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SYNOPSIS

The bed profile of sediment deposition in a reservoir in mountain rivers with steep slopes, like in
Nepal, is characterized by the water level profile with a hydraulic jump. The process of sediment
deposition was studied in a steep laboratory flume with a dam of a small height, which causes the
hydraulic jump in the reservoir. Starting at the critical section of the hydraulic jump, the deposition
of sediment progressed towards the dam as the flow velocity decreased and the hydraulic jump
shifted upwards. The bed configurations were found to be two-dimensional and three-dimensional in
experiments with coarse and fine sediment, respectively. The average bed profiles and water depths
were numerically well simulated by applying one-dimensional continuity equations of flow and
sediment transport and considering the step length and pickup rate of the sediment particles.

INTRODUCTION

The characteristics of the bed profile of reservoir sedimentation in mountain rivers with steep
slopes, like in Nepal, depend on the water level profile with the hydraulic jump. “The sediment
deposition pattern in the reservoir, as a delta form, can reflect the transport process in the reservoir
and its delivery and distribution process” (4). The process of sediment deposition was studied
experimentally by using the coarse and fine sediment in a small and steep laboratory flume with a
model dam, which causes the hydraulic jump in the reservoir. As the flow velocity decreases towards
the downstream side of the hydraulic jump section, the sediment deposition starts in a steep channel
in the subcritical region moving towards both the dam and the upstream. Two-dimensional and three-
dimensional temporal variations in bed levels were found in experiments with coarse and fine
sediment, respectively. Lastly, the average bed profiles were numerically simulated with the
continuity equations of one-dimensional flow and sediment, and at the same time taking into
consideration the shift of the location of the hydraulic jump.

EXPERIMENTAL STUDY FOR THE SEDIMENT DEPOSITION PROCESS
‘Summary of the Experiment

The process of sediment deposition in a steep slope reservoir was studied experimentally in the
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Fig. 1 Flume Channel and Experimental Equipment

Table 1 Experimental Conditions

Runs | Sediment | Discharge | Dam height | Channel | Normal | Froude Sediment
Size qlem¥s) | W(em) slope depth number suppl

(mm) ho{cm) Fro gein{Ccm/s)
A 2.5 200 10 0.02 2.7 1.44 0.111
B 25 266 10 0.02 2.8 1.81 0.089
C 2.5 333 10 0.02 3.2 1.86 0.105
D 2.5 200 7 0.02 25 1.62 0.113
E 25 - 266 7 0.02 2.7 1.91 0.111
F 25 333 7 0.02 3.0 2.05 0.111
G 0.13 200 10 0.02 2.2 1.96 0.036
H 0.13 266 10 0.02 30 1.63 0.031
1 0.13 333 10 0.02 37 1.49 0.033
J 0.13 333 7 002 | 37 1.49 0.038

laboratory flume as shown in Fig. 1, for both fine and coarse sediment under various conditions of
flow discharge, dam height, and sediment supply. The experimental flume with a rectangular section
was 10m long, 0.15m wide, and 0.30m deep, which could be adjusted for different slopes. A model
dam was built at the downstream end of the flume. An electronic profile indicator with a depth-
recording gauge was connected to a data recorder, which moved throughout the flume.
Measurements of the bed profiles and water levels along the channel were arranged precisely.

Various experimental conditions were adopted. The size of sediment, dam height, water discharge,
and the amount of sediment supply are shown in Table. 1. Two different sizes (d) of sediments were
used: fine sediment of 0.13mm size and coarse sediment of 2.5mm size. Two types of dam height
(W) of 7cm and 10 cm were made. Three different water discharges per unit width (q) of 200, 266,
and 333cm’/s/cm were used. Supplies of sediment (gpi,) Were constant: about 0.lcm 3/s/em in the
experiment with coarse sediment and 0.03 cm */s/cm in the experiment with fine sediment. The slope
of the channel was exactly 1/50. Manning’s roughness coefficients were computed to be 0.013 for the
supercritical flow region of upstream side, where there was no sediment deposition, and 0.03 for the
subcritical flow region, where the sediment deposition occurred.

