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ABSTRACT 

Reservoir sedimentation and sediment sluicing are simulated in laboratory and 
numerical experiments. 

The laboratory experiments are conducted in a 12.2 meter long, 0.38 meter high, 
15 centimeter wide flume. The flume was later modified by adding a 2 meter expanding 
section at the downstream end. A sluice gate extending completely across the flume 
width was installed about 9 meters downstream from the entrance for the first set of 
experiments. Later this sluice gate was replaced with a simulated dam 1.5 meters into the 
expanding section. The dam was fittedwith three sluice gates, each 0.15 meters wide. 
All gates were manually operated; each gate could be set separately. 

All experiments were performed with lightweight sediment consisting of crushed 
walnut shells with a mean diameter of 0.67 millimeters, gradation coefficient of 1.3, 
porosity of 0.53, and specific gravity of 1.35. 

Steady water discharges ranged from 1.5 to 4.25 liters per second and sediment 
feed rates (input at the upstream end of the flume) ranged from 50 to 570 grams per 
minute. 

Upon lowering the sluice gate(s) more than about fifty per cent of the flow depth, 
all incoming sediment deposited near the flume entrance in response to the rise in water 
surface. Deposition continued until the flow depth at the entrance decreased sufficiently 
to produce adequate velocity for sediment transport. This process formed a delta, 
characterized by a steep foreset front with a slope near the submerged angle of repose. 
Sediment was transported over the delta lip and deposited on the foreset slope, thus 
moving the delta forward in the flume. Near uniform depth and slope were maintained 
upstream of the delta lip. The delta stopped moving forward near the sluice gate, and all 
incoming sediment passed over the delta lip and under the sluice gate(s). At this time the 
flow field in the flume appeared exactly as before lowering the sluice gate(s), except tllat 
the the bed had risen as much as the water surface and a delta was in place in front of the 
sluice gate(s). 

Upon raising the sluice gate(s) after a delta had reached equilibrium, the water 
surface dropped at the dam and sediment transport was increased significantly. The drop 
in water surface and increase in sediment transport proceeded upstream, causing upstream 
progressing degradation of the bed. This process continued until a new equilibrium 
condition was established, consisting of uniform flow with a water surface parallel to the 
previous condition but lower by an amount equal to the drop in water surface at the danl. 

. A one dimensional numerical model was developed for aggradation and sediment 
sluicing in reservoirs. The quasi-steady, one-dimenSIOnal St. Venant equations were 
used to represent the flow field; the sediment continuity equation supplemented by a form 
of the sediment transport equation due to Parker (1976) described sediment movement. 
All computations were corrected for flume sidewall and bedform influences. The 
equations were solved in a decoupled fashion by first computing a backwater proflle and 



then adjusting the bed elevations accordingly. Subcritical flow is maintained at all times in 
the model. 

In the numerical model, the delta was simulated by a vertical shock face, fittedto 
the bed at a location where the steepening bed slope exceeded the original slope by at least 
five times. The shock face was moved forward each time step an amount equal to the 
volume of sediment passing the face divided by the cross-sectional area of the face. 
Computed water surface and bed profiles compare very well with the experimental data. 
The computed shock face moved forward 27 per cent faster than observed, due to a 22 
per cent higher-than-observed computed sediment transport rate for the flume. 

Sediment sluicing for the flume was simulated by lowering the water surface at 
the downstream boundary of the model in discrete steps so as not to cause supercritical 
flow. Agreement with observed experimental results was good. 

The model was applied to the Granite Palls Dam on the Minnesota River as an 
example of field case application. The dam was first closed in 1871 and was completely 
full,of sediment from 20 to 58 years later. Model results with three different lengths of 
backwater zones predicted complete sedimentation in 35 to 48 years from closure. 
Sluicing was modeled by initially drawing down the water surface at the dam to within 
one per cent of critical depth. Subsequent water surface elevations were lowered as much 
as the bed at the dam was eroded, thus preserving the near-critical flow condition at the 
dam. Results showed that the bed near the dam was eroded to pre-closure conditions in 
less than three months, and that the upstream progressing degradation was nearly 
complete after about ten years of simulation. . 

The equations of motion for gradually-varied flow were examined for steady-state 
equilibrium conditions, and algebraic equations were developed describing the response 
of the streambed to changes in channel width. The equations, applicable to a rectangular 
channel, include inertial and pressure effects, but do not account for sidewall or bedform 
influences. 

Equations were also developed for the case of a rectangular channel with a 
sinusoidal pertubation in width. The first order solution of the pertubation expansion 
shows the bed response lags the width pertubation as a function of sediment transport and 
Proude number. As an example of the effects such a channel produces, the equations 
were applied to the Minnesota River for a low discharge, the mean annual discharge, and 
bankfull discharge. Perturbation amplitude was equal to ten percent of the uniform 
channel width. Results show that the location of maximum bed scour migrates 
downstream for increasing discharge. Specifically, the location of maximum scour for 
bankfull discharge is at the nan-owest section of the channel. This result explains the field 
observation that scour problems appear to be worst at nan-ow channel sections where 
most bridges, crossings, and stream gage stations are located. 
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1. INTRODUCTION 

The purposes of the Introduction are to discuss the extent and effects of reservoir 
sedimentation, to state the objectives of the research, and to describe the remainder of the 
thesis. 

1.1 Extent of Reservoir Sedimentation 

All streams and rivers carry sediment - particles of clay , silt, sand, or gravel. 
When streams or rivers enter a reservoir, the cross-sectional flow area increases, water 
velocity decreases and sediments begin to deposit. The largest sediment particles settle 
farthest upstream, followed by progressively smaller and smaller particles downstream. 
The deposition process forms a delta in the headwater area of the reservoir that extends 
further into the reservoir as deposition continues (see Figure 1.1). Over time, the delta 
can essentially fill the reservoir with deposited sediments and eliminate the benefits for 
which the dam was built. 

p ---

Figure 1.1 Profile of typical reservoir delta 
(from Vanoni, 1975, p. 349. With permission 

ASCE) 
Vanoni (1975) estimates the original capacity of large reservoirs in the United 

States was 0.4 billion acre-feet (494 km3) and that about 1 million acre-feet (1.23 km3) is 
occupied by deposited sediment each year. The annual cost of replacing this lost storage 
capacity has been estimated at 150 million dollars (Mahmood, 1987). Areas in the 
midwest and southeast experience higher rates of deposition. Thirty-five percent of dams 
built in these areas of the United States before 1935 had lost between 114 and 112 of their 
original storage capactiy by 1970. Fourteen percent of the dams lost between 112 and 3/4 
their original capacity, while 10 percent had been converted to run-of-river projects -
essentially full of deposited sediment (Vanoni, 1975). 

Mahmood (1987), describing average worldwide deposition, estimates about 41 
million acre-feet (50 km3), or roughly 1 percent of worldwide gross storage capacity, is 
lost each year. Annual storage replacement costs would be more than 6 billion dollars. 
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1.2 Effects of Reservoir Sedimentation 

In addition to the economic cost of replacing storage capacity, reservoir 
sedimentation also has negative impacts on other project benefits. Evrard (1983) and 
Garde and Ranga Raju (1985) discuss the followUlg examples: 

1. reduction in upstream navigational bridge clearance, 
2. increase m upstream flood levels, 
3. increase in upstream water table elevations, thus encouraging marsh 

growth and loss of land, 
4. increase in water losses due to evaporation and transpiration, 
5. blockage or clogging of upstream water intakes, 
6. rise in base levels on tributary streams and a subsequent increase in 

aquatic growth, 
7. reduction of water supply for irrigation, industry, and recreation, and 
8. reduction of flood control benefits 

1.3 Purpose and Organization of Thesis 

The purpose of the investigation described herein is to perform basic research on 
sediment sluicing as a method to restore or maintain reservoir storage capacity. The 
objectives are a) to understand the nature of reservoir aggradation and degradation in 
simple cases usmg laboratory models, and b) to develop a one-dimensional mathematical 
model to describe the physical processes involved. 

The remainder of the thesis is organized as follows: first a literature review 
describes the process of reservoir sedimentation in detail, including methods of 
preserving reservoir capacity and sediment sluicing effectiveness. The review also 
discusses experimental and mathematical modeling approaches used in past reservoir 
sedimentation investigations. The experiments are then described, including the setup, 
procedure, and results. Development and testing of the numerical model are then 
presented including an illustration of a field-scale case. This is followed by the 
development of equations for the bed slope and elevation of rectangular channels of 
varying width. 
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2. LITERATURE REVIEW 0]1' RESERVOIR SEDIMENTATION 

The purpose of this chapter is to describe the process of reservoir sedimentation 
and how it has been modeled experimentally and numerically. 

2.1 Description 

Forces responsible for moving sediment include gravity, turbulence, and flow 
forces such as drag and lift. As water and sediment enter the backwater reach of a 
reservoir, the velocity decreases, the turbulent fluctuations are damped, and particles 
begin to settle out. 

2.1.1 Deposition Pattern 

The sediment depositional pattern depends on the size and size distribution of the 
sediment, the shape of the reservoir, the reservoir operation plan, and previous 
deposition. The coarsest particles settle in the upstream reach initially affected by 
backwater. Subsequent coarse particle (i.e. bedload) deposition extends in both the 
upstream and downstream directions as the initial backwater zone responds to the increase 
in bed elevation level. The coarse deposits form a delta. The delta width usually 
increases in the downstream direction except in narrow, gorge-like reservoirs. Based on 
observations made of wider reservoirs, the flow concentrates in a width slightly larger 
than the incoming channel, periodically shifting laterally by avulsion to spread across the 
reservoir width (Bondurant, 1955, and Mahmood, 1987). 

The delta top set slope in storage reservoirs of varying width, representative of 
the delta in its growth stage, is most commonly observed to be between one-half and two
thirds the original river bed slope (Borland, 1971). 

Aside from storage reservoirs, several researchers have investigated the 
equilibrium channel slope attained upstream of debris reservoirs and gully control 
structures (Johnson and Minaker, 1944, Woolhiser and Lenz, 1965, Sugio, 1966, and 
Sugio, Hashino,and Sasaki, 1973). These are generally small structures designed to trap 
sediment or stabilize stream channels. Observations of hundreds of these structures 
generally show flatter channel slopes than in the original channels. Johnson and Minaker 
believe the upstream channel slope should eventually equal the original slope, and argue 
that the observed channels had not yet reached equilibrium. Woolhiser and Lenz, 
however, show that the equilibrium channel slope may indeed be flatter if the final 
channel is wider than the original one. 

If S is the equilibrium slope of a channel in which the characteristic width, 
roughness, and discharge vary from a channel with slope So, they showed 

S 0 5 5Q 6 6 b 1 
-So = (-)7 (~)7(~)7 (nO)7 (-)7 

Go C30 Q n b o 
(2. 1 ) 

using the DuBoys sediment transport equation where G = bed material transport [lb/sec], 
C3 = coefficient, Q = stream discharge [ft3/sec], n = Manning's coefficient, and b = 
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stream width [ft]. Note that if b is greater than bo, S is less than So. Their field data 
showed ranges in the ratio of debris channel slope to original slope from 0.3 to 0.95. 

The downstream depositional face of the delta is called the foreset slope. Strand 
and Pemberton (1982) find the foreset slope in storage reservoirs of varying width is 
most often about 6.5 times that of the topset slope, with variations of up to 100 times the 
top set slope. No descriptions of the sediment material (i.e. fine, coarse, cohesive, etc.) 
were given in the study. 

The finer sediment particles, including the washload, continue in suspension 
longer and deposit more uniformly throughout the reservoir. These sediments form 
bottomset beds and are often composed of cohesive and small non-cohesive particles 
(Graf, 1977). The role of fine sediment in reservoir deposition ranges from negligible, as 
reported by Graf in describing alpine reservoirs, to important, as reported by Chen 
(1988) in describing a Chinese reservoir. Some of the fine particles pass over the 
reservoir spillway or through intermediate outlets without depositing in the reservoir. 
Certain hydraulic conditions produce density currents consisting of fine suspended 
particles which plunge with the flow and move toward the dam as an underflow. If not 
released through sluice gates, the fines deposit in front of the dam. Fine particle 
deposition and transport is not considered in this thesis. 

Mukhamedov (1981), describes rare observations of the sedimentation process in 
small, narrow, run-of-the-river projects in Russia. He explains that in projects with 
heads of 3 - 4 meters, deposition is from bedload, which forms a "bank" that advances 
slowly towards the dam. After the dam is filled with sediment, which usually takes 2 - 3 
years, Mukhamedov observes "the hydraulic regime of the river almost approaches that of 
the free flow." 

2.1.2 Experimental Investigations 

Temporal and spatial scales of reservoir deposition are usually so large, typically 
encompassing years of time and spans of severalldlometers, that field observation of the 
deposition process is difficult. Past laboratory experiments have provided insight into the 
basic mechanics of deposition. While mostly qualitative, they give a general picture of 
the sedimentation process, particularly for the coarser sediments. 

Garde and Ranga Raju (1985) perform the following thought experiment on 
reservoir deposition. They explain (for a vertical-walled reservoir) that 

"Because of backwater formation the velocity reduces as water 
flows towards the dam ... Hence the coarser material deposits farther away 
from the dam, while finer material is deposited closer to the dam. With 
continuous deposition of material on the bed the level rises up to C3 [top 
of dam]. Ultimately the new profile passes through C3 and is parallel to 
AC [the original bed]." 

Thus in the ultimate condition where sediment completely fills the reservoir, the 
upstream bed has been raised uniformly by an amount equal to the dam height, and the 
influence of the reservoir extends infinitely far upstream. 

Insight into the actual process is provided by other researchers. Chee and 
Sweetman (1971) and Chee (1983) performed a series of laboratory experiments 
simulating a dam in a gorge-like setting. The purpose of their studies was to test various 
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bedload transport formulae in a depositional environment. Upon causing a rise in the 
downstream water surface, Chee and Sweetman describe the sedimentation process: 

"At the commencement of the introduction of sediment flow, a 
mound of sediment initially formed at the inlet to the reservoir. The 
sediment bank filled the full width of the channel and gradually increased 
in size until stable hydraulic conditions were attained. Sediment is then 
transported on the surface of the bed as bedload and deposited on the steep 
leading face. The sediment bed advanced rapidly in this manner until the 
entire reservoir was filled. Further addition of sediment resulted in its 
transportation over the outlet weir. The disposition of the sediment was 
always very regular. " 

Bhamidipaty and Shen (1971) conducted general experiments on degradation and 
aggradation. For the aggradation studies, a straight, narrow flume with a sand bed in 
equilibrium was surcharged with an additional constant sediment load at its upstream end. 
They describe the results: 

"If the sediment supply is suddenly increased at a given section, 
A, the stream cannot carry the excess sediment because the sediment 
transport capacity of the stream is exceeded. First, the excess sediment is 
deposited at Section A, and the flow condition continues to change until a 
new equilibrium slope is reached at Section A over which the stream can 
transport the supplied sediment without either deposition or scour. The 
entire stream behaves as if it consists of two entirely different reaches, an 
upstream aggrading reach and a downstream reach (where the flow 
condition is more or less undisturbed by the excess sediment supply) with 
a short transition reach in between. The upstream aggrading reach extends 
gradually downstream." 

The foreset slope was observed to be between 31° and 34°, which is very nearly 
the submerged angle of repose for the sands used. 

Sugio (1972), in a discussion of Bhamidipaty and Shen, describes his 
experiments using a 20 mm high darn in a long, narrow flume with sand as the sediment. 
Holding the inflow of water and sediment constant, he states "a definite sediment front 
was formed .. .increasing its size and decreasing its advancing speed. The water 
surface ... rose almost as much as the aggraded height. " 

For small ratios of sediment to water discharge Sugio concludes that the 
aggrading profile can be considered to be almost in an equilibrium state even if the 
sediment front is advancing. 

