly estimated from past experience, then calibrated
against available ficld data (Fread 1989, Lebossé 1989). However, there exists rarely any investigation on the
friction velocity in unsteady flows.
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2 Experiments

The experiments were conducted in a titting flume (Tu 1991). It is 16.8m long, 0.6m wide and 0.8m
high, with glass side walls and a smooth steel floor that was covered with gravels. The flume's bottom slope
can be varied from -1% up to 9.7%. The pump was operated automatically by a computer.

Three capacity limnimeters were employed for measuring the water depths at three cross sections. The
limnimeter has an accuracy of +1%. To measure the point velocities in unsteady flow, several micropropellers
(manufactured by Nixon Instruments Ltd., UK) were used. The probes employed have a precision of 1%
within the range of the measurements.

Before we set to generate hydrographs in the
laboratory flume, those innatural rivers (in different
countries) were examined (Tu 1991). It was shown
that: 1) a natural hydrograph usually takes a skewed  4p
shape, with the water depth first increasing some-
what faster in the rising branch before decreasing
relatively slowly in the falling branch; 2) the water
depth reaches its maximum value Dpax at about #, = Duin
1/3AT, where tp is the time instant corresponding to
Diax, and AT is the total time duration of the hydro-

graph (Fig.1); 3) AD /AT =10" % ~ 10" 3 (m/s).

Fig.1 Typical Shape of A Natural Hydrograph

Table 1 Data range of the hydrographs investigated

Hydro- So d | AT | AT, D(em) V (cnvs) Fe=V /YgD
graph No. (em) | (5) | (s) (min.,max.) (min.,max.) (min.,max.)
NS1(1) 0.002 | 1.35 | 110 | 36 (9.0,21.2) (40.8,94.9) (0.43, 0.66)
NS1(2) 0.002 | 1.35 {110 | 38 9.3,22.0) (36.3,93.4) (0.38, 0.64)
NS1(3) 0.002 | 1.35 {110 | 38 (9.9,22.5) (39.7,97.7) (0.40, 0.66)
NS2(1) 0.002 | 1.35]220 | 76 (6.6, 21.6) (30.7,96.1) (0.38, 0.67)
NS2(2) 0.002 | 1.35 1220 | 68 (7.0,22.5) (28.4,95.7) (0.34, 0.65)
NS2(3) 0.002 | 1.35 1220 | 8 (7.2,23.2) (29.1,95.9) (0.34, 0.64)
NS3(1) 0.002 | 2.30 ] 110 | 46 (14.2,24.7) (68.3,122.9) (0.58,0.81)
NS3(2) 0.002 | 2.30 | 110 | 46 (15.4,27.0) (61.8,120.0) (0.50, 0.75)
NS3(3) 0.002 |2.30 | 110 | 46 (15.7,27.0) (60.5,121.5) (0.48, 0.76)
NS4(1) 0.002 | 2301220 72 (11.5,24.9) (58.7,123.7) (0.55, 0.81)
NS4(3) 0.002 [2.30 (220 | 74 | (12.9,27.2) (49.1,115.6) {0.44, 0.73)
NS5(1) 0.005 2301101 52 (13.0, 23.6) (76.0, 130.9) (0.68, 0.87)
NS5(3) 0.005 | 2.30 | 110 | 48 (13.8,25.5) (68.4,129.4) (0.59, 0.83)

Bearing in mind the characteristics of the natural hydrographs mentioned above, 13 hydrographs were
passed in the laboratory flume. The parameters showing the hydrographs' characteristics are given in Table 1,
where S is the flume's bottom slope, ds the gravel diameter, V the depth-averaged velocity, Fr the Froude
number. The other symbols are refered to in Fig.1.

Ideally, the velocity measurement at a point should be carricd out by repcating as many times as
possible the same hydrograph. However, due to the limited storage capacity of the data-acquisition system and
the time-consuming process, many repeated measurements at a point were impossible, On the other hand, with
a sampling frequency of 20Hz, it was scen that repeating more than five times did not improve significantly the
precision for determining the time-mean point velocity (this was found in a pre-study, when the measurements
at one point was repeated one hundred times). So it was decided to repeat the measurement 5 times at each
point. The short-time-average method (Bendat and Piersol 1986) was used to calculate the time-mean point
velocity.