The water levels and deposition profiles of sediments were measured for each experimental Run at
an interval of 30 minutes and at every 10 cm along the channel starting from the dam. The
rectangular channel was fixed properly in the required slope. The discharge of water and the amount
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of sediment were supplied at a constant rate from the upstream end of the flume, which were
controlled by means of a computer and a hopper, respectively. The water level along the channel was
measured manually with a mesh scale drawn on the transparent sidewall of the flume. The temporal
variations of the bed levels were recorded precisely with an electronic profile indicator in terms of
voltage, which later was calibrated in a proper umit.

The profiles of the longitudinal deposition pattern were measured in three locations, that is, along
the left sidewall, the right sidewall, and at the center of the channel. However, the deposition profiles
in a lateral direction were observed to be almost uniform for coarser sediments in contrast to the
three-dimensional profiles for finer sediments.

The Phenomenon of Sediment Deposition with the Hydraulic Jump

To observe the phenomenon of sedimentation in a reservoir in a steep slope, a hydraulic jump,
which characterizes the profiles of deposition, was formed in the flume. A constant rate of sediment
was fed from the upstream end. Moreover, there was no deposition in the supercritical region
upstream of the hydraulic jump. Because of the greater water depth in the subcritical region
downstream of the jump, flow velocity was
reduced and the deposition of sediment
started.

The process of sedimentation is @) —% 0
schematically illustrated as in Fig. 2.

Initially, a fully developed hydraulic jump ""‘7’_” me
occurred. As the sediment deposition
started, it advanced rapidly to the
downstream side of the section of the
hydraulic jump, but at slower rate to the
upstream side. The flow over the jump then
formed surface waves. This wavy jump
became a full hydraulic jump again with
some more deposition of sediment. The
location of the hydraulic jump also shifted
upwards from the initial position with an
occurrence of the sediment deposition in the
subcritical section, which was also reported ,
by Matsushita (3). The phenomenon of a Fig. 2 Schematic figure of upward movement
stable and unstable hydraulic jump of of the hydraulic jump

surface waves was occurred repeatedly in

the steep channel reservoir during the sediment deposition. This phenomenon can be summarized as
follows:

After feeding the sediment with water discharge from the upstream end, the sediment started to
deposit. At this stage, the hydraulic jump (2) becomes a wavy jump (b). This wavy jump again
becomes a full hydraulic jump (¢) with the progress of deposition moving in an upward direction.
However, the position of this hydraulic jump shifts to the upstream side of initial one (a). Regarding
the continuous sediment deposition, the full jump (c) again starts to be a wavy jump (d), which later
becomes as a full jump (e) with the upward movement from the previous position.

water level section of initial jump

Configuration of the Sediment Deposition and Bed Profiles

The bed forms of the sediment deposition in the experiment with larger sediment were found to be
two-dimensional, i.e., the depth of deposition varied only along a longitudinal direction and was
uniform in a transverse direction. On the other hand, bed forms of the sediment deposition were
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Fig. 3 Typical observed profiles of two-dimensional and three-
dimensional bed variations of sediment deposition

found to be three-dimensional with the sand waves in the case of fine sediment, where the deposition
configuration was also found to vary along a transverse direction at all sections of the channel.

Typical observations of the two-dimensional bed profiles in coarse sediment and three-
dimensional bed profiles in fine sediment and their averages are shown in Fig. 3. In this figure, Zs,
Z¢, and Za represent the bed levels along both sidewalls and at the center of the channel, and their
average, respectively in coarse sediment. ZI, Zr, Zc, and Za represent the longitudinal bed profiles on
the left side, right side, center of the channel, and their average in fine sediment, respectively. The
water surface profile for each respective time is represented by H. Fig. 4 shows the temporal
variations of water surface (H) and bed profiles (Z) averaged over three longitudinal lines for both
larger and smaller size of the sediment, where sub suffixes represent the times in hour. The
deposition of sediment starts from just downstream of the hydraulic jump section, and progresses
both towards the dam rapidly and upwards slowly. With the development of deposition, the location
of the hydraulic jump shifts to the upstream side from its previous position. It was observed that the
upward speed of advancement of deposition in the case of larger size of sediment is comparatively
faster than in the case of a smaller size of sediment.