Chitale, Galgali, and Appukuttam, (1975), in a scale model study of reservoir 
deposition on the Beas River, observed that the slope of the depositional delta was the 
same as the original river bed after 10 simulated flood seasons. 

In summary, for coarse sediments, i.e. those likely to be transported as bedload 
rather than suspended load, a depositional delta forms and is composed of two parts: the 
foreset slope, equal to or near the submerged angle of repose, and the top set slope, which 
approximates the original bed slope. The delta gradually moves downstream into the 
reservoir, maintaining its shape (in narrow channels). The delta eventually approaches 

5 



the dam, where further inflowing sediment passes over the dam ( in the simple model 
described above). 

2.1.3 }Vlethods of Preservinl: Reservoir Capacity 

Since the primary purpose of a reservoir is to provide for the storage of water, 
preserving and maintaining storage capacity is very important. Fan (1983) discusses four 
different approaches to maintaining storage capacity: watershed management, preventing 
sediments from entering the reservoir, mechanical means of removing sediment, and 
sediment sluicing. 

The goal of watershed management for reservoir sedimentation is to reduce soil 
erosion at its source. Techniques available for erosion control include 

1 . reforestation, 
2. grazing control, 
3. changing local industry, 
4. grass planting, 
5 . terracing with or without agriculture, 
6. constructing check dams and drop structures, 
7. crop rotation, and 
8. contour farming. 

Preventing sediments, once eroded, from entering the reservoir necessitates 
either natural or man-made sediment traps in the reservoir upper reaches, or bypassing the 
incoming sediment through diversion works. 

Once deposited, sediment may be removed mechanically or may be flushed 
through sluice gates. Mechanical methods of sediment removal include dredging and 
hydraulic siphoning. According to Annandale (1987), dredging is not often an 
economical solution to the sediment storage problem. He concludes that it is usually 
more economical to build a new reservoir to replace the lost storage than to dredge the 
sediment. Siphoning sediment over or through the dam is documented in Fan (1983), 
and is a relatively new approach to sediment removal. 

Sediment sluicing is defined as the evacuation of sediment from a reservoir by 
passing water and sediment through sluice gates located at or near the bottom of a dam. 
Sediment sluicing increases storage capacity by 1) completely scouring deposited 
sediment in the vicinity of the sluice gates and 2) lowering the general level of deposits 
upstream. The first of these processes decreases granular transport through the turbines 
and thus reduces damage to the turbine blades. However, since the scour is local, 
restored reservoir capacity is minimal. The second process, by lowering the general level 
of deposits upstream, can restore significant storage capacity. 

White and Bettes (1984) used potential flow theory to simulate flow under a 
sluice gate for static (zero inflow) conditions. They showed, using a critical erosive 
velocity approach, that the distance from the outlet at which the velocity falls below 
critical is relatively short. This means that complete scouring is limited to the local 
vicinity upstream of the sluice gate. They further showed that water levels must be 
lowered significantly upstream to move sediment to the sluice gate area. 

Sediment sluicing is usually performed via flow regulation during floods or by 
drawing the reservoir down using the sluice outlets. 
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Flow regulation during floods using sluice gates is practiced regularly in China. 
The Chinese philosophy of sediment management is to store clean water and to discharge 
muddy water for downstream diversion to agricultural lands (Xia and Ren, 1980). This 
philosophy is a necessary part of sediment management in a country where commonly 80 
to 90 percent of the annual sediment enters the reservoir in a 2 month flood season 
(Zhang, Xia, Chen, Li, and Xia, 1976). 

Drawdown flushing is performed by completely draining the reservoir through 
the sluice gates. High water velocities in the resulting shallow flows are effective in 
eroding a channel within the reservoir deposits. Drawdown flushing can be economically 
performed in irrigation reservoirs that have a dependable inflow volume each year. It is 
performed at the expense of hydroelectric benefits. 

2.1.4 Sluicinl: Effectiveness 

In 1975, Vanoni stated that the removal of material by sluicing is seldom, if ever, 
practical, resulting only in a deep, narrow channel through the deposited sediment which 
he deems restores only insignificant reservoir capacity. White, quoted in Annandale 
(1987), says sediment sluicing can be effective if performed by drawdown flushing, but 
that it is prudent for only very small reservoirs. The restriction to very small reservoirs 
concerns the reliability of the natural water supply. Since drawdown flushing largely 
depletes the stored water supply, he suggests the annual inflow should be 50 times larger 
than reservoir capacity to ensure a dependable supply of water to the reservoir. 

Many others, however, have demonstrated that sluicing can be effective in 
restoring and preserving significant reservoir storage. Recently, Paul and Dhillon (1988) 
reviewed the sediment sluicing experience of 6 countries and concluded "hydraulic 
flushing is an efficient technique for the removal of sediment deposits, not only from 
small reservoirs (with capacities of less than 100 million m3) but also from large-scale 
reservoirs (with capacities of up to 10,000 million m3)." They go on to suggest, based 
on existing literature, that the optimum height of the sluice gate is 1.5 to 2.5 meters, and 
that the required sluicing area can be obtained from Figure 2.1. They comment that the 
required sluice area should be obtained by increasing the sluice gate width rather than 
height. They also plot the variation in the volume of sediment flushed with the volume of 
water used for the flushing, reproduced here in Figure 2.2. 

Sediment sluicing is practiced routinely in China, where high sediment loads 
necessitate regular flushing operations. Several researchers have reported that sediment 
sluicing, especially practiced by drawdown flushing, can be very successful (Fan, 1983, 
Zhang, Long, and Jiao, 1980, Yan and Xu, 1980, Cao and Chen, 1980, Xia and Ren, 
1980). Xia and Han (1980) report that from 11 to 71 percent of the original storage 
capacity can be restored depending on the shape of the reservoir. Wide reservoirs with 
extensive floodplain deposits are not as amenable to sluicing as narrow, gorge-like 
reservoirs. 
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According to Bogardi (1974) sluicing will in general be more effective if: 

1. water depths are low and discharge is high, 
2. sluice gates are wide and located near the bottom of the dam, 
3 . the original streambed is steep and the reservoir has a short, straight 

bottom, and 
4. the reservoir is in an advanced stage of siltation and the deposits consist of 

fine grained, recently settled material. 

Mahmood(1987) summarizes sediment sluicing techniques and adds that sediment 
sluicing is not effective unless the reservoir is drawn down to an extent that flow 
conditions over the deposits approach those of the original river and remain low for up to 
several months. He cautions that clay layers just a few years old can constitute a 
sediment control section and effectively retard sediment flushing. 

During sluicing operations, there can be a danger of massive slides of sediment 
blocking the gated outlets. This was observed by Mikhalev (1971) during experimental 
studies of sluicing from mountain reservoirs. A siphon inlet was built in the Santo 
Domingo reservoir, Venezuela, to cope with the blockage problem (Mahmood, 1977). 

Finally, Mahmood introduces terms to evaluate reservoir sediment sluicing 
effectiveness. These are: 

1. scouring efficiency, Bs, defined by 

Bs = 100· ~ (2.2), 
2. capacity ratio, Be, defined by 

Be = 100 . ~: (2.3), 

and 
3. time factor, Bt, defined by 

Tr 
Bt = (1~Tf) (2.4), 

where Va = volume added by flushing, Qf = volume of water used in flushing, V 0 = 
original live reservoir capacity, Tr = fraction of a year that the river's sediment load will 
take to refill Va, and Tf = fraction of a year used in flushing. 

Note that ifEt is less than or equal to 1.0, it will be possible to increase available 
storage from year to year. If Bt is greater than 1, the annual capacity will decrease and 
flushing will not be effective in the long term. 

2.2 Numerical Models 

Methods for predicting sedimentation in reservoirs can be classified into 2 broad 
categories: empirical and mathematical (Mahmood, 1987). Empirical methods are based 
on an understanding of physical processes, but rely on inductive analyses of data for the 
development of predictive relationships. A well known empirical method for predicting 
trap efficiency, for example, was developed by Brune (1953). Discussion of this and 
other empirical relationships may be found in Annandale (1987) and Fan (1983). The 
remainder of this literature review focuses on mathematical models. 
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2.2.1 Governinf: Eguations 

For this investigation, the bedload sediment transport and deposition of con
cohesive, uniform material is to be modeled for a variable-width, vertical-walled reservoir 
with a longitudinal dimension that far exceeds the lateral dimension. A one-dimensional 
mathematical model should be adequate except in the immediate vicinity of a steep delta or 
near the sluice gates. 

The problem has five unknowns, each a function of distance and time: velocity, 
depth, sediment movement, friction slope, and bed elevation (see Figure 2.3). Channel 
width is known at all locations. The unknowns may be found using the three partial 
differential equations that govern water and sediment movement, and two constitutive 
relations. Under the conditions described above, the appropriate one-dimensional 
equations are the St. Venant equations for momentum and continuity: 

a(u h b) a ( u 2 hb8) b h a ~ a t + a x := - g a x - p C f u2 (2.5); 

a (h b) 
at 

a(uhb) __ 0 
+ ax 

the conservation of mass equation for sediment: 

a (a11tb) + I a (aq; b) := 0 
1 - A p 

a functional relationship for sediment transport such as 

and an equation relating friction slope to flow and sediment characteristics: 

Sf := f(u,h,qs"') 

(2.6); 

(2.7); 

(2.8); 

(2.9), 

where u := cross-sectionally averaged velocity [LT-l], b := channel width [L], t:= time [T], 
x := horizontal distance [L], 8 := momentum flux correction factor for non-uniform 
velocity distributions, g:= gravitational acceleration [LT-2], h:= cross-sectionally averaged 
depth [L], ~ = water surface elevation [L], p = wetted perimeter [L], Cf = friction factor, 

Sf = friction slope [1], 11 = bed elevation [L], AI' = porosity of bed sediment [1], qs = 
volumetric sediment transport rate pel' unit width [IJT-l], and 1b = bed shear stress [ML

IT-2]. In addition, recall that T b := pC fu2, where p := density of water [ML-3], and 

that Sf= C:;2, where r = hydraulic radius [L]. 
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Assumptions necessary for the derivation of the St. Venant equations are (Chow, 
Maidment, and Mays, 1988): 

1. The flow is one-dimensional; depth and velocity vary only in the longitudinal 
direction. This implies that for a particular sectlOn perpendicular to the 
longitudinal axis the velocity is constant and the water surface is horizontal. 

2. Flow varies only gradually along the channel so hydrostatic pressure prevails 
and vertical accelerations may be neglected. 

3. The longitudinal axis of the channel can be approximated by a straight line. 
4. The bottom slope of the channel is small and does not change significantly 

during a modeled time step. 
5. Resistance coefficients for steady, uniform flow (taken as turbulent heren) are 

applicable. 
6. The fluid is incompressible and of constant density. 

2.2.1.1 Quasi~steady approximation. 

It has been shown by deVries (1973) that for Froude numbers less than about 
0.7, a quasi-steady approximation of equations (2.5) and (2.6) according to which the 

temporal terms a(~~b) and a~:) may be neglected is valid. This approximation is based 

on the relatively slow propagation speed of bedforms compared to the overlying water 
wave celerity. It means that the water surface and velocity adjust "instantly" to changes in 
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channel bed elevations. An alternate approach will be taken here to demonstrate the 
validity of this assumption. 

Assume a constant roughness, unit width channel for simplicity (i.e. p = b = 1), 
and assume the momentum flux-correction factor is equal to 1.0 (normal values range 
from 1.03 to 1.06). Equations (2.5) through (2.7) are made dimensionless by 

..... d . th . hI h U.f.l h h x- h 11 d h ..9.s... h h d 
101d-O. uClOg . e vana es u = -. ,n = h-' x = h-' 11 = h:--- an qs = q ,were uo, 0, an uooo 0 so 
qso are values of velocity, depth, and bedload sediment transport, respectively, under 
uniform flow conditions. It is also necessary to introduce two time scales, one based on 

water flow parameters, t = Juo' and the other based on sediment transport parameters: 

t* = h 2~ • Equations (2.5) through (2.7) become: 
o qgo 

+ = 

ali a(~li) 0 at + a:k = 
and 

afj 1 qso a qhs 
0 -+ uoh o a~ = at 1- A p 

Now express the dimensionless time scale in terms of t* = h 2~ . 
·0 qgo 

Note that 

where 

(2.10), 

(2.11), 

(2.12). 

(2.'13), 

~ - qso (2.14) - uoh o 
and is the ratio of water to sediment discharge. Parker (1976) showed that ~ « 1 for 
natural rivers and laboratory flumes. Substituting into (2.10) through (2.12) yields 

~a(t1li} a(t1 2 li} _gholi (ali _ So) 2 + = - CfUo at* a~ u 2 a~ 
0 

(2.15), 
ali at1 o. (2.16), ~ a t* + 

a~ 
= 

and 
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an - + at 
1 ~ ~ 

ax" I-Ap 
o (2.17). 

Now for an order one (0(1» change in dimensionless vadables, the terms ~a~~) 

and ,g; are «1 and may be neglected. That is, for small changes in water velocity, 

depth and sediment transport capacity, the momentum and continuity equations can be 
cast in a quasi-steady dynamic form. Care must be taken, however, that in using the 

quasi-steady approximation, the assumption that : ~ 0 is not violated. Cunge, Holly, 

and Verwey (1983) and Chen (1979) warn that using very long time steps in a model 
where the bed is actively aggrading may result in a violation of the water continuity 
equation and may significantly affect the solution of the hydraulic variables. 

A quasi-steady approximation is well-suited to an explicit finite difference 
formulation and also allows the equations of water and sediment transport to be 
decoupled. Most models in use today are of this type. 

2.2.1.2 One~dimensionality. 

Equations (2.5) through (2.7) are cast in one-dimensional form, and do not 
account for variations in the lateral or vertical directions. This may be a limitation in areas 
such as expanding reservoirs where lateral velocity and sediment distributions are not 
necessarily uniform. Equation (2.7), for e)l.ample, has no provision for varying the 
lateral extent of deposition or erosion. Early numerical models for reservoirs (Annandale, 
1987) tried to overcome this limitation by using two dimensional jet theory to simulate the 
spreading velocity field in a diverging zone. Sediment is distributed laterally using lateral 
diffusion coefficients. Chen, Lopez, and Richardson, (1978) and Lopez (1978) used this 
approach and tested the equations with experiments of sediment transport in sudden 
expansions. Wang, Scarlatos, and McAnally (1983) used a similar approach to describe 
delta growth in the Atchafalaya-Mississippi river region. Other models simply distribute 
deposition in horizontal layers across a two-dimensionally defined cross section (Chang, 
1984), or adjust all cross section coordinates vertically (Cunge, 1988, Thomas, 1977). 
Lateral variations in conveyance or tractive force are sometimes used (Chang, 1984, Li, 
Mussetter, and Grindeland, 1988) to estimate distribution of scour. Sanoyan (1971) 
distributed lateral sediment using a normal probability distribution. 

All of these methods attempt to overcome limitations of one-dimensional 
modeling by modifying the lateral distribution of sediment. Cunge, Holly, and Verwey 
(1983), however, discourage using semi-empirical schemes to distribute sediment 
laterally using one-dimensional models. Since the precise distribution of deposition is 
unknown, they suggest using rectangular cross sections in one-dimensional models. 
This suggestion is adopted for this investigation. 