3 Unsteadiness parameter

It is argued that there should be a dimensionless parameter which indicates the flow unsteadiness. This
parameter can be derived theoretically (Tu 1991), as:
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P=K(-75 | @)

where the coefficient K depends on the relative roughness and the velocity distribution (Tu and Graf 1992a).
For negative B-values, the flow is an accelerating one and for positive S-values, the flow is a decelerating one.

The calculation of the unsteadiness parameter, £, using Eq.1, allows comparison of the measured
velocity profiles in unsteady open-channel flow with those from other types of flow. And as we shall see in
the following, it plays an important role in studying unsteady open-channel flows.

4 Velocity profiles
4.1 Point-velocity variation with time and water height

Time variations of point velocities, u (y,1), at different levels within the entire water depth are shown in
a figure inserted in Table 2 (note that for each hydrograph the measurements were performed at 23 to 26 dif-
ferent levels). It can be observed that throughout the water column, the point velocities near the water surface
arrive at their maximum values earlier than those near the bottom. This is due to the fact that the relative
importance of inertia over viscosity forces gets greater as one moves away from the bed. With the point
velocities one can now obtain the velocity profile at any time instant.

4.2 Velocity profiles in the rising and falling branch; for equal water depth

The velocity profiles in the rising and falling branch, u (), for equal water depth, are also shown in a
figure inserted in Table 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;

2) this difference of the point velocities, i, between the rising and the falling branch gets larger on
approaching the water surface;

Similar observations are reported by Suszka (1987) and Grishanin (1979).

4.3 Analysis

It was found that the velocity profiles follow the Coles law (Tu and Graf 1992a):

U
U-

21T =
In ;5; + B+ —K~sm2(§ 1§) (2)

A =

where: D' is the water height where the maximum point velocity in a velocity profile, upay, is measured; «,
the Karman constant; By, a numecrical constant of integration; J7, the Coles parameter expressing the wake
strength; and u« =u=g,, the friction velocity in unsteady flow (sce next section).

The experimental data show that, while the Br-values vary in the range of 3.8 < Br < 14.5 with the re-
lative roughness in the range of 0.058 <ds/D < 0.16, the Br-value may be represented by a constant, being Br
« 8.5. The present data set (273 velocity profiles in all, with the f-value varying from -0.23 to 0.15) renders
for the Brvalues an empirical relation:

Br=81p8+81 3)
It was also shown (Tu and Graf 1992a) 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 each hydrograph.
For the Jl-value in Eq.2, the present data set produces an empirical relation, such as:

IT=1.02 8+ 0.46 4)
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Plotted versus 5, the J-values from the present data set compared rather well with those reported in the
literature, for different types of flows. This indirectly confirms that f is indeed an important parameter.

1t was also found that IT becomes more pronounced in the falling branch (decelerating flow) compared
with the one in the rising branch (accelerating flow).

5 Friction velocity

The friction velocity in the present study (labeled asu.sv in the following) was determined using the full
St. Venant equation, as (Tu and Graf 1993):

wrse= o eDISo+ 5218 1 ) )

Assuming that the hydrographs investigated are kinematic or non-subsiding monoclinal waves, the wave velo-
city, C, can be determined as (Tu 1991):
aV 3D
C=v+D73 /3 (6)

For the present study, the friction velocity, u.sv {in Eq.5), can be calculated from the time-records of the depth-
averaged velocity, V(x,1), and of the water depth, D(x,f). An example of the obtained results is given in Table
2. Also shown is the apparent friction velocity, u.s =Yg DSo, calculated by assuming that the friction slope
equals the bottom slope. The ratio of thetrue value of the friction velocity, u.sv, given with Eq.5, to its
apparent value, u.s, is:

U gy / 3 4D 4 2
=/\/ 1+—.._—~—(1— _F
U SSY o 9 ) (7

From the calculated friction velocity and the measured depth-averaged velocity, it is possible to obtain the fric-
tion coefficient, f, defined asf = S(U,s\'/V)z, an example of which is shown in Table 2. The variations of the

friction cocfficient show similar tendency as observed by Coleman (1962) in naturat flood cvents.
6 Shear-stress profiles

In unstcady open-channel flow the shear stress at a certain level can be derived as (Tu and Graf 1992b):

D
gu

1 9D
() =TI+ T2+ 73 = pgSo (D )+ pe aT(D—y)-pja[ (1- &) dy (8)
;

In other words, the shear stress may be considered as being composed of three parts: T 1, the contribution
from the bottom slope; 72, the contribution from the time variation of the water depth; and T3, the contribution
from the time variation of the point velocity. At a certain time instant, both 7 1 and © 2 vary lincarly with the
water height, y. However, since the time derivative, du /dt, varies with not only time but also the water height
(sec the corresponding figure in Table 2), the contribution 73, and consequently the total shear, T (y,t ), varies
non-linearly with the water height.

6.1 Shear-stress, T(y, 1), variations with time and water height

As can be seen from the figure in Table 2, the shear stress near the water surface arrives at its
maximum value later than the one near the bottom. Similar results are reported by Hayashi and Ohashi (1981,
Fig.9) from their direct shear-stress measurements with a hot-film probe in water-tunnel oscillatory flows.
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6.2 Shear-stress distributions in the rising and falling branch; for equal water depth

The shear-stress profiles in the rising and falling branch, for equal water depth, are also shown in Table

2. It can be observed that:
1) at the same water height, y, here given as y/D, the total shear stress in the rising branch can be

considerably larger than the one in the falling branch. This was also observed by Hayashi et al. (1988);

2) the difference of the shear stress between the rising and falling branch gets larger near the bottom;

4) the shear-stress profiles are non-linear.
It is seen, and can be explained theoretically (Tu and Graf 1992b), that the shear-stress profiles are concave in
the rising branch when the flow is accelerating (8 < 0), but are convex in the falling branch while the flow is
decelerating (8 > 0). Similar results have been reported by Bradshaw (1967) and Herring and Norbury (1967)
for steady, non-uniform turbulent boundary-layer flow, by Grishanin (1979, p.64) for steady, non-uniform
open-channel flow and by Justesen (1988, p.96) for oscillatory flow.

7 Suspended-load transport

To deal with suspended-load transport problems in natural rivers, sometimes it is enough to know the
cross-sectional mean concentration, at other times a knowledge of the vertical concentration profile is neces-
sary, requiring thus one-dimensional or two-dimensional treatments, respectively.

7.1 One-dimensional treatment

In the case where non-equilibrium sediment
transport occurs, the mobile bed level will undergo
changes (Fig.2), either due to aggradation (8d /3¢ >
0) or due to degradation (3d /3¢ < 0). The sediment
concentration in non-equilibrium transport can be
derived as (Tamai and Tu 1992):

X2
CUS=C5—[ {al‘l“@+ aolﬂ-m% dx
X1

Voo ‘g o
®
. . - Fig.2 A Definition Sketch
in which all the three coefficients:
6 ?‘Km s - 4
alz”_*“_*}:?_,)‘—“ (1-4__[7(2) ;a2 = i and a3:MK
Sg(r-ND>Se 9 (- 1)D grm D

are positive. In the above equations: Cys is the cross-sectional mean concentration in unsteady flow; Cs, the
cross-scctional mean concentration in an equivalent steady flow; m, the percentage of the sediments existing in
the mobile layer; U, the cross-sectional mean velocity; x, the longitudinal coordinate; d, the thickness of the
mobile layer; and Y is the unit weight of the sediment-water mixture.