The bed profiles observed showed that sediment depositions were in the form of a delta deposition
in the case of coarse sediment and a tapering deposition in the case of fine sediment, as shown in Fig.
4. The position of the hydraulic jump was found to have shifted upwards rapidly in the experiment
with coarse sediment where the sediment pattern is two-dimensional in the form of delta. But the
position of the hydraulic jump shifted upwards from its initial position very slowly in the case of fine
sediment, where the tapering form of sediment deposition occurs.

NUMERICAL SIMULATION
The sediment déposition in the reservoir with a steep channel is calculated by means of a hydraulic
jump. One-dimensional continuity equation for water and the energy equation are used to calculate
the water levels. Similarly, the equation of sediment transport and the continuity equations for
sediment are used to calculate the bed levels.

Basic Equations for One-dimensional Analysis

For the sake of simplicity, flow is considered one-dimensional, that is, the depth varies along the
longitudinal direction (x-axis) only. In this regard, a one-dimensional flow equation is applied to
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Fig. 4 Typical observed temporal variations of the bed profiles and water surface

calculate the water depth, and the bed variation corresponding to the flow is analyzed by one-
dimensional continuity equations.

The one-dimensional energy equation and continuity equation for the steady flow, respectively are
expressed as follows:
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sediment
deposition

Fig. 5 Notations and definitions

2 g
where v is the average flow velocity of the cross section, z; is the bed level above the reference level,
q is the water discharge per unit width, % is the water depth, 0 is the angle of the bed slope, a is the
coefficient of energy, g is the acceleration due to gravity, and I=n**IR*® is the energy gradient,
where 7 is the Manning’s roughness coefficient, and R is the hydraulic radius of the section of the
channel.

The channel has a steep slope and the upstream flow is supercritical. The backwater effect
originating from the dam will extend to the section of the hydraulic jump. The flow upstream from
the jump is governed entirely by the upstream condition. As shown in Fig. 5, the hydraulic jump
occurs at the section of the channel where the following Eq.(2) of comservation of momentum
equation is satisfied between two sections:

hy J1+8G2 -1

et @

2
—g—[zs-rhcose+%v—J=—Ie; g=vh 0

where G = F3/ {cosG«K L ;sin®/(h, - h,)} and F,; =v,/gh, , h is the flow depth before the
jump, h, is the flow depth after the

=0
jump, v is the flow velocity in < B 7=0.5
upstream before the formation of jump, 5 0 R i | /\/
L; is the length of the jump (=6( A-/) ,

by Smetana), K; is the modified =n=1.0
coefficient (~ 1.0), and 6 is the angle of £ h=h,
slope. ; J

When the sediment deposition >

occurs just downstream from the
hydraulic jump and a step with the o
height & is formed as shown in Fig. 6.

The following momentum equation is
obtained by Hasegawa (2):

FH (=U1I gh1 )

Fig. 6 Conjugate Depths at Hydraulic Jump in Step
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¥ +omy? =QF+1-92p+2F2 =0 o 3)

where  y=hy, #=0/M, and
F.=u/\ghy . For n>0 (step)
and F,>1, the relationship
between y and F,; expressed by
Eq.3 are shown in Fig. 6.

By determining and applying
the boundary conditions, the — -
subcritical flow depth can be 009~ Ad[p,(x- e} Tain = [Punfle )" (sconstant sediment
calculated from downstream to P P ) PPV RO
upstream, if the flow depth at the i i ‘
downstream end is known. The
supercritical flow depth can be a '

(constant in x<0)

calculated from upstream, if the dix dt =0

flow depth at the upstream end is x M % ! &

known. Flow depths from ) ‘

downstream and upstream are Fig. 7 Schematic Figure Showing Sediment Discharge
connected through the hydraulic with a Pick-up Rate p; and Probability Density
jump. Function f(&) of the Step Length

In the case where the stream
wise  pressure  gradient  is
(6n/ax = 0), the local shear velocity u. should be given by modifying the normal shear velocity u+ as
follows: '

Y —6.0+5.75 Iog(-]z—]; te =0 Q)
s kq 1+B(oR/ ox)

where B is the coefficient to be determined experimentally, v is the average flow velocity over the
section (=¢/h), h is the flow depth, g is the flow discharge of water per unit width at the section, and
ks (=kd, k: constant) is the equivalent roughness.