2.2.1.3 Sediment transport law. 

Equation (2.8) is a general representation of sediment transport capacity as a 
function of shear stress. Many specific equations describing sediment transport are 
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available, such as those using critical thresholds of velocity or tractive force, and those 
based on roughness as a function of sediment grain size andlor bedform amplitude (See 
Graf, 1971, for a discussion of several sediment transport functions). Equation (2.8) 
shows the basic relationship and will be used for illustrative purposes. Flume-specific 
transport relationships are derived in Chapter 3. 

Equation (2.8), like other sediment transport equations, are equilibrium 
relationships based on flume and field data collected under equilibrium flow conditions in 
shallow water bodies. Thus non-equilibrium sediment transport and transport in deep
water conditions, i.e., reservoirs, are not included. Mahmood (1987) points out there is 
no available bedload function tested on deep reservoirs, while Nordin (1988) leads the 
way in advocating use of non-equilibrium sediment transport laws for reservoir models. 
Bell and Sutherland (1983) describe "a nonequilibruim state exists under steady water 
flows when the sediment transport rate changes with time and position so that there is no 
balance between input and output of sediment." They further comment that 
nonequilibruim conditions can exist, for example, "when the upstream sediment transport 
supply is changed, e.g., introduction of man-made sediment barriers." Such a situation 
is described with different time scales. When aggradation (or degradation) is occuring, 
the fluvial system is clearly in disequilibrium. This does not mean, however, that 
equilibrium sediment transport relationships cannot be used. Let T a be the characteristic 
time scale for significant aggradation and Tr be a relaxation time, or time required for the 

sediment transport to adjust to actual conditions. If ~; » 1, an eqUilibrium sediment 

transport relationship can be used to describe disequilibrium profiles. 

Han (1980) used the concept of non-equilibrium sediment transport in the study 
of suspended load transport in Chinese reservoirs. Chen (1988) recognized the meaning 
of the concept applied to reservoirs when he explained "if upstream sediment transport 
rate is greater than the equilibruim sediment transport capacity, then a portion of this 
upstream load will be carried farther downstream." He approximates this process, as did 
Bell and Sutherland, with an exponential decay factor applied to the upstream transport 
capacity. Chen explains, "This differs from the equilibrium approach, which assumes 
that all excess bed material load is deposited in the next downstream reach." The 
exponential decay serves as a damping or lag factor to the equilibruim transport 
relationship. The non-equilibrium approach is still under development and requires the 
use of experimentally derived or calibrated delay coefficients. Since the lag length is very 
short in most cases (Bell and Sutherland, 1983), equilibruim sediment transport equations 
are used in this research, and model results are compared to experimental observations to 
test compatibility. 

Finally, equation (2.8) is a relationship for uniform sediments, which, with an 
appropriate generalization, may be applied separately to graded sediments by means of a 
hiding function .. Research herein is based on the assumption that the sediments are 
uniform and noncohesive, thus eliminating the complexities introduced by non-uniform 
or cohesive sediments. Hence armoring, hiding, sorting and consolidation are not 
considered herein. 

2.2.2 Solution Techniques 

Mathematical solutions to equations (2.5) through (2.7) may be classified as 
analytic or numerical. Numerical methods include finite element and finite difference 
schemes, and the method of characteristics. Finite difference methods and the method 
of characteristics may be either implicit or explicit. 
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2.2.2.1 Analytic solutions. 
The St. Venant equations constitute a pair of first order, partial differential 

equations of hyperbolic type. When coupled with sediment continuity, analytic solutions 
are available only for special cases. For example, Gill (1988) and Ribberink and van der 
Sande (1985) found linearized solutions for the problem of sediment overloading in a 
channel. In this case a sediment front forms at the influx point, but diffuses as it 
progresses downstream. Similarly, exact solutions using simplified forms of equations 
(2.5) through (2.7) have been found for degradation below dams (Jaramillo and Jain, 
1984). In this case, an initial negative step in the streambed extends downstream in a 
diffusive process. Reservoir sedimentation, however, produces an increasingly steep 
front in the downstream direction until a delta forms with a foreset slope at the submerged 
angle of repose. Analytic solutions to the linearized reservoir sedimentation problem have 
not yet been found. 

2.2.2.2 Finite element. 
The finite element formulation is appropriate for two- or three-dimensional 

modeling. It requires mesh generation and tracking techniques that use relatively large 
amounts of computer time. The method also re-formulates the governing equations into 
an extremal problem, such that the components of the equations are no longer easily 
associated with physical flow parameters. No finite element models of reservoir 
deposition were found. 

2.2.2.3. Finite difference. _ 
In the finite difference formulation, the governing differential equations are 

written in finite difference form and solved at a discrete number of grid points. The 
discretization may be explicit or implicit. The implicit method seeks the simultaneous 
solution of the difference equations for the entire computational domain for each time 
step, requiring large amounts of computer resources. The explicit method solves for each 
grid point successively without using simultaneous equations. Fully dynamic models 
must use the implicit solution technique. Decoupled models may employ either or both. 
The implicit method allows for larger time and distance steps than the expliCit approach, 
thus offsetting the larger amounts of time required for each time step solution. More 
details on the explicit method follow. 

2.2.2.4 Method of characteristics. 
Using the method of characteristics first requires the transformation of the partial 

differential equations into ordinary differential equations. The numerical solution may 
then proceed using either implicit or explicit methods. A necessary condition for the use 
of this method is the existence of characteristics. 

2.2.2.5 Explicit finite difference formulation. 
The sediment continuity equation for a uniform-width channel is used to illustrate 

the explicit finite difference formulation. Equation (2.7) may expressed in finite 
difference form as 

1 I:1t 
l:1f]i = -1 ~ 0 5( A. A.) [(1-<1» (qs,i+l - qs,i)] + [<1>(qs,i - qs,i-l)] 

-I,p . OX1+ J + oXl 

(2.18) 
where I:1fJi is the change in bed ffevation at node i during the time period I:1t, I:1xi+lis the 
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interval between nodes i + 1 and i, ~Xi is the interval between nodes i and i~ 1, and ¢ is a 
weighting factor with a value between 0 and 1 (see Figure 2.4 below). 

FLOW (11-t)[(q:S)i+t' (q:S)i] 1~\.:t 

t [(q:s) i . (q:s) i-t ] 1~\,.:t 

1 

) 

~- O.5( AXi+l + AX i) 

I I 
r If-~--- AX i+l ----~*~----~i----~~ X 

i+l i 

FiglJI'e 2.4 Schematic diagram. for explicit 
finite difference scheme 

i-I 

The finite difference formulation of equation (2.18) is known as a forward 
difference scheme if ¢ = 1, a centered-difference scheme if¢ = 0.5, and a backward 

difference scheme if ¢ = O. A Taylors series expansion of equation (2.7) shows that the 

forward and backward difference schemes are accurate to O(~x), while a centered

difference scheme is accurate to O(~x2) (Street, 1973). The accuracy of all solutions 
increases with smaller time and distance steps 

Explicit formulations may be unstable if called the Courant number, a function of 

h . (I-Ap)~x b I . hI' . fi t e ratIO ,ecomes too arge. VarIOUS researc erSlave gIVen expreSSIOns or 
~t 

the function and use it as a surrogate for Courant number. For example, Li, Mussetter, 
and Grindeland (1988) derive the following expression for sand wave celerity Cn: 

\ 
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Crt = 2.33 [al(bl - Cl)ublhcl-l]o.96 (2.19) 
where at,bt, and Cl, are coefficients in the generalized sediment transport expression qs 

= aNbl(~_l1)Cl-bl. Here h is the local water depth, 11 is the local bed elevation, ~ is the 
water surface elevation, and q is the water discharge per unit width. They suggest that 
the reach length should be longer than the distance the sand wave would travel in the 
selected time step using the celerity from (2.19). 

2.2.3 Specific Models 

Some models developed specifically for reservoir sedimentation are now briefly 
discussed. 

2.2.3.1 Yucel and Graf (1973), 
In 1973 Yuce1 and Graf developed a one-dimensional reservoir mathemaatica1 

model using a Schoklitsch-type equation for sediment transport. Since the Schoklitsch 
equation was derived using uniform flow conditions and a critical velocity for scour, two 
modifications to the equation were made. First, recognizing the inequality of the water 
surface and bed slopes in reservoirs, they used an averge of the two to represent the 
friction slope in the equation. Next, since their model was for aggradation only, they 
modified the critical velocity factor in the equation to represent a deposition velocity limit 
instead of a scour velocity limit. 'Their results show a delta-like front forming but with a 
maximum slope of 0.4 per cent, very far from the submerged angle of repose. 

2.2.3.2 Cao, Fan2, Lin, and Chen (1988), 
A model that simulates the type of aggradation and degradation commonly 

encountered in Chinese reservoirs was presented by Shuyou, Duo, Xinnian, and 
Jiayang. Drawdown flushing is used at many Chinese reservoirs to evacuate stored 
sediment. Often the water surface temporarily drops below the delta lip and exposes the 
deposited sediment. Their model uses an implicit scheme for computing degradation in 
such cases, and an explicit scheme for computing aggradation. Since much of the 
sediment is carried in suspension, they include field-calibrated equations for the 
suspended load. Results are compared on a gross scale to several reservoirs; the 
agreement is quite good. 

2.2.2.3 Ashida (1980). 
In 1980, Ashida discussed tracing the movement of the delta apex (lip) in a 

reservoir. He combined the equations of motion to derive an approximate expression for 
the movement of the apex: 

u = ~f (2.20) 
(1-A)1lf 

and V = (~{)f + U(~~) (2.21) 

where U is the apex velocity parallel to the original bed, V is the apex velocity 
perpendicular to the bed, and the subscript f describes functional values at the apex. 
Without giving specific comparisons, Ashida states these theoretical values are very close 
to values observed during experiments. 
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2.2.2.4 Cavor (no date). 

A mathematical model for flushing was developed by Cavor for use in simulating 
the process in an Iranian reservoir. The pattern of rainfall and irrigation in Iran is such 
that some expendable water remains in reservoirs at the end of the irrigation season. 
Bottom outlets are opened and the reservoir is drained to an established minimum level. 
The gates are suddenly closed, water partially fills the reservoir, and the gates are then 
opened again. This process is repeated several times. The unsteady terms in the 
momentum and continuity equations are retained by Cavor to simulate the opening and 
closing cycle of the gates. Close to the dam, the velocity field is approximated by a two~ 
dimensional jet equation, similar to the models previously described by Lopez (1978) and 
Chen, Lopez, and Richardson (1978). Since suspended sediment is dominant, diffusion 
coefficients and source/sink terms representing erosion and deposition are derived from 
field data when applied to a specific reservoir. 

2.2.2.5 Other models. 
Other models exist for purposes different from those identified for this 

investigation, Razvan, and Ramos (1981) and Bouchard (1987) consider erosion of 
cohesive sediments in their models. Mukhamedov (1981) and Karaushev, Bogoliubova, 
and Tabakaeva (1981) describe reservoir models developed in Russia that consider 
suspended sediment in one case and provide empirical predictions of flushing factors in 
the other. Asada (1973) describes a model developed for mountainous rivers in Japan; it 
involves carefully monitoring the change in bed level during computations so deposition 
during anyone time step will not exceed the water depth. 
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3. EXPERIMENTAL ANALYSIS 

The purpose of this chapter is to describe the setup, procedure, and results of the 
research experiments. 

3.1 Experimental Facilites 

Experiments were performed in a 12.2 meter long, 0.38 meter high, 15 centimeter 
wide flume (Figure 3.1) at the St. Anthony Falls Hydraulic Laboratory. The flume was 
later modified by adding a 2 meter expanding section at the downstream end (Figure 3.2). 
Water enters the flume from a city water supply through a 0.0508 meter diameter orifice 
meter in a 0.0762 meter pipe. The orifice meter operates with a standard manometer 
setup for measuring discharge. The exit from the flume is controlled by a hand-operated 
tailwater gate set to maintain near-uniform flow conditions in the flume when the sluice 
gates are fully open. In the first set of experiments in the uniform width flume, a sluice 
gate extending completely across the flume width was installed about 9 meters 
downstream from the entrance. Later this sluice gate was removed and replaced with a 
simulated dam 1.5 meters into the expanding section. The dam was fitted with three 
sluice gates, each 0.15 meters wide. The gates were manually operated; each gate could 
be set separately. 

The sediment for the experiments consisted of quasi-uniform crushed walnut 
shells with a mean diameter of 0.67 millimeters, a gradation coefficient of 1.3 (see Figure 
3.3 for the particle size distribution), and a porosity of 0.53. This lightweight material 
(specific gravity 1.35) simulates suitable full-scale sediment transport (Vries, Hartman, 
and Amorocho, 1980, and Parker, Martinez, and Hills, 1982). Using the walnut shells 
repeatedly did not change the size distribution. Sediment was fed into the flume using a 
mechanical auger which had been calibrated for input rates of between 80 and 450 
gramsper minute. The sediment was collected in a settling box downstream of the flume 
exit, dried and used again. 

3.2 llurposes of the Experiments 

Experiments were conducted in both the uniform width flume and the flume with 
the expanding channel upstream of the dam. The purposes of the experiments were: 

1. To check the validity of previous statements that flow in the flum~ consisted 
of two distinct zones: one upstream of the depositonal delta lip, where near
uniform conditions are said to prevail, and one downstream of the delta, where 
flow is basically unaffected by upstream conditions. 

2. To observe general characteristics of aggradation and degradation for different 
flow, sediment, and sluice gate settings. 

3. To determine the characteristics of the depostional delta and its equilibrium 
position in relation to sluice gates of different openings. 

4. To gather data on the time needed to achieve equilibrium in the flume once the 
sluice gate settings change. 

5. To examine the properties of the bed slope in the laterally expanding reservoir
like portion of the flume upsteam from the dam. 
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Figure 3.3 Crushed walnut shell particle size 
distribution 

3.3 Measurements and Data Collection 

The flume was fitted with a moving carriage mounted with equipment to measure 
flow field properties in the vertical and lateral directions. The glass walls of the flume 
provided easy access for observations and measurements. An Apple II~C computer was 
used with data acquisition software and an A-to-D (analog to digital) converter card to 
collect velocity and sediment concentration data. 

3.3.1 Non~computer Measurements 

Measurements taken during experimental runs included: 

1. water temperature, 
2. longitudinal profiles of the bed and water surface upstream of the dam, 
3. bedform amplitude, wavelength, and speed/frequency, 
4. equilibrium location and shape of the depositional delta, 
5. water surface elevations upstream and downstream of the sluice gate and at the 

exit of the flume, and 
6. time to reach equilibrium after changing sluice gate settings. 

Equilibrium was assumed to prevail when there was no measurable difference 
between water surface and bed elevation profiles in two readings, usually taken 1 hour 
apart. 

3.3.2 Computer~collected Measurements 

3.3.2.1 Velocity. 
A Prandtl tube 1.59 millimeter in diameter (1.17 millimeter diameter dynamic port 

and 0.46 millimeter diameter static ports) and a pressure transducer were used to measure 
water velocity. Measurements were taken at 8 points on centerline vertical profiles at 
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several locations upstream of the sluice gates. For one run using the uniform width 
flume, vertical profiles were also taken at locations corresponding to 25 per cent and 75 
per cent of the channel width. For runs in the flume with the expanding section upstream 
from the dam, lateral proflles at mid~depth were taken at several stations, Accuracy at the 
smallest measured velocity (about 0,20 meters per second) is about ±3 per cent. 
Sampling intervals, frequencies and locations are shown in Figure 3.4. 

SampJiDg 1"iDu! I' 
M:inU1eS -. of Depth 

to Dune Crest Velocity Concentration 

95 6 1 

75 6 1 

50 6 1 

37 6 2 

25 6 4 
19 6 4 

12 6 8 

06 6 8' 

Moring 
~ BedfoIm 

Number of lomp'les p'el' Second 

Velocitt Concentration 
4 40 

Figure 3.4 VelocitJ and sediment concentration 
sampling :intexvals 1/ frequencies 1/ and locations 
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3.3.2.2 Sediment concentration. 
Suspended sediment concentration was measured using an electro-optical 

concentration meter. This kind of device has been successfully used to measure 
concentrations of uniform quartz sand (Ikeda and Asaeda, 1983). Water and sediment 
particles pass throught the submerged probe light beam, which is 2 millimeters in 
diameter and 1 centimeter wide. The sediment particles, or portions thereof, passing 
through the sample space block a portion of the light beam. Registered voltage is directly 
proportional to the percentage of the light beam blocked by the sediment. A predictive 
relationship (Figure 3.5) based on this principle agreed well with calibration tests using 
known concentrations of walnut shells. Measurement accuracy decreases with sediment 
concentration. Expected accuracy is +/- 90 percent at concentrations of 100 ppm, and +/-
2 percent at 5000 ppm, Sampling intervals, frequencies, and locations are shown in 
Figure 3.4. 
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Figure 3.5 Calibration of electro-optical 
concentration meter 

3.4 Experimental Procedure 

Several runs were made in the uniform width flume and the flume with an 
expanding channel upstream from the dam, A typical run consisted of the following 
steps; 

1, Select the desired water and sediment discharge rates. Water discharge varied 
from 1 to 3 liters per second (16 to 48 gallons per minute) and sediment 
discharge varied from 150 to 300 grams per minute (0.33 to 0.66 pounds per 
minute). 

2. Estimate the bed slope for uniform open channel flow. The Engelund-Hansen 
equation (Engelund and Hansen, 1967) was used for this purpose because it 
accounts for changes in form roughness with increasing discharge, a common 
phenomenom in mobile-bed channels. 

3. Set the tailwater control gate to produce near-uniform flow throughout the 
flume for open channel flow conditions. 

4. Set the desired sluice gate elevation if the sluice gate is to be used. 
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An experiment was run until equilibrium conditions prevailed in the flume. 
Measurements and data were taken as described above. After all pertinent data were 
collected, the sluice gate elevation was changed and the run repeated. A typical 
experiment took more than 12 hours. 

3.5 Results 

Experimental results for the uniform width flume and the flume with an expanding 
channel upstream from the dam are summarized in Tables 3.1 through 3.5. Entries in the 
tables are explained below. 

3.5.1 Hydraulic Data 

Each depth shown in Table 3.1 includes one-half the bedform amplitude, and is 
the average of several depth and bedform measurements taken throughout the length of 
the flume. The calculated velocity is simply the discharge divided by the cross-sectional 

flow area. The total friction factor was computed from the relationship Cf = gr~ , where 
u 

Cf is the total friction factor, r is the measured hydraulic radius, equal to the cross
sectional flow area divided by the wetted perimeter, S is the normal slope, and u is the 
mean cross-sectional velocity. Values of bed and wall friction factors were found using 
the Johnson sidewall correction technique found in Vanoni, 1975, and explained in 
Appendix 1. 

3.5.2 Bedform and Sediment Data 

Bedform amplitude (taken as the height from crest to trough), wavelength, and 
wave speed were measured repeatedly during the experiments and averaged for each run. 
Values are shown in Table 3.2. The bedforms were observed to be fairly regular 
downstream of a point about 3 meters from the flume entrance. They were also two
dimensional, extending the full width of the flume. This observation is consistent with 
the conclusions of Hwang and Divoley (1971) who discussed the effect of flume width on 

bedform characteristics. The dimensionless Chezy coefficient, :}g, is given by the 

relation C = . ~, where Cb is.the bed friction factor in Table 3.1 corrected for sidewall 
"Cb 

influences. The values of Jg correspond to lower regime dunes that have bed material 

concentrations of 200 -2,000 ppm according to Graf (1971). 

"Bedform load" is defined as that portion of sediment load traveling as a defined 
bedform; it is calculated as the product of bedform speed, width, and volume, where the 
volume is the product of the shape factor, amplitude, and volume of solids (1 - porosity). 
The shape factor for roughly triangular bedfonns is 0.5. This calculation is similar to that 
found in Crickmore (1970). Since the bedform is composed of individual grains that are 
rolling, sliding, and briefly saltating, bedform load is typically equivalent to bedload 
when bedforms are present. 

The suspended load concentrations were negligible at total transport rates of 150 
gr/min. Suspended loads for a total transport of 300 gr/min were found by numerically 
integrating point measurements over the vertical profile and multiplying the result by the 
mean velocity. While this kind of numerical integration is not as accurate as integrating 
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Se&- CaJcu-
mentdis- Tatoo 

Run No. of Discharge charge Normal Normal velocity 
Number Channela gates open lis gr/min de thcmb Slope cm/s<' 

1 U 1 1.5 150 3.64 0.0020 27.5 

6 U 1 1.5 300 3.25 0.0025 30.8 

13 U 3.0 150 6.18 0.0017 32.4 

14 U 3.0 150 6.13 0.0017 32.6 

15 U 1 3.0 300 5.66 0.0019 35.3 

16 U 1 3.0 300 5.40 0.0019 37.0 

17 D 1 3.0 150 6.30 0.0017 31.8 

20 D 3 3.0 150 6.30 0.0017 31.8 

21 U 1.5 300 3.07 0.0030 32.6 

22 U 1 3.0 300 5.32 0.0019 37.6 

23 U 1 3.0 50 7.25 0.0011 27.6 

24 U 1 2.0 58 5.45 0.0014 24.5 

25 U 1 2.0 570 3.55 0.0030 37.6 

26 U 1 4.25 570 6.68 0.0021 42.4 

27 U 1 3.95 535 6.41 0.0019 41.1 

28 D 1 3.0 185 6.53 0.0017 30.6 

29 D 3.0 185 6.65 0.0016 30.1 

I U = uniform width. D = diverging 
b Includes one·half lhe bedform amplitude 
C Discharge divided by (width X nonnal depth) 
d BOO and waIl friction factor from sidewall correction procedure. Appendix 1. 
e Corrected for sidewaU effects and made dimensionless by dividing by rRoS(), wnere R = su'bine1'gcd specific-gravity. 
Table 3.1 Summary or experimental hydraulic data 

Water 
Temp- Friction Dimen-
erature Factorsd sionTess 

Fl-oude Degrees Bed Shear 
Number Celsius Total Bed Wall Stresse 

0.46 26 0.0064 0.0078 0.0034 0.256 

0.54 26 0.0059 O.OOiO 0.0037 0.287 

0.42 3 0.0054 0.0071 0.0034 0.322 

0.42 16 0.0053 0.007,1 0.0031 0.326 

0.47 12 0.0048 0.0061 0.0031 0.332 
0.51 3 0.0043 0.0051 0.0032 0.302 

OAO 25 0.0057 0.0079 0.0030 0.345 

0040 25 0.0057 0.0079 0.0030 0.345 

0.59 3 0.0060 0.0070 0.0038 0.322 

0.52 3 0.0041 0.0048 0.0031 0.294 

0.33 4 0.0052 0.0070 0.0034 0.232 

0.33 9 0.0072 0.0098 0.0037 0.255 

0.64 9 0.0050 0.0058 0.0033 0.358 

0.52 9 0.0040 0.0051 0.0029 OAoo 

0.52 9 0.0038 0.0046 0.0029 0.339 

0.38 27 0.0047 0.0062 0.0029 0.319 

0.37 27 0.0048 0.0063 0.0029 0.325 
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Water 
Sedi- Temp- Bedfonn 

mentdis- eranrre Characteristics 
Run Discharge charge Degrees Amplitude Wavelength Speed 

Number Vs grfmin Celsius em em cmfsec 

1 1.5 150 26 0.8 40 0.6 
6 1.5 300 26 0.5 32 0.9 
13 3.0 150 3 1.5 35 0.3 
14 3.0 150 16 0.6 30 0.8 
15 3.0 300 3 1.0 22 1.0 
16 3.0 300 3 0.8 30 0.5 
17 3.0 150 25 1.1 35 0.5 
20 3.0 150 25 1.1 35 0.5 
21 1.5 300 3 0.0 0.0 0:0 
22 3.0 300 3 0.0 0.0 0.0 
23 3.0 50 4 2.3 ? 0.11 
24 2.0 58 9 1.7 ? 0.11 

·25 2.0 570 9 0 0 0 
26 4.25 570 9 0 0 0 
27 3.95 535 9 0 0 0 
28 3.0 185 27 0.8 30 0.6 
29 3.0 185 27 0.8 30 0.6 

a Equal 10 _~ whereCb is bed friction factor from Table3.!. 
~Cb 

_b Equattp AmplibJdeX Speed.XSha:pe~Width.x.speGfjG-Gravity X -( 1-Porosity) 

C SumorBedform transpOrt and Suspended sediment load. 
Table 3.2 Bedform and sediment measurements 

lOla! 
Average Suspen- Measured 

Bedfonn Number Concen- dedSedi- Sediment 
~a Transport of !ration Rouse ment Load Discharge 
.J2 grfminD Profiles ppm Exponent grfmin grfminC 

11.3 140 146 
12.0 130 10 300 1.25 27 164 

11.9 130 137 
11.9 140 • 146 
12.8 280 3 101 1.25 ]S 321 
14.0 110 6 248 1.35 45 167 
11.3 160 167 
11.3 160 ]61 I 

12.0 
14.4 
12.0 70 77 
10.1 50 57 
13.1 
14.0 
14.7 
12.7 130 185 
12.6 130 185 

"-_. __ ._-_._--



the product of point velocity and concentations, it is sufficient to characterize suspended 
load in the experiments. The concentration below the lowest measured point was 
assumed to be constant to the top of the bedform. The total load in the flume is simply 
the sum of the bedform load and the suspended load. 

The Rouse exponent, z, was derived from regression analyses of the Rouse 
equation: 

~ _ (!!:Y ~)z (3.1) 
Ca - y h-a 

where Cy is the concentration of suspended sediment [ppm] at depth y, d t::: depth, 
measured from the top of the bedform to the water surface [cm], a = reference height 
above the bed [cm], and Ca = concentration at the reference height, a [ppm]. Equation 
(3.1) may be written as 

h-y a 
In Cy t::: z In y + Z In Ca h-a (3.2) 

Linear regressions of the natural-log transformed variables were performed to 
derive the values of z. The z values in Table 3.2 are the averages of the indicated number 
of profiles for each run. 

3.5.3 Velocity Profile Data 

The values of mean measured velocity, u, bed shear velocity, u*, and the Von 
Karman constant, K, were derived assuming a logarithmic law applies for the velocity 
profiles: 

u == 1 In(30y) (3.3) 
u* K ks 

where u = velocity at depth y [emts], u* = shear velocity [emts], K = von Karman 
constant, y = depth above mid-dune elevation [cm], and ks = roughness height [em]. 
Equation (3.3) is valid for fully rough turbulent flows, defined by a Reynolds shear 
number (Re*) greater than 50, where 

u*ks Re* = - (3.4) 
v 

where v is the kinematic viscosity of the fluid [cm2/sec]. Table 3.3 shows the fully rough 
turbulent flow assumption is valid for all but two experimental runs. 

Equation (3.3) may be written as 

u= 
u* u* 30 -lny+ -In-
K K ks 

(3.5) 

. u* u* 30 The coeffiCients - and - ~may be found using linear regression 
K K s 

techniques. With computed values of the coefficients, Equation (3.5) may be integrated 
to find the average velocity in the cross section: 
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tv 
00 

Sediment Normal 
Run Discharge Discharge Depth 

Number l/sec gr/min cma 
1 1.5 150 3.64 
6 1.5 300 3.25 
13 3.0 150 6.18 
14 3.0 150 6.13 
15 3.0 300 5.66 

''"17 3.0 150 6.30 

a Includes one-half the bedform amplitude 
b Equal to Discharge divided by ( Width X Nonnal depth) 
C .Mean value found by integrating mea~rcd profiles 
a Corrected for sidewall influence 

Number 
Velocity of 
cm!secb Profiles 

27.5 11 
30.8 6 
32.4 3 
32.6 2 
35.3 3 
31.8 2 

C Equal to bed shear stress X roughness height divided by kinematic vi$cosity. 

Table 3.3 Velocity profiTe dala 

-----

Mean Bed Bed 
Measured Shear Roughness Von Reynolds 
Velocity Velocity Height Kruman Shear 
cm!secc cm/secd cmd Constant<! Number'! 

28.1 2.42 0.28 0.43 77 
32.1 256 0.18 0.41 52 
32.3 2.72 0.34 0.45 57 
33.6 2.72 0.36 0.42 87 
37.8 2.71 0.16 0.43 35 
31.6 2.82 0.21 0.53 36 

-- -~-----------.--.--------------... - --



~ 

u= 

h 
1 f U* u* 30 - (-lny+-In-)dy 
h K K ks 

ks 
1 U* U* 30lh -h [ - ( ylny ~ y) + y -In-k ] k 

K K s s 

U* h = -In(ll-k) 
K s 

(3.6) 

where h is the boundary layer thickness, taken as the normal depth from Table 3.1. The 
values of mean velocity in Table 3.1 are the averages of the indicated number of profiles 
for each run. 

The shear velocity is based on the hydraulic radius pertaining to the bed, found 
using the sidewall correction procedure described in Appendix 1. Once the shear velocity 
was computed, the Von Karman constant was found by substitution in the expression for 
the linear regression coefficients. 

3.5.4 Sediment Sluicinl: Data 

In Table 3.4, the ratio of gate opening to normal depth is denoted as 1;, where 

normal depth, hN is defined as the depth from the water surface to the middle of the 
bedform for normal flow conditions in the uniform flume. Deposition is defined as the 
average depth of deposited sediment in the flume as a result of lowering the sluice gates 
as indicated. The ultimate deposition was very uniform throughout the flume. The 
change in tailwater elevation is denoted as A~T, and is referred to the water surface 
elevation with the gates completely open. The bottom distance is the distance the bed 
was scoured to the bottom of the flume upstream of the sluice gates, and the time to reach 
equilibrium for deposition or scour is as noted. 

The discharge coefficient is denoted as Cd, and is computed from the orifice 
equation: 

Q = CdhgW~2g(~R - ~T) (3.7) 
where Q::;: discharge [cm3/sec], hg ::;: gate opening [cm], w = gate width [cm], ~R::;: water 

surface elevation upstream of the sluice gate [cm]~ and ~T ::;: water surface elevation down 
stream of the sluice gate. 

3.5.5 Sediment Transport Data 

Only that portion of the shear stress acting on sediment grains is effective in 
producing sediment transport. The bed shear stress, corrected for the sidewalls, may be 
partition~d into fractions acting on the grains and the bedforms. This partitioning was 
performed using the Einstein-Barbarossa method for finding grain friction factors when 
flows may not be fully rough turbulent, and is explained in Appendix 1. The sediment 
transport values listed in Table 3.5 are the actual measured input rates from the sediment 
feeder. 
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Sediment 
Run Discharge Discharge Nonnal 

Number lis gr/min Slope 

1 1.5 150 0.0020 

6 1.5 300 0.0025 

13 3.0 150 0.0011 

14 3.0 150 0.0011 

15 3.0 300 0.0019 

16 3.0 300 0.0019 

17 3.0 150 0.0017 

20 3.0 150 0.0017 

21 1.5 300 0.0030 

22 3.0 300 0.0019 

23 3.0 50 0.0011 

24 2.0 58 0.0014 

25 2.0 570 0.0030 

26 4.25 570 0.0021 

27 3.95 535 0.0019 ~ 

28 3.0 185 . 0.0017 

~ ~~9~~~~.3.0 185 0.0016 

a From Table 3.1. equal toQlSCharge dh;ded by (width X normal depth) 
b FromTable3.1. 

Calculated Bed 
velocity Friction 
cmfsa Factor" 

27.5 0.0078 

30.8 0.0070 

32.4 0.0071 

32.6 0.0071 

35.3 0.0061 

37.0 0.0051 

31.8 0.0079 

31.8 0.0079 

32.6 0.0070 

37.6 0.0048 

27.6 0.0070 

24.5 0.0098 

37.6 0.0058 

42.4 0.0051 

41.1 0.0046 

30.6 0.0062 

30.1 0.0063 

C Found using the Einsteil!:-Barb;u~.ure for the transition region betweensmooth.and lIlrbuJentmughflows. 
TaDJe n -semment transport data 

Dimensionless Dimensionless 
Bed Grain Grain Dirnenslonless 

Shear Friction Shear Sediment 
Stress FactorC Stress Transport 

0.256 0.0042 0.138 0.384 

0.287 0.0042 0.174 0.769 

0.322 0.0038 0.172 0.384 

0.327 0.0037 0.172 0.384 

0.332 0.0037 0.200 0.769 

0.302 0.0036 0.216 0.769 

0.345 0.0038 0.166 0.384 

0.345 0.0038 0.166 0.384 

0.322 0.0043 0.199 0.769 

0.294 0.0036 0.221 0.769 

0.232 0.0037 0.127 0.128 

0.255 0.0041 0.108 0.149 

0358 0.0040 0.244 1.461 

0.400 0.0035 0.271 1.461 

0.339 0.0034 0.252 1.371 

0319 0.0037 0.185 0.474 

0.325 0;0037 0.178 0.474 
.. ~~-
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.sCdl-
ment dis-

Run No. of Discharge 
Number Channc1<l gates open l!s 

lA U I 1.5 
2 

3 

4 

5 
6A U 1.5 

7 

8 
9 

10 

11 
12 
13 U 3.0 
14 
15 U 1. 3.0 
16 

17 D 3.0 

18 

19 

20 D 3 3.0 

28 D 3.0 

a U =unifonn \\-idth. D= diverging 
b Includes one half the bedform amplitude 

C DisllInce that the bed iss~red t~ the flllme bottom 
Ta.bI~,3.4 Summary of sediment sluicing data 

charge 
gr/min 

15U 

300 

150 

300 

150 

ISO 

185 

li:lIe 
opening 

Normal divided by 
dCDlh em~ dcpth 

3.M 2.Ul 
1.55 

1.10 

0.59 

0.19 
3.25 2.29 

2.08 

1.83 
1.34 

0.88 

0.63 
0.38 

6.18 0.32 
6.13 1.29 
5.66 1.28 
5.4 0.31 

6.3 0.89 

0.54 

0.27 

6.3 0.27 

6.53 0.25 

Changc III BOllom 
Tailwatcr Scour Time to Reach 

Discharge DCIX'sition Elevali0J1 Di:aancec Equilibrium. hrs 
Coefficient en on em Dcposit Scour 

UAY U () 0 
0.57 0.31 0.1 0 2.5 3.9 From 

Run #5 
0.49 0.6 -0.1 4 2.1 From 

Run #5 
0.53 2.6 -0.4 5.5 1.8 From 

Run #5 
0.66 21.3 -2.3 7.5 20 
0.48 0.3 0 0 7.5 From 

Run #12 
0.48 0.1 0 0 6 From 

Run #12 
0.54 0.6 0.1 0 
0.49 1.0 -0.1 3.5 3.5 From 

Run #12 
0.55 1.8 -0.1 6.8 2 From 

Run #12 
0.63 1.8 -1.0 7 
0.65 6.3 -1.1 7 3 
0.64 10.8 -2.2 9 
0.60 1.5 0 2 
0.49 0.6 0 0 
0.67 15.2 -2.1 10 5.3 From 

Run #15 
0.58 1.4 -0.5 5 5.5 From 

Run #19 
0.66 3.6 -0.5 6 3 From 

Run #19 
0.71 13.3 -0.5 8 16.5 From 

Run #17 
0.77 1.3 -0.3 4 

0.75 12 0 10 14.3 



3.5.6 Results Specific to the Uniform Width Flume 

3.5.6.1 Centerline velocity profiles. 
Figure 3.6 depicts three velocity profiles for Run 5. If the data points followed 

the logarithmic law perfectly, they would plot as a straight line. Similar plots are shown 
in Appendix 2 along with the velocity data for all the experiments. 

3.5.6.2 Additional velocity profiles. 
Figure 3.7 shows velocity profiles taken at the centerline and at locations 

corresponding to 25 per cent and 75 per cent of the channel width for Run 17. These 
vertical profiles, typical of those in all experiments, show the need for the sidewall 
correction procedure described in Appendix 1. 

3.5.7 Results Specific to Expandine Region 

3.5.7.1 Plan views of equilibrium bed in expanding reeion. 
Figure 3.8 is a plan view of the expanding section for run 19 under equilibrium 

conditions. One gate of three was open to 1.7 em for this run. Cross sections are shown 
for locations near the entrance to the expanding section and the lip. The location of the 
foreset slope and shape of the delta are also shown. Similar plots are found in Appendix 
2. 

3.5.7.2 Longitudinal bed profiles in expandine region. 
Figure 3.9 shows a dimensionless longitudinal bed profile in the expanding 

section for run 19, A definition sketch accompanies the plot. Note that the flow 
produced an adverse bed slope. Similar plots are shown in Appendix 2. 

3.5.7.3 Transverse velocity profiles. 
Figure 3.10 shows a velocity profile taken across the flume transverse to the flow 

direction at 0.5 times the depth 30 cm upstream from the sluice gates for equilibrium 
conditions of run 17. Similar plots are found in Appendix 2. 

3.6 Discussion of Results 

3.6.1 Nature of Response to Sluicing 

3.6.1.1 Aeeradation. 
Upon lowering the sluice gate a significant amount, the water surface in front of 

the dam quickly rises to a new equilibrium elevation sufficient to pass the flow through 
the more restricted sluice gate opening. The backwater influence quickly extends to the 
flume entrance. Any further adjustment in water level is in response to changes in bed 
levels. Sediment transport ceases throughout the flume as bedforms are "frozen" in place 
and sediment in suspension drops out. Sediment accumulates at the upstream end of the 
flume. Due to the increased depth and decreased velocity, the sediment deposits until the 
flow depth decreases sufficiently to produce adequate velocity for transport. A delta thus 
forms at the flume entrance and moves downstream. The sediment is transported across 
the lip of the advancing delta and falls onto the foreset slope under the influence of 
gravity. The foreset slope attains the submerged angle of repose, and the delta moves 
downstream into the flume as the sediment continues to be transported across the lip to 
the foreset slope. The channel slope upstream of the delta appears to be equal to the slope 
before the sluice gate setting was changed, even in the diverging region of the flume 
upstream from the dam. 
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CENTERLINE VELOCITY PROFILES 

Q = L511see 150 grl:mm 
ht'IhN = 0.2 47.5 em from gate 
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Figure J. 6 Centerline velocity profiles for Run 5 
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Lateral Velocity Measurements: 
Q = L511sec Qs = 150 gr/min 

300 cm upstream from sluice gate 

1.0 oor----------------....., 

o.e 

0.6 

0.4 

0.2 

Profile Location 
(Looking D. s.) 

-;;J- Centerline 

• 114 Width 

• 314 Width 

0.0 +-..,___,_--r____,r__~...,......,___,____r____,r__.____.____r_--I 
26 28 30 32 34 36 40 

Measured Velocity ~ cmlsec 

Figure 3.7 Lateral velocity profiles for Run 17 
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Q = 3 Usee Qs = 150 grlmin 1 gate open 1.7 em 
Normal Depth = 6.30 em 

, Distanee 
from Gate .. £m 

. C;ro;s;s 
------- 60. ;section 

120· Cross ------ • section 

I UDifoxm Width 

Figure 3.0 Plan mv of expanding region upstream. of 
dam for Run 19 
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Pigure 3.9 Dimensionless IoDgitruUn.81 bed profile 
in expanding region upstream of dam for Run 19 
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3 g8.~S open 

Pigure 3" 10 Mean velocity at one-h8lf depth at 
a location 30 em upstream from s11lice gates in 

diverging flume for Run 17 

In the experiments with an expanding region upstream from the dam, the delta 
enters the flared region, and the sediment spilling down the foreset slope spreads laterally 
to fIll the width of the flume. The delta then continues downstream. The delta eventually 
stops progressing downstream as it approaches the sluice gates, and the incoming 
sediment is transported down the foreset slope and passes under the sluice gates. 

After new equilibrium conditions have been established, the flow field in the 
flume appears exactly as before changing the sluice gate setting except that the bed has 
risen as much as the water surface and a delta appears upstream of the sluice gates. The 
bedforms retain the same amplitude, wavelength, and wave speed. 

This description agrees with Garde and Ranga Raju's 1985 thought experiment in 
that the bed rises as much as the water surface and all sediment passes under the sluice 
gate (over the dam in their case). The process also agrees with Chee and Sweetman 
(1971), especially as they describe a mound of sediment forming at the inlet to the 
reservoir. The observed formation of two distinct reaches, one upstream and the other 
downstream of the delta, agree exactly with the observations of Bhamidipaty and Shen 
(1971), including their description of the foreset slope attaining the submerged angle of 
repose. Observations seem to cOllf.~m Sugio's statement (1972) that the aggrading 

;:1.;' 
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profile can be considered to be almost in equilibrium as the sediment front advances. 
That the equilibrium bed slope after lowering the sluice gate is the same as before agrees 
with the observations ofthe scale model of Chitale, Galgali, and Appukuttan (1975). 

The flume experiments apparently represent the portion of a reservoir immediately 
upstream from the dam in its final stage of sedimentation. Backwater calculations, in fact, 
show that the influence of lowering the sluice gates would extend several flume lengths 
upstream. Hence, the flume does not include the zone far upstream initially affected by 
backwater. This explains why a mound of sediment forms at the entrance to the flume 
before moving downstream. So in comparing the flume experiments to a prototype 
situation, the flume entrance must be considered to be relatively close to the dam, say 1 
kilometer in a backwater reach that may extendlO kilometers or more upstream. 

The experimental observations of this study do not agree with observations in 
many large reservoirs that the top set slope is between one-half and two-thirds the original 
bed slope. The reservoir studies by Borland (1971) and others, however, include 
reservoirs of increasing width in the downstream direction. Recall that W oolhiser and 
Lenz (1965) account for decreases in slope under equilibrium conditions by implicitly 
recognizing that reservoir width usually increases in the downstream direction. If, for 
example, using their equations, equilibrium holds and the stream width does not change, 
then the new slope is found to be equal to the previous one. More discussion on this 
point follows later. 

The foreset slope is apparently steeper in the flume experiments than in the field. 
This is probably due to fine sediment depositing at the toe of field deltas, which would 
tend to decrease the foreset slope. The data of Strand and Pemberton (1982) surely 
reflect such cases, with values for the foreset slope of up to 100 times that of the top set 
slope. 

3.6.1.2 De2radation. 
Upon raising the sluice gate after a delta had reached equilibrium, the headwater 

surface elevation drops rapidly in response to the increase in flow area through the sluice 
gate. A negative surface wave proceeds upstream and is followed more slowly by 
upstream progressing degradation of the channel bed. Sediment transport rate is 
increased throughout the flume, and plane-bed conditions prevail for some time. 
Eventually bedforms appear at the upstream end of the flume and proceed downstream, 
and a new equilibrium profile is established. The bed recovers the same slope as before, 
and the height of the delta is decreased and is located nearer to the sluice gate than before. 
Uniform scour is observed across the flume width, even in the expanding region. 

There are no other experimental or field data with which to compare these 
experimental observations. 

3.6.2 Nature of Flow Upstream of Delta 

Observations of the flume experiments agree with other experimental and field 
observations that flow conditions in a constant-width channel appear to be uniform 
upstream of the lip of the delta for eqUilibrium conditions, I.e. with the delta at its final 
position near the sluice gate. This is substantiated by the fact that measured bed slopes 
were equal to the bed slope before deposition. If uniform conditions prevail, velocity 
profiles should be similar upstream of the delta lip. 

Figure 3.6 shows velocity profiles for three locations in the flume for run 5. The 
sluice gate opening was equal to 0.2 times the normal flow depth, and the bed had risen 
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21.3 cm from its open channel elevation. The three velocity profiles are very similar, 
showing that, indeed, uniform flow conditions prevail, even at the lip of the delta. 

3.6.3 Sediment Continuity and Transport 

3.6.3.1 Sediment continuity. 
The sum of the bedform transport and suspended load transport should equal the 

measured sediment input to the flume. Suspended load was insignificant for the runs 
with sediment feed rates of 150 gr/min, while calculations of bedform load using the 
porosity value of 0.53 vary from 130 to 160 grams per minute, i.e., from 13 per cent low 
to 7 per cent high. 

Results for the runs with feed rates of 300 grams per minute are less satisfactory 
(Table 3.2). The bedform transport in most of these runs was measured as a smaller 
percentage of the total transport than in the 150 gr/min feed cases. And although the 
suspended load was higher with the higher feed rate, the suspended sediment 
measurements show consistently low results, such that the sum of the suspended load 
and the bedload is significantly less than the input load. The average concentration was 
very low, indicating that the experiments may have been out of the range of meaningful 
results using the electro-optical concentration meter. 

3.6.3.2 Sediment transport relationship. 
The dimensionless sediment transport and grain shear stress values from Table 

3.5 are plotted in Figure 3.11 along with some well-known sediment transport 
relationships. The Meyer-Peter Muller formula (1948) was derived from measurements 
of sand and gravel transport over a relatively narrow range of shear stresses and is 
written: 

(3.8), 

* * where qs = dimensionless sediment transport per unit width and T g = dimensionless 

grain shear stress. 

The Engelund-Hansen relationship was developed using data from four sets of 
experiments in a large flume 2.44 meter wide and 45.7 feet long (Vanoni, 1975). The 
sediments had median fall diameters of 0.19 to 0.93 millimeters, and were well-sorted to 
poorly sorted. The equation is not recommended for median grain sizes of less than 0.15 
millimeters or for geometric standard deviations greater than two. It reads: 

* 

* _ 0.05,..* 1.5 
qs - Ch J-b (3.9), 

where Tb is the bed shear stress after being corrected for sidewall influences. Engelund 

and Hansen recognized the role of bedforms in sediment transport and developed the 
relationship between bed shear stress and grain shear stress shown in Figure 3.12. Their 
data show that bed shear stress can actually decrease with increasing discharge as lower 
regime bedforms (ripples and dunes) are washed out. In practice equation 3.9 is used 
with Figure 3.12 to estimate sediment transport. The "Engelund-Hansen" type 
relationship plotted for this thesis is based on a best-fit line through the flume data pairs 
of bed and grain sb.ear stress, also shown in Figure 3.12. 
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The best~fit line is described by 

* * Tg =Tb 

T; = 0.06 + 2.14T~2.43 

* if Tb ~ 0.0626, 

* for 0.0626~. Tb ~ 0.541, and 

* ifTb > 0.541 (3.10) 

This equation reflects the slight trend in the experimental data towards an upper~regime 
flat -bed flow as shown in Figure 3.12. 