In natural flood events, it is usually observed that the maximum cross-sectional mean velocity arrives
ahead of the maximum water depth (Tu 1991). Bearing this on mind and seeing that degradation (9d /ot < 0)
occurs most probably in the rising branch, while aggradation (ad /3¢ > 0) usually appears in the falling branch,
one may conclude from Eq.9 that the maximum cross-sectional mean velocity arrives ahead of the maximum
sediment concentration, which in turn is followed by the maximum water depth. This point is evidenced by a
set of ficld data collected in Hokkaido's Ishikari River (see Tamai and Tu 1992).

Also to be noted is that, for an equal water depth the suspended-load concentration in the rising branch
is larger than the one in the falling branch; on the contrary, for an equal depth-averaged velocity the
suspended-load concentration in the rising branch is smaller than the one in the falling branch, as can be
observed from Fig.3.
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Table 2 Mean Structure in

Unsteadiness Parameter;
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7.2 Two-dimensional treatment

Assuming a constant sediment-diffusion
coefficient, Tu et al. (1993) presented an analytical
study on the suspended-load variations with time
and height in unsteady open-channel flows. A
notable feature in their work was the introduction
of the concept of sediment-wave celerity.

As is mentioned above, the hydrographs
investigated are kinematic waves. The suspended-
load concentration measured at a certain station
during a flood event can be expressed in the form
of a histogram, as can be the flow discharge.
From the histograms obscrved in natural rivers, it
might be reasoned that the suspended load also
participate (as docs the flow discharge), with a
certain speed - here designated as sediment wave
celerity - in the kinematic wave motion.

The initial and boundary conditions are (Fig.4):

at t=0,c=f(y)forO<y <D

ac
Egy—,y-*oz"wca (10)
E‘B_C‘ = -

dy |y=D= %% =D

where: ¢ is the suspended-load concentration at a point
in space; W, the particle settling velocity; ca, a reference
concentration; f(y), an arbitrary function of y; and ¢, the
sediment-diffusion coefficient.

CUS

forequal D

for equal U

Fig.3 Sediment Concentration during a Hydrograph

concentration profile;
c=f(y)at t=0

Fig.4 A Sketch of the Boundary Conditions
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Unsteady Open-Channel Flow
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Using the sediment-wave celerity concept and the boundary conditions (Eq.10), an analytical solution
for the concentration at a point in space was derived from the diffusion equation, as (Tu et al. 1993):

=]

c=cae (WE)Y 4 ¢ 0S(WE)y E - (@E+02SWIE)r 5 (cos tpy + %—sin any ) (11)
n=1 n
D
with o =g f {[£6) -ca e (VB 1 DOV (cos auny + - sin cuny )} dy
(oi + ly7)D + X, n
4E? E
7
W=w/(l -%), E:s/(l%); 2ctgaD = (aD)/( D) (X}g)/(am)

Equation 11 is the solution for the suspended-load concentration in unstcady, two-dimensional open-
channel flows. It gives the vertical profilc of suspended-load concentration at any time instant. For cxample, if
f(y) = co, then Eq.11 would predict the concentration after a sediment-water mixture with a known concentra-
tion is released into the flow. Further, if ¢o = 0, that would be a case of scouring, when in the beginning only
water (clear of sediment) is supplicd at the station under study. Another example would be for the rate of
deposit under equilibrium condition to be zero (¢ = 0), simulating thus the case where appears settling out
from equilibrium concentration to zero concentration at all water depths.

8 Conclusion

An investigation on the mean structure of unsteady open-channel flows is presented in this paper.
Velocity profiles in hydrographs simulated in a flume were carefully measured. From the experimental results
the friction velocity was determined using the full St. Venant equation. The findings on the friction coefficient
could be used to understand a set of field data reported in the literature. The shear stress on horizontal planes
and its vertical profiles are determined from the time records of the point velocities and that of the water depth,
using the equation of motion. At a certain station, it is shown that the maximum mean velocity arrives ahead of
the maximum sediment concentration and the maximum water depth, as was observed in a natural flood event.
The variations of the suspended-load concentration with time and water height is investigated analytically.
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