The Equation of continuity of sediment can be written as follows:

oz, - 1 0lgzB)
._._.+_____
a (1-2)B o

=0 : ' %)

where ¢ is time, ) is the porosity of the sediment, B is the width of the river bed, g3 is the sediment
discharge per unit width of the river bed.

Suzuki (1981) applied the probabilistic theory of sand movement starting from Einstein (1950) to
deal with the local scour phenomenon around a bridge pier in the state of non-equilibrium sediment
transport (5), and the term dg,/Ox given by Eq.10 was derived as follows:

The phenomenon of sliding, jumping and the rolling of sediment particles in a step length, also
known as saltation, can be treated by using the probabilistic method. The probability density function
of step length, is given by Yano etal. (1968):

f&)=@/L)exp(-E/L);  L=hd ©)

where L is the mean step length of the sediment particles, A, is the coefficient (=100 is adopted) as
suggested by Einstein (1), and d is the average size of the sediment particles.
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Considering the small control section Ax, as shown in Fig. 7, the deposition ratio in Ax of the
sediment from the upstream side of the hydraulic jump is given by:

Ad [pye—€)- 1) di Ax O

where 4 is the constant (= k;d° /k2d3 ~2/3).

The deposition rate in Ax of the sediment picked up from the downstream side of the hydraulic
jump is calculated as follows: ‘

Ad[p(x~8) S(E)-d& e | ®

The sediment picked up from the control section (Ax ) can be calculated as given by:

In Egs. (7), (8), and (9), ps» is the pick-up rate of sediment at the upstream side, p(x-£) is the pick-
up rate at a section (x-£), and py(x) is the pick-up rate of sediment transport from the section Ax.

By applying the conservation of sediment discharge, the deposition of sediment in the control
section can be written by deducting Eqs.(7) and (8) from Eq.(9) as below:

a X @
% — sl o)) 6 - 165 (10)
0 0
By definition, these pick-up rates can be rewritten as follows:
gp0(x) . apo(x-€). 9 in
—g)=2B0 2y py =R 11
- p()= oo PamB)= TR py, = an

where gpo is the discharge of equilibrium sediment transport and gg;, is the rate of sediment fed from
the upstream of the hydraulic jump.
Comparing the Eqs.(5), (10), and (11), sediment deposition in a small distance Ax of the control
section is given by:
oz 1 =2
&) om0 - s 6} <0 12
If the sediment is assumed to be transported as bed Ioad Meyer-Peter and Miiller’s equation for
the sediment transport may be applied as follows:

50— k(e -t )" (13)
sgd®

where s (=o/p-1) is the submerged relative density of the sediment,o is the density of sediment, p is
the density of water, d is the sediment size, ’t*(z u/ sgd) is the dimensionless shear stress, us is the
shear velocity, 1..(=~0.047) is the dimensionless critical shear stress, K (=8), and m (=3/2) are the
constant coefficients.
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Simulated Profiles of Bed Variation and Water Surface with Observed Ones

The observed bed profiles averaged over three longitudinal lines and water levels were compared
with simulated ones for each experiment. Typical comparisons of temporal variations of water
surface and bed level are shown in Fig. 8(a) and 8(b), where H and Z represent the water level and
bed level, respectively. The average of observed bed profiles and water surface profiles coincided
approximately with the simulated ones.