The Parker relationship is 

(3.11) 

* where Tr is a dimensionless reference shear stress, taken as 0.03 for uniform sediments 

(Parker, 1976). Equation (3.11) is based on 278 data sets of gravel transport in 
hydraulically rough channels with aspect ratios greater than 5. 

For use in the computer simulation of flume sediment transport, a relationship 
similar to Parker's was fitted by eye to the experimental data of Figure 3.11: 

(3.12), 

* where Tr is taken as 0.04. 

3.6.4 Position of Delta 

At final equilibrium, the delta front was located just upstream of the sluice gates. 
Typically the bottom of the front was separated from the gate by a short reach in which 
the flume bottom was exposed. The distance the flume bottom was exposed upstream of 
the sluice gates is plotted in Figure 3.13, and is made dimensionless using normal 
upstream depth. The ordinate in the figure, the gate Froude number, relates velocity 
under the sluice gate to gate opening and is a measure of scouring strength. There is 
significant scatter in Figure 3.13, but the results show that scouring distance is 
proportional to gate Froude number and inversely proportional to gate width. It appears 
that the minimum gate Froude number to achieve total scour is about 0.4. 

The experimental results confirm White and Bettes' 1984 numerical results that 
sluice gates are effective in completely eroding the bed for only a short distance upstream. 
The attendant increase itl reservoir storage capacity is very small. 
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3.6.5 Flume Response to Sluicin2 

Previous experiments suggest the bed and water surface change an equal amount 
in response to a change in sluice gate setting. Results in these simple experiments 
confirm that notion. If closing the sluice gate increases the upstream water level by 2 cm, 
the equilibrium bed profile will be 2 em higher than before. 

fn sUll1~nary: for a narrow, gorge-like reservoir with uniform non-cohesive 
sediments, aqti9ns which raise or lower the water surface near the dam will ultimately 
result in raisi~~ or lowering the bed an equal amount. 

'i:i' 

43 



If the reservoir water surface elevation at the dam can be estimated from the gate 
opening, the change in bed elevation can also be estimated. The water surface elevation is 
related to the gate opening by the orifice equation, Equation (3.7), Solving (3.7) for ~R 
yields (for unit width discharge) 

(3.13). 

Defining llR as upstream bed elevation and using hN as open channel normal 
depth, 

(3.14), 

and from (3.13), 

llR == ~T + (3.15). 

Changing the gate opening may change the discharge coefficient and tailwater 
elevation in addition to the upstream bed elevation. Denoting changes by fj., 

(3.16). 

Equation (3.16) may be made dimensionless by dividing by the normal depth: 

fj.llR fj.~T + Lfj.~l _1 ~ 
hN hN 2 h3 C2 (&l g N d hN 

or 

fj.~R fj.~T + lF2fj.1-_1~ (3.17). 
hN == hN 2 r C2 (&')2 

d hN 

Equation (3.17) may be used to predict the bed response to sluicing in either a 
narrow or diverging channel with vertical sidewalls. The input parameters are on the 
right-hand side of the equation, and include changes in the tailwaterelevation, discharge 
coefficient, Froude number, and sluice gate opening. These data are readily available in 
the laboratory or the field. The equation is tested with the observed results of Table 3.4 
shown in Figure 3.14. Here the observed deposition, made dimensionless with normal 
depth, is plotted against the predicted deposition using Equation (3.17). Significant 
scatter for smaller changes in bed elevation is due partly to the difficulty in measuring 
small changes in the elevation of a dune-covered bed. Agreement is much better for large 
changes in bed elevation as shown in, the figure. 
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The above results apply for straight-walled reservoirs with uniform non-cohesive 
sediment that are sufficiently narrow to exhibit fairly uniform deposition and scour across 
the entire cross section. 
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CHAPTER 4 NUMERICAL MODEL OF RESERVOn~ AGGRADATION 
AND DEGRADATION 

The purpose of this chapter is to describe the development of a numerical model 
for reservoir aggradation and degradation. 

4.1 . Objectives of Numerical Model 

The numerical model for aggradation and degradation in reservoirs should: 

1 . predict the occurrence of a delta formation 
2, track the movement and growth of the delta in the reservoir 
3. model the degradation process in a mathematically stable manner 
4. reproduce observed laboratory results 
5. be applicable to field-scale problems 
6, provide general insight into reservoir sedimentation behavior 

4.2 Governing Equations and Limitations 

All notation has been introduced in previous chapters, 

4.2.1 Governin2 Equations 

4.2.1.1 St. Venant equations. 
The quasi-steady form of the St. Venant equations are used to describe 

momentum and continuity for water: 

o(u h b ) a ( u 2 hb8) a ~ o t + a x = - g b h 0 x - pC fU2 (4.1); 
and 

a(hb) 
at 

o(uhb) __ 0 
+ ax (4.2). 

Equations (4.1) and (4.2) are one-dimensional but allow for variations in channel width. 
A rectangular cross section is assumed. 

4.2.1.2 Sediment continuity. 
The unsteady sediment continuity equation is 

O(llb) 1 
at + 

1- A p 

o (q s b) 0 ox = (4.3). 

Once again one-dimensionality is assumed, and sediment is uniformly deposited or 
scoured across each modeled reach. 
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4.2.1.3 Sediment transport. 
Sediment transport is estimated using the Parker relationship introduced in 

Chapter 3: 

(4.4), 

* where C2 is a coefficient and Tr is a near-critical reference bed shear stress. For the 

* * experiments in this investigation, C2 = 18 and Tr = 0.04. For field cases, C2 and Tr may 

vary, but will be taken as 11.2 and 0.03 as in Parker's original analysis. Equation (4.4) 
is for a uniform, non-cohesive sediment. 

4.2.1.4 Friction relationship. 
Relationships discussed in Chapter 3 are used in the model to relate friction 

factors to shear stress and energy slope. For the experimental runs of this investigation, 
Equations (A 1. 11) and (A 1. 12) from Appendix Al are used: 

1 2.5In(12.3~~X) (4.5), = 
VC; 

for fully rough turbulent flow, and 

1 = 2.51n(3.67rgu*g) 
-VC g V 

(4.6) 

for turbulent smooth flow. The parameters X and rg are defined in Appendix AI. 

For wide channels the Engelund-Hansen relationship is used (Equation (AI.I4»: 

1 
'ljc g 

= (4.7). 

These friction factors are related to grain shear stress by Equation (Al.16); 

(4.8), 

providing the necessary link to the sediment transport equation. 

The friction factor pertaining to the bed, Cf, in Equation (4.1) is composed of the 
grain friction factor and the bedform friction factor. For the flume experiments, a 
modified Engelund-Hansen relationship provides this link as described in Chapter 3 using 
shear stresses: 

* * 
Tg = Tb 

T; = 0.06 + 2.14T~2.43 
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* if Tb ~ 0.0626, 

* for 0.0626 ~ Tb ~ 0.541, and 



* ifTb >0.541 (4.9). 

The original Engelund-Hansen relationship (Figure 3.12) is used for field cases. 
Their analysis shows a discontinuity in the relationship between bed and grain shear 
stress at the transition to upper regime flow. For the purposes of this study this 
discontinuity is not modeled, and the grain and bed shear stress are related as 

CbU*2 = Cgu*2 for Cgu*2 < 0.0615 or Cgu*2 :2: 2.435, and 

CbU*2 ~ 1.581~Cgu*2 - 0.06 for 0.0615 :;; Cgu*2 < 2.435(4.10), 

2 u2 
where u* ~ --'------

pgRdso' 

4.2.2 Modeling Limitations 

The numerical model is developed as a research tool to complement the 
experimental investigations of reservoir aggradation and degradation. It is subject to the 
same limitations as are the experimental results, namely, 

1. Steady inflow and outflow of water and steady inflow of sediment at all times. 
This means that unsteady input phenomena such as storm or seasonal 
hydrographs are not modeled, nor are their associated unsteady sediment 
inflows. It also means that the unsteady flow response to reservoir sluicing is 
not considered. 

2. Froude numbers must be less than about 0.7. This is a result of using the 
water and sediment equations in an uncoupled fashion, solving for each 
independently for each time step. 

3. From the restriction that Froude number should be less than about 0.7, it 
follows that subcritical flow must be maintained at all times. All calculations for 
backwater profiles therefore begin at a downstream boundary and proceed 
upstream, as is appropriate for sub critical flow conditions. 

4. Uniform, non-cohesive sediment is used. The model does not account for 
sorting, armoring, or communition of grains. 

5. Channel widths are allowed to vary with distance but not with time. 

4.3 Model Development 

4.3.1. Solution Techniques 

For each modeled reach there are 5 unlmowns: water depth and velocity, friction 
slope, sediment transport, and bed elevation. Once values for these unlmowns are found, 
computations proceed forward one time step. 

4.3.1.1 Depth, velocity and friction slope. 
The St. Venant equations are used to solve for depth, velocity, and friction slope 

for each reach. Equation (4.1) is re-written as 
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a ( u hb) + b h a u b h a ~ 2 U a x u a x ;:::: - g a x - pC fU (4.11), 

where the momentum flux correction factor, e, is assumed to be 1.0. 

From continuity, the first term in equation (4.11) is zero, so after dividing by 
gbh, 

where 

From the relations ~;:::: h + 11, p;:::: b + 2h, and CfU2 ;:::: grSf, 

a u2 
ax(2g + h + 11) ;:::: -Sf 

or 

u2 
H ;:::: 2g + h + 11 

and H is the total energy head at a section. 

(4.12). 

(4.13) 

( 4.14), 

Equation (4.14) is the standard step backwater equation, which for subcritical 
flow is solved in a backward difference numerical scheme: 

HI' - H 1'+1 1 
= --2(Sfi + Sfi+l) 

L\x " 
or 

L\x 
D(h) = 0 = Hi+l- Hi - T(Sf,i + Sf,i+l) ( 4.15), 

where node i is downstream and node i + 1 is upstream. 

For known values of H and Sf at node i, (4.15) is written 

DCh) = 0 = qw ~+1 + hi+l + 11i+l - Hi - ~x(Sf,i + Sf,i+l) (4.16), 
2ghi+l 

where hi+l and Sf,i+l are the only unknowns. 

According to the Newton-Raphson iteration scheme, (4.16) is solved by 

successive approximation, where the next guess for the depth, hi+l, is equal to -~~~, 
where 

(4.17). 
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The friction slope, Sf, is found from Sf = CtuZ where Cf is from the sidewall gr 
correction procedure in Appendix L 

The above equations return values of h, u, and Sf at a node, The calculations 
proceed upstream until the calculated depth is within 1 per cent of normal, or until a user
specified distance, such as the length of the flume, is reached. This location represents 
the upstream boundary of the modeled reach and is where the constant sediment supply is 
input. If the user-specified reach is shorter than the actual backwater profile, the natural 
process of the backwater zone extending upstream in response to aggradation cannot be 
simulated. 

4.3.1.2 Sediment transport and bed elevation 
Sediment movement is predicted using (4,4) with appropriate coefficients. Bed 

elevations are then calculated using the sediment continuity equation, written here in 
backward finite difference form: 

THti+l = llij + (I_A~;(~X)~i(qS'i+lbi+l - qs,ibj) (4,18). 

The backward difference scheme is especially appropriate for modeling deltaic movement, 
where bed elevations downstream are dependent upon transport from upstream. 

4.3.1.3. Selection of spatial and temporal step lengths. 
The accuracy of a backward-difference numerical scheme is of order ~x, the 

distance increment (Street, 1973). The distance increment should be chosen to be 
appropriate for the scale of the problem and process being modeled. An upper limit for 
~x may be estimated by first choosing a ~t and then solving for the bedform celerity from 
(2.19): 

(1-Ap)~X C 2 33 [(b ) bl1 c1-b1]O 96 = n =. a1 1 - c1 U ·1 . 
~t 

(2.19) 

where qs is expressed as qs = alqbl(~ - ll)Ci-l. For example, if Parker's equation for 

* field conditions is used, then for large values of'Tg, a = channel width, b = 3, and c = O. 

The values of ~x and ~t can then be tested in the model to see if any numerical 
instabilities develop. 

4.3.2 Aggradation 

4.3.2.1 Summary of aggradation process. 
As described in detail in Chapter 3, upon lowering the sluice gate into the flow in 

the experimental flume, the water surface rises upstream and a mound of sediment 
deposits downstream of the flume entrance. A delta forms and moves forward toward the 
sluice gates. The top set slope is maintained at a near-normal value in the uniform-width 
portion of the flume and conserves the observed adverse slope in the diverging portion of 
the flume. Field data indicate the topset slope is between one-half and two-thirds the 
normal slope. 
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4.3.2.2 Modeline approach 
It is a violation of the one-dimensional equations of motion to attempt to model 

flow over a delta lip where the immediate downstream slope approaches the submerged 
angle of repose (about 33°). Flow separation and recirculation are observed to occur in 
this region. Pressure is not uniformly hydrostatic, and flow is certainly not well 
described by a one-dimensional approach. As an alternative, the evolution of a 
steepening bed is monitored in the computer program. When the slope exceeds a certain 
criterion, a vertical face is mathematically fitted at the node of maximum slope. The 
vertical front, a shock, is then moved forward into the reservoir based on the continuity 
equation for sediment. From experimental observations, a delta forms when the sediment 
transport decreases to zero at some point upstream of the dam. In this investigation, a 
shock is fitted to the incipient delta when the computed bed slope in the aggrading region 
exceeds five times the normal slope. As actual bed slopes rarely exceed 1 or 2 per cent, 
the model tracks a developing delta until the bed slope is a maximum of 10 per cent. This 
is still considered to be Within the range of valid one-dimensional modeling. Most streams 
have slopes that are one or more orders of magnitude flatter, so there is no question as to 
the validity of one-dimensional modeling slopes five times the normal value. 

Once the slope in a modeling reach reaches a five times the normal value, the bed 
elevations at locations 16 and 6 nodes upstream are used to extrapolate downstream to 
establish the elevation of the top of the vertical delta face. Nodes relatively far upstream 
are used as a basis for extrapolating to the top of the shock to avoid spurious 
extrapolations from nodes near the delta location, where the bed progressively steepens. 
In a similar fashion, the bed elevations at locations 5 and 6 nodes downstream are used 
to extrapolate upstream to establish the elevation of the bottom of the vertical delta face 
(see Figure 4.1). Nodes closer to the delta location are used for upstream extrapolation 
because the bed profile downstream from the delta is relatively unchanged from initial 
conditions. From this time step forward, sediment transport downstream of the vertical 
delta face (shock) is taken to be zero. 

280 

2'70 
2000 

Used to extrapolate dO'WllStream " ' 

" verti.cel shock face 

" Used to extrapolate upstream 

4000 6000 8000 10000 

Pigure 4.1 Establishing the height of the vertical shock face 
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Since sediment transport downstream of the shock is indeed zero, the bed and 
water surface elevations remain unchanged for future time steps. Backwater calculations 
can therefore subsequently begin one node downstream of the shock and proceed 
upstream. Once the delta has been located, the computational grid may be made less 
dense, resulting in fewer computational nodes. 

Subsequent sediment calculations begin at the upstream boundary as usual, but 
terminate at the last node upstream of the shock. Excess sediment passing the last node 
(refer to Figure 4.2) is first used to raise the top of the shock according to a linear 
extrapolation from the two closest nodes upstream. Any excess sediment is considered 
effective in moving the shock forward. The elevation of the bottom of the shock is 
determined by linear extrapolation from the two closest nodes downstream. An iterative 
procedure is used to determine the distance the shock moves forward. 

Del ta at time j 

Del ta at ----1 
time j + 1 I 

Flow and 
Delta move
ment ...--'" 
~ 

i - 2 

1 

Streambed profiles 

" 

Nodes 

Time Step.. 

j + 1 
j 

o 

Pigure 4.2 Method of moring the shock face folY8Id 

If a simulated reservoir is described with less than sixteen nodes, the model will 
not locate a shock, even though one may be justified by the slope criterion. Neither 
would a shock be fitted if a delta were to form within the first sixteen nodes from the 
upstream computational boundary of the model. In this case a shock would be fitted to 
the bed when the evolving delta passes the sixteenth node in the downstream direction. 

In accordance with the concept of a shock, the delta is simulated with a vertical 
face. This approximation is considered adequate since the longitudinal dimension of the 
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delta foreset slope is negligible when compared to the longitudinal dimension of the 
reservoir. 

4.3.3 De2radation 

4.3.3.1 Summary of degradation process. 
Upon raising the sluice gate in the laboratory flume, the water level upstream 

immediately begins to drop. Sediment transport increases in the vicinity of the sluice 
gate, and is soon increased throughout the flume as the water surface drops in the 
upstream direction. Water and sediment transport characteristics immediately 
downstream of the delta are very unsteady and multi-dimensional. 

4.3.3.2 Modelin2 approach. 
Since in the sluicing case there is general movement throughout the reservoir, 

there can be no computational shortcuts in the degradation case, unlike the aggradational 
case, where conditions remain unchanged downstream of the delta. Since flow patterns 
downstream of the eroding delta are very complicated, sluicing computations for every 
time step begin at the delta. lip, which is typically no more than a few normal depths 
upstream of the dam. 

Since the model is not set up for supercritical flow conditions, and since the 
Froude number is constrained to be less than about 0.7, the water surface can be dropped 
only relatively slowly. Two computational approaches have been developed for modeling 
the drop ing the water surface at the downstream boundary which simulate the reservoir 
draining process. Both allow an eventual total lowering of the water surface equal to the 
user-input value, which may be several times the normal flow depth in the case of deep 
reservoir deposits. The first technique, applicable for field cases, allows an initial 
lowering of the water surface to within one percent of the critical depth above the delta 
lip. The depth of scour is computed for the location using the sediment continuity and 
transport equations, and the water surface is next lowered an amount equal to the scour. 
In this way the water surface is dropped as quickly as possible while maintaining near
critical flows at the delta lip. This process continues until the water surface has been 
lowered the total amount input by the user. The second technique, applicable for smaller 
scales such as those of laboratory flumes, further slows the sluicing process. Sluicing at 
the laboratory scale proceeds very quickly due to the lightweight sediment used and the 
small geometry of the flume, often producing supercritical flow and extremely unsteady 
flow conditions. Initial numerical experiments are performed to determine how often the 
water surface may be dropped a discrete value while maintaining numerical stability in the 
model. Once this time step value and intervening time has been determined, it is used to 
lower the water surface at the dam in the model. Sluicing proceeds in almost a semi
equilibrium process, simulated by lowering the water surface a discrete amount with a 
specified time interval between. 

4.3.4 Model Flowchart and Input Requirements 

4.3.4.1 Model flowchart. 
A model flowchart is shown in Figure 4.3. The input data segment reads the data 

necessary to initiate a new run or continue a previous run. The initialization segment 
computes the normal depth and sediment input rate for open channel conditions and 
computes the initial backwater profile showing the effect of either raising or lowering the 
downstream water surface. The main program segment is a computational loop. A 
backwater profile is computed, after which sediment transport and bed elevation changes 
are calculated for each node. For the case of aggradation, the bed profile is checked to 
see if the slope criterion for shock fitting is met. If it is, the shock is fitted to the bed if 

53 



( Input Data) ---4) Initialization 

• hydraulic parameters 

• geometric description 

• sediment characteristics 

• control variables 

:0- Initial Run? 

:0- Continuation Run? 

~ compute normal depth 

- compute sediment input rate 

~ compute initial bw profile 

( Main progrlllD.) {.f-----______ ----l 

r---7 compute backwater profile 

- compute sediment transport at each node 

- ad just bed elevations 

:0- fit a shock? Yes ----t Locate and move shock front 

lE------- No 

~ check to see if results will be printed 

- increment time 

:0- final time step reached? Yes ---'!I) Quit 

~----------------- No 

Jligure 4.3 Jllovchart for numerical model of reservoir 
aggradation and degradation 

54 



the user has selected the shock-fitting option. A check is made to see if results should be 
printed, and the time step is incremented. The process is repeated for the user-specified 
number of time steps. If a shock has been fitted to the bed, it is moved forward 
according to the procedure described previously. 

4.3.4.2 Input requirements 
The computer code is listed in Appendix 3. Input requirements can be classified 

in four categories: hydraulic parameters, geometric input, sediment properties, and 
control variables. 

Hydraulic parameters are total discharge, initial normal slope, water temperature, 
initial depth at the downstream boundary in the case of a diverging channel, and the 
amount the water surface will be raised or lowered at the downstream boundary. 

Geometric input includes the uniform channel width, the rate at which the channel 
widens and the distance at which the widening begins (if applicable) , the initial bed 
elevations at the downstream boundary and in the diverging region (if applicable), and 
values pertaining to cases for which a shock is already in place at the beginning of the 
run: the shock location, the elevations at the top and bottom of the shock, and the shock 
width. Finally, distance associated with the dam location (i.e. river kilometer) is 
required. 

Control variables are for choosing model computational and printing options. The 
user must specify if the run is for a flume or a field case, whether or not a shock will be 
fit in the case of aggradation, and whether the run is a continuing run or a new study. If 
it is a continuing run, the user must enter the locations, widths, and bed elevations for 
each computational node. If a new run is initiated, the program computes the initial bed 
profile using the initial slope and distance increments. Additional control variables affect 
how long the computed backwater zone will be and how computations proceed if a shock 
is fitted to the bed during the run. The user must specify if the initial backwater zone will 
be extended by a multiple of the initial length to accommodate upstream migration of the 
backwater zone, or if the zone will be allowed to elongate only when necessary (when the 
depth at the upstream boundary is no longer within one per cent of normal). If the latter 
condition is specified, the ultimate backwater reach length is entered. If a shock is to be 
fitted to the bed, the user must specify by what multiple the distance and time steps will 
be increased after shock fitting has occurred. The uniform distance and time steps for the 
run are required, as are the starting time and total time of the run. Finally, the time 
between printing results is specified. Results include the distance and width assigned to 
each node, and the elevation of the bed and water surface and the depth and sediment 
tran sport for each node. 

4.3.5 Model Listing 

The computer code is listed in Appendix 3. Included is a definition of program 
variables and procedure names and descriptions. The code was developed as a research 
tool and is not particularly user-friendly. It was initially written in TurboPascal and run 
on a Macintosh SE computer, then moved to a CYBER 855 mainframe and compiled in 
Pascal-6000. 
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4.4 Numerical Modeling of Laboratory Runs 

The computer model was used to predict normal depths for all the runs listed in 
Table 3.1 and to predict in detail the aggradation of Run 28 and the degradation of Run 
29. 

4.4.1 Normal Depth Predictions 
Normal depths for open.-channel conditions were computed using the Einstein-Barbarossa 
method and the sidewall correction procedure described in Appendix AI. Observed and 
computed depths are listed in Table 4.1. Observed normal depths include one-half the 
observed bedform amplitude. The computed estimates range from 10 per cent low to 6.6 
high, and average 2.1 per cent low. The agreement is excellent, especially considering 
the variability in bedforms and the difficulty in accurately determining bedform amplitude. 

4.4.2 Aggradation: flume case 

4.4.2.1 Model setup 
Run 28, carried out in the experimental flume fitted with an expanding region 

upstream of the sluice gates, was selected for detailed modeling of aggradation. Bed and 
water surface profiles were measured every hour after the middle of three sluice gates was 
set to within 0.0163 meters of the flume bottom. The adjoining sluice gates were closed. 
After the initial delta formed at the upstream entrance to the flume, 14.3 hours were 
required for the delta to reach its final position about 0.40 m upstream of the sluice gate. 
Another 4 or 5 hours were required for the bed to reach its equilibrium state throughout 
the entire flume. 

A time step of 30 seconds and a distance step of 0.6 m were used for the initial 
portion of the run when the delta was moving through the uniform-width portion of the 
flume. These values were based on the observed sediment wave celerity in the flume, 
assuring that the sediment would not travel through an entire model reach in a single time 
step. 

The computer model was first run with the observed open channel equilibrium 
bed as input. The model was run for two simulated hours without increasing the 
downstream water surface in order to allow the computed bed and water surface to reach 
eqUilibrium. The computed equilibrium bed was then used as the initial condition for the 
actual simulation. The position of the observed 0.10 meter-high delta two hours after the 
experiment began was used in the model as a shock and then run until the model 
predicted that the shock had reached the beginning of the diverging portion of the flume. 
The distance and time steps were then reduced to 5 seconds and 0.1 meters respectively to 
model more accurately model the flow in the diverging portion of the flume. The model 
required 42 computational seconds to track the delta to the beginning of the diverging 
portion of the flume and 386 computational seconds to reach final eqUilibrium. 

4.4.2.2 Results and discussion. 
The computer model estimated the normal depth to be 0.0587 meters compared to 

an observed value of 0.0653 meters, and estimated the accompanying steady inflow rate 
of sediment as 227 grams per minute compared to the observed value of 186 grams per 
minute. The calculated sediment input rate is only 22 per cent higher than observed, 
which is exceptionally close considering the scatter in the sediment transport data of 
Figure 3.11. A comparison of the initial observed and computed bed and water surface 
profiles is shown in Figure 4.4. Agreement is very good. Figures 4.5, 4.6, and 4.7 
show bed profile comparisons 1 hour and 7 hours later and for the final equilibrium 
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Run Normal Depth, cm Percent 
Number Observed Computed Error 

1 3.64 3.64 0.00 
6 3.25 3.31 + 1.9 
13 6.18 5.98 - 3.2 
14 6.13 5.90 - 3.8 
15 5.66 5.61 - 0.9 
16 5,40 5.67 + 5.0 
17 6.30 5.87 - 6.8 
20 6.30 5.87 - 6.8 
21 3.07 3.08 + 0.3 
22 5.32 5.67 + 6.6 
23 7.25 7.27 + 0.3 
24 5,45 5.05 - 7.3 
25 3.55 3.58 , + 0.9 
26 6.68 6.60 - 1.2 
27 6,41 6.64 + 3.6 
28 6.53 5.87 - 10.1 
29 6.65 6.03 -9.3 

Average: -2.1 

Table 4.1 Observed and computed normal depths for experimental runs 
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Figure 4.4 ObseITed and computed initial conditions tot Run 28 
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condition. Table 4.2 lists observed and predicted locations of the delta and delta 
propagation speeds. The computer model overestimates delta propagation speed by 27 
per cent as can be seen in the Figures and Table. The rate at which the shock moves 
forward in the program is directly proportional to the sediment delivered to the front, 
which for this case is very nearly equal to the computed input value, which is 22 per cent 
higher than observed. Correspondingly better or worse results would be expected 
depending upon the prediction of sediment transport rates. 

The plot of final equilibrium conditions in Figure 4.7 shows that the computer 
model over-predicted the bed elevation in the diverging portion of the flume by about one
third. This may indicate that experimental conditions were not quite at equilibrium when 
the experiment was stopped. 

Both the observed and calculated profiles and depths are very near the equilibrium 
values as the delta moves downstream. This confrrms other experimental observations 
that flow upstream of a delta is nearly uniform during the downstream delta progression. 
The near~uniform condition is due to the short experimental facility, where the sediment 
input source is relatively close to the simulated dam, and the backwater zone cannot 
extend farther upstream than the flume entrance. The same run was simulated on the 
computer without the constraint of the flume length, and showed an actual backwater 
zone of 120 meters compared to the 12 meter-long flume. The short flume also accounts 
for the near-normal bed slopes as the delta moves forward. Figure 4.8 compares the 
sediment transport rates for the simulated flume run and for a run where the backwater 
zone is 120 meters long. The input rate to the flume is 2.8 . 10-6 m3/sec for each case. 
For the 12-meter-Iong flume the sediment transport rate is 2.5 . 10-6 m3/sec when the 
delta has moved about 9 meters, a reduction of only 12 percent. If the delta had moved 
the 100 meters or so it would if the backwater zone were 120 meters long, the sediment 
transport rate over the lip would be 1.2 . 10-6, or about 50 per cent of the input rate. The 
bed profiles corresponding to these sediment transport rates are shown in Figure 4.9. 
The slope of the bed in the short flume as the delta moves downstream is almost 0.00 17, 
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Time 
(gate lowered 
at 4: 45 p.m.) 

6:45 p.m. 
7:55 p.m. 
8:45 p.m. 
9:40 p.m. 
10:45 p.m. 
11;45 p.m. 
12:45 a.m. 
1:48 a.m. 
2:45 a.m. 
3:45 a.m. 
4:45 a.m. 
5:55 a.m. 
6:45 a,m. 

Position of Delta, meters 
upstream from sluice gate 
Observed 

9.561 
8.43 
7.61 
6.63 
5.66 
4.68 
3.63 
2.66 
1.83 

1.502 

1.13 
0.75 

0.401 

Computed 

9.561 

8.33 
7.11 
5.93 
4.80 
3.69 
2.60 
1.54 
0.90 
0.50 

0.403 

0.40 
0.40 

Mean speed for 
entire run: 

Delta Propagation Speed, 
meters per hour 

Observed Computed 

- -
1.0 1.2 
1.0 1.2 
1.1 1.2 
0.9 1.1 
1.0 1.1 
1.1 1.1 
0.9 1.1 
0.9 0.6 
0.3 0.4 
0.4 0.4 
0.4 -
0.4 -

0.9 1.2 

the equilibrium value, while the slope of the bed in the longer backwater zone case is 
0.0013, or about 76 per cent ofthe equilibrium value. 

1 Initial conditions 
2 Flume begins to diverge 1.50 meters upstream from sluice gate 
3 Equilihrium distance from sluice gate 

Table 4.2 Observed and computed delta locations and 
propagation speeds for Run 28 
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4.4.3. Sediment Sluicing: flume case 

4.4.3.1 Model setup 
Run 29, also performed in the diverging flume, was selected for the detailed 

modeling of sediment sluicing. The run was performed independently of Run 28, the 
aggradation case, but has very similar hydraulic conditions. The experimental run began 
with an equilibrium delta located 0.4 meters upstream of the sluice gates. Only the center 
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sluice gate was operated. Input sediment feed rate was 185 grams per minute. The sluice 
gate was opened enough to lower the water surface at the delta 3 millimeters. every 20 
minutes. This procedure was repeated for 8 hours, resulting in a total drawdown of 0.075 
meters, or 1.12 times the observed normal depth of 0.0665 meters. Bed and water 
surface profiles were measured every 100 minutes during the run. After the final gate 
adjustment, about 30 minutes were required to establish eqUilibrium conditions 
throughout the flume. Equilibrium slope was 0.0016. 

A distance step of 0.10 meters and a time step of 4 seconds was selected for the 
computer run based on preliminary runs with different distance and time steps, The 
smaller distance and time steps are necessary to maintain computational stability during 
the simulated sluicing, which produces higher~than-normal sediment transport rates, The 
observed bed profile before sluicing began was input as an initial condition to the 
computer and run until the model estimated that equilibrium had been achieved, The 
water surface elevation at the delta lip, (downstream boundary) was then decreased 3 
millimeters every 20 minutes for 8 hours, and then run to equilibrium, 

4.4.3.2 Results and discussion 
The computer model predicts a normal depth of 0,0603 meters, a normal 

slope of 0,0016, and a sediment input rate of 194 grams per minute, The 
computed sediment input rate is unusually close to the observed. The observed 
and computed initial equilibrium bed and water surface profiles are shown in 
Figure 4.10, and observed and computed profiles for intermediate and final stages 
of the run are shown in Figures 4.11, 4.12, and 4.13, A total of 683 seconds of 
computer time were required to complete the run. The observed and computed 
initial conditions are in very 

0.26 ~:::~;;;; •• ' ~ .. ~ ... iisiiiiii;;jij"iiifl 
0.2.:1 j.o i .... tiI .. hiiihlii~ 

'Wtter S'lIIfMe 

0.22 

0.20 
Bed" 

- •• - Coa,'lltei 

0.18 

0.16 ........ -r-T""T....,-,....,.....,..,r-T""".,.-,-r--.--r-r-r"'"'T'..,.-,'"'""T"''T'''''I-J 

o 10 12 

Pigure 4.10 Obsexved and computed initial conditions 
f~rRun29 
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close agreement, while the intermediate computed profiles are about 0.01 meter lower 
than observed,and the [mal computed equilibrium prof:tle is about 0.005 meters below the 
observed. This pattern suggests most of the computational discrepancy occurred during 
the first 100 minutes of simulation, because the discrepancy does not grow with time. 
Close inspection of the observed bed profiles shows that during the first 100 minutes of 
the actual run, the bed actually aggraded in the diverging portion of the flume and 
degraded only slightly in the uniform width portion. It is 

The relatively slow draw down rate used in Run 29 ensured that sub critical flow 
conditions existed at all times in the flume, and provided a drawdown rate commensurate 
with a field scale problem. For example, if a scaling ratio of 1: 100 is used, then the 
experimental procedure corresponds to drawing the water surface down 0.030 meters 
every 3 hours, or about 3 meters per day, a value not unreasonable to expect in a field 
case. 

4.5 Numerical Modeling of Field Case 

There were no detailed field data readily available with which to test the numerical 
model, so a river~reservoir for which limited information was available was selected to 
illustrate the application of the code to a field-scale problem. Results are of qualitative 
significance . 

. 4.5.1 Description of Site 

In 1911 the city of Granite Falls, Minnesota, built a 5.5-meter high concrete 
gravity dam on the Minnesota River adjacent to the city. The dam replaced a similar one 
built in 1872 that was used for flour milling operations (Gake, Garver, Gulliver, and 
Renaud, 1981). The drought of the early 1930's dried up the reservoir and people 
walked on the sediment that had completely filled the impoundment (oral communication 
with Alan Rindels, 1989). The reservoir filled with sediment, therefore, in a period of 
from 20 to 58 years. The present-day reservoir is said to have about a 5.6 kilometer-long 
backwater zone with a mean depth of 1.8 meters. 
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4.5.2 Hydrology and Sediment Characteristics 

The mean annual water discharge at the site is 20 m3/sec, and the river slope is 
about 0.0009 (Galee, Garver, Gulliver, and Renaud, 1981, and Barr Engineering, 1986). 
The channel width corresponding to the mean annual discharge is about 80 meters 
(U.S.G.S. Granite Falls quadrangle map, 1965). Channel depths average between 0.3 
and 1.2 meters (Schneider, 1966). The bed material consists of fairly uniform sand with 
a median diameter of 0.45 millimeters and a specific gravity of 2.65 (Johannes son, 
1988). The porosity of the material was assumed to be 0.30. The water temperature was 
assumed to be 10 degrees Celsius, representing a mean annual temperature. 

4.5.3 Modeling Approach 

Consistent with the constraints of the computer model, water and sediment 
discharge are modeled as being constant for the simulation period. Since most interest is 
in determining how long the reservoir takes to fill with sediment, it is important to 
preserve sediment continuity during the simulation period. This is accomplished using 
the concept of dominant discharge. Dominant discharge is defined as that discharge, 
which if maintained constant throughout the year, would transport the annual sediment 
load past a site. The dominant discharge for the Minnesota River at Granite Falls is based 
on calculations of discharge and sediment rating curves. The discharge rating curve was 
calculated using the Engelund-Hansen equation (Equation 3.9), while sediment transport 
was calculated using the Parker equation for field conditions (Equation 3.11). The actual 
value of dominant discharge was estimated to be 28.3 m3/sec and was found using the 
sediment rating curve and a flow duration curve for the site computed by Gake, Garver, 
Gulliver, and Renaud (1981). 

4.5.4 Aggradation Analysis: field case 

4.5.4.1 Model setup. 
A distance step of 250 meters in the computer model produced satisfactory 

backwater profiles for the site, and a time step of 2.5 days maintained computational 
stability. Three different runs were made for the aggradation case. In the first, the length 
of the initial backwater zone computed by the model was kept constant for the entire 
simulation. This prevents the migration of the backwater zone upstream, and like the 
flume case in the laboratory, provides a lower limit on the time required to fill the 
reservoir. Runs were made with and without the shock-fitting option. A second and 
third run were made in which the initial length of the backwater zone was multiplied by 5 
and 10, respectively. Computations then proceeded as in the first case, but with the 
longer computational domains, as indicated. Since it is unknown how long the eventual 
profile might be, the multiplier values were used to provide an approximate upper limit to 
the upstream migration of the backwater zone. 

4.5.4.2 Results and discussion. 
The computer model predicts a normal depth of 0.5 meters, within the range of 

depths quoted by Schneider (1966). A comparison of delta progression with and without 
a shock fitted to the delta is shown in Figure 4.14 fot the case of a non-extended 
backwater zone. The shock-fitting routine tracks the delta well, and even though the 
slope of the delta appears steep, it is only 1.6 per cent, and is therefore valid to be 
modeled by the one-dimensional equations of motion. The value of 1.6 per cent, 
however, is not necessarily physically realistic, since field observations (Chapter 2) and 
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flume observations in this study suggest that the delta moves forward in a narrow 
reservoir with a foreset slope of about 330 , or about 60 per cent. 

Mmnesota. River at Granite Falls Dam 
Aggrdation 
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Figure 4.14 Computed bed profiles for field cue 
'With and 'Without tb.e shock-fitting option 

The establishment of the delta and its progression as simulated by the shock front 
are shown in Figure 4.15 for the case where the backwater zone is extended 5 times 
farther upstream than initially predicted. A total of 165 computer seconds was required 
for the solution. Note the orderly progression of the delta, and the fact that it slows down 
as it moves farther into the reservoir. It is estimated to take about 48 years to fill the 
reservoir for this modeling case, although the bed continues to modify its slope for 20 
years after reaching the dam. The bed slope upstream of the delta as it moves forward is 
about 0.00055, or 60 percent of the initial bed slope. This is between the values of one
half and two-thirds quoted by Borland (1971) for observed field cases. Different results 
(likely a lower slope) would be expected if the modeled reservoir had a widening section. 

Table 4.3 lists the filling times and locations of the initial delta for the three runs with 
different lengths of backwater zones. All are well within the actual estimated range of 
from 20 to 58 years. Note that the calculated backwater zone evidently does not migrate 
farther than five times the original because the results for the two cases with longer 
backwater zones are the same. 

66 



I 

-I 
! 
I 

Minnesota River at G:mni1e Palls Dam 
Backva1er Zone 5X lni1i8l Leugth 

284~----------------------------~ 

III 282 

_" 280 
.r:! 
'l;I 278 

~ 276 

'I 274 

] ~72 
- 270 

~~~~~=-.g~'1--- lni1i8l Bed ____ ~ --<>-- 2.07 yo <: shock 
_~I'J-""" • 2.07 yo > ;shock 

• 10 yo 
~20yo 
--0-- 47.6 yo: at dam 

I 70 yrs 

268+-~~~~~~~~~~~~~~~ 

o 2000 4000 6000 BOOO 10000 
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Delta forms when bed slope is five 
times the original 

Time required to 
Length of fill reservoir 

Computational kilometers with sediment, 
Domain, upstream from years from years 

kilometers dam closure 

6.5 3.3 5.6 35 
32.5 4.3 2.1 48 
65 4.3 2.1 48 

Table 4.3 Computed initial locations of deltas and times required 
to fill the reservoir for the field. case 

Despite the computed results being within the estimated range of filling times, 
there are several reasons why the results are probably not exact. The simulated model 
used uniform sand for the sediment and did not account for fine materials in suspension. 
These fines, present in the Minnesota River, if not passed over the dam, deposit in the 
reservoir and contribute to the loss in storage volume. Conversely, all of the simulated 
sediment is trapped in the reservoir, implying a trap efficiency of 100 per cent. Such may 
not be the case in the field. Finally, detailed information was not available on the channel 
bed topography upstream, so the length of the actual backwater zone is unknown. 
Nevertheless, the computed bed profiles do appear to be consistent with the information 
available for the site and do conform to the information about top set l?eds discussed in 
Chapter 2. 
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4.5.5 Degradation Analysis: field case 

4.5.5.1 Model setup. 
The simulation of sediment sluicing at the site was begun with a condition of 

complete sedimentation in the reservoir where normal depths and slope prevail 
throughout. This corresponds to a case where the bed above the Granite Falls dam is 
raised uniformly to the height of the dam, 5.5 meters. It is similar to the condition 
predicted for the aggradation case after 70 years of simulation, except that even after that 
amount of time the calculated slope was not at equilibrium throughout the reservoir. 

The water surface at the dam was allowed to drop as quickly as possible, 
maintaining depths just above critical at the dam until the total drawdown of 5.5 meters 
was achieved. The water surface elevation thereafter was held constant and the bed was 
allowed to freely adjust upstream. 

Sluicing was simulated in two steps. The frrst modeling segment consisted of a 
150~day simulation with a distance step of 50 meters and a time step of 30 minutes. 
These short step values were selected to accommodate the higher transport rates expected 
during the initial stages of drawdown. For the second modeling segment, a distance step 
of 250 meters and a time step of 12 hours was used. The distance step is the same as 
used in the aggradation case, but the time step is 5 times shorter, once again to 
accommodate the higher-than-normal sediment transport rates. For both modeling 
segments the backwater zone was allowed to be extended as necessary upstream as the 
bed at the upstream limit was eroded. 

4.5.5.2 Results. 
Results for the two modeling segments are shown separately in Figures 4.16 and 

4.17. A combined total of 333 computer seconds was required for the solution. All the 
computed bed profiles show the expected concavity during the sluicing period of 10.67 
years. According to Figure 4.16,5.5 meters of bed erosion took place in the first 120 
days of the operation, but even after 10.67 years, the bed had not achieved its estimated 
initial state before the dam was closed. 

These results are qUalitative. The actual case would likely be somewhat different, 
especially if cohesive sediments are present in the bed. These sediments can impede and 
even stop the erosion process. The pattern of erosion is as expected, that is, progressing 
in the upstream direction from the dam, and not unrealistic. 

4.6 Applying the Numerical Model to Field Cases 

The numerical model developed for this investigation is based on the observation 
of aggradation and degradation in laboratory flume experiments. Results for the field 
case are consistent and logical. The purpose of this discussion is to demonstrate the 
applicability of the model to real field cases by considering scaling and three-dimensional 
effects. 

4.6.1 Scaling Laboratory Results to Prototype Projects 

In order for the experimental results to be applicable to prototype projects, 
dynamic similarity for flow and an appropriate measure of similarity for sediment 
transport must be achieved. . 
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4.6.1.1 Dynamic similarity. 
Dynamic similarity for flow is satisfied if the Froude number (Fr) of the model 

and prototype are equal: 
( 4.19), 

Vm ~ (420) or • r::::;- = . r::::I • , 
'vglm 'Vg1P 

where I is a length scale and the subscripts m and p refer to model and prototype, 
respectively. Prototype velocity and discharge can be computed using (4.20) as follows: 

assuming an undistorted length scale of 1: 100, the prototype velocity is Vp = V m~JfS or 

10 Vm. Since discharge is expressed as VIZ, then 

or 

or or 100,000(Qm). 

Experimental results are scaled using Froude number similarity to find prototype flow 
properties. 

4.6.1.2 Similarity for sediment transport. 
An appropriate scaling factor for sediment transport is the Shields' stress, denoted 

by 

* hSf 
T = Rdso (4.21). 

Critical Shields' stress is considered to be the minimum value required to initiate 
general sediment motion, and from Equation (4.21), the critical shear stress value is 
dependent upon the submerged specific gravity. Prototype bankfull discharges usually 
exhibit a Shields' stress about 15 times the critical value (Parker, Martinez, and Hills, 
1982). The use of crushed walnut shells (R = 1.35) ensures that model and prototype 
Shields' stresses are of the same order of magnitude. The critical Shields stress for the 
crushed walnut shells in the experiments is about 0.035. A typical value of Shields' 
stress for the experiments is 0.47, assuming a flow depth of 0.055 meters and a slope of 
0.0020, or 13 times the critical value. Thus experimental and prototype Shields' stresses 
are of the same order of magnitude, and sediment transport similarity is satisfied. 

4.6.2 Three-dimensional Effects 

The experiments for th~s investigation were conducted in a channel where the 
sluice gate(s) extended completely across the dam. In most prototype situations, the 
sluice gate(s) represent only li\ fraction of the flow area. Sluicing operations at such sites 
exhibit three-dimensional effects; local zones of erosion are present upstream from each 
sluice gate instead of a uniform scour zone across the entire dam width as observed in the 
experiments. The numerical model described herein can still be applied to these three
dimensional situations if 1.) the downstream boundary is taken at a location far enough 
upstream so as to be out of the region of the three-dimensional effects, and 2.) the total 
width to depth ratio (aspect ratio) is less than about fifteen. 
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The first restriction applies to all simulations, even those of the laboratory 
experiments, where three-dimensional effects were generally not present, The restriction 
is necessary because 1.) flow and sediment transport conditions downstream of the delta 
lip are not one-dimensional and cannot be modeled with the equations used in this study, 
and 2,) the St, Venant equations are shallow-water equations, meaning that flow 
parameters change much more slowly in the direction of flow than in directions transverse 
to the flow (vertical and lateral), This assumption is clearly violated downstream of the 
delta lip, 

The restriction does not result in excessive limitations to modeling three
dimensional situations. Laboratory experiments showed that the distance upstream from 
the dam where scour extended to the bottom of the flume (dam) was less than three 
normal depths, The horizontal distance from the delta toe at this location to the lip is of 
the same order as the flow depth, since the slope of the delta is at the submerged angle of 
repose, or about 34°, The total length not modeled therefore, is of the same order of 
magnitude as the flow depth and represents only a small fraction of the upstream reach 
affected by the dam. 

If the aspect ratio exceeds about fifteen, the flow is likely to split into multiple 
branches typical of a braided system (Fredsoe, 1978). The one-dimensional St. Venant 
equations in the form used in this study do not apply to such a system. Care should be 
taken not to apply the model to a prototype case where the channel width at the dam 
exceeds about fifteen times the original channel width. 

4.7 Summary 

It has been demonstrated that the computer model can successfully reproduce 
observed laboratory profiles for cases of aggradation and degradation, and that it can 
produce reasonable results when applied to a field-scale case. This r(;(search model 
requires fairly large amounts of computer time as revealed in Table 4.4. Relatively small 
distance and time steps are required in the case of aggradation to follow the evolution of 
the delta, and small steps are likewise required during sediment sluicing to accommodate 
high transport rates, The model has several restrictions, the most important being the use 
of steady water discharges and steady sediment input for the simulations, and the 
exclusion of sediment mixtures from the bed. 

Seconds oT--CYBER -SS5 mamframe 
Case time required for solution 

Flume: aggradation 422 
Flume: sluicing 683 
Field case: aggradation 165 
Field case: sluicing 333 

Table 4.4 Number of