The progression of deposition of simulated and observed bed profiles were compared. Initially,
the deposition of sediment was observed just below the section of the hydraulic jump. Typical cases
of progressive sediment deposition upwards and downwards, and the upward advancement of the
hydraulic jump are as shown in Fig. 9. The edges of the progression of the sediment deposition in
downstream and upstream are represented by Ds and Us, respectively and the position of the
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hydraulic jump is represented by Hj. The letters (0) and (c) stand for the observed and calculated
values, respectively. It was observed that the deposition moved downstream rapidly and upstream
slowly in all Runs. The upward movement of sediment deposition in the experiment with fine
sediment was found to be much slower than in the experiment with coarse sediment. The observed
downstream edges (Ds) and upstream edges (Us) of sediment deposition were compared with the
simulated edges of deposition, and they were found to have coincided. Similarly, the upward
advancements of the hydraulic jump during deposition, which was also reported by Hasegawa (2),
were observed in all runs, and were compared with the simulated positions of the hydraulic jumps.
The simulated and observed positions of the hydraulic jump was found to have shifted upwards
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during the progression of sediment deposition.
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Fig. 9 Observed and calculated positions of the hydraulic
jump and the downstream and the upstream edges of the
sediment deposition

CONCLUSIONS

Findings of this research show that the bed profile of deposition for fine sediment is three-
dimensional with sand waves. The longitudinal bed profile along the two sidewalls and the center of
the channel is irregular. However, the bed profiles of coarse sediment are two-dimensional. The
profiles of sediment deposition in both cases for fine sediment (average profiles of three longitudinal
lines) and larger sediment can be simulated easily by a one-dimensional analysis by means of a
hydraulic jump. ;

The deposition of sediment starts from just below the downstream section of the hydraulic jump.
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Also, it progressively moves towards the dam and gradually upwards in a tapering form in the case of
fine sediment. However, it moves rapidly upwards, and moves slowly towards the dam as a delta
form in the case of coarse sediment.

Due to these patterns of sediment deposition, the upward movement of the location of the
hydraulic jump from its previous position is rapid in the case of coarse sediment and very slow in the
case of fine sediment. :

Due to the fact that the mountain riverbed is a consistent of mixture of sand and gravel, the
deposition pattern of sediment for each grain size should be taken into consideration in further
research.
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APPENDIX - NOTATION

The following symbols are used in this paper:

A4 = constant (= k;d> / k,d® = 2/3) as defmedeq? 8 and 9;
B = width of the river bed;

d = size of sediment;

Fu = Froud number at the normal flow (= u, /4/gh, );

G = F1/{cos8-K;L;sin0/(ho-h)}*%;

g = acceleration due to gravity;

H = water level in all Figures;

h = flow depth;
1 = energy gradient;

K = constant coefficient in Eq. 13;

ks = equivalent roughness coefficient (~kd, k: constant) in Eq. 4;
K; = modified coefficient (~1.0) around the hydraulic jump;

L = mean step length of the sediment particles;

L; = length of the hydraulic jump (=6 (#,-/;) by Smetana);

m = constant coefficient in Eq. 13;

n = Manning’s roughness coefficient;

psm, ps(x-E), ps(x) = pick-up rates of sediment as defined by the Eq. 11;

q = water discharge per unit width;

g = discharge of equilibrium sediment transport;

gBin = rate of sediment fed from the upstream of the hydraulic jump;
R = hydraulic radius of the section of the channel;

t = time as defined by Eq. 5;
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= Normal flow velocity;
= local shear velocity and modified normal shear velocity, respectively;

= average flow velocity of the cross section;

= dam height;

= longitudinal direction in Eq. 1;

= ratio of two conjugate depths at the section of hydraulic jump as defined in
Fig. 6;

= average of ZI, Zc¢, and Zr or of Zs and Zc in Figs. 3 and 4;
= bed levels in the left sidewall, at the center, and in the right sidewall, and bed
level in both sidewalls, respectively in Figs. 3 and 4;

= bed level above the reference level in Eq. 1;

= coefficient of energy;

= coefficient to be determined, expenmentally,

= change in depth of the sediment deposition in Fig. 5;

= 8/hy;

= angle of slope of the channel;

porosity of the sediment;

= coefficient (100 ) as suggested as defined Eq. 6;

= density of water;

= density of sediment;

= dimensionless shear stress (u+*/sgd);

= dimensionless critical shear stress (=0.047); and

= axis of probability density function f(£) as defined in Fig. 7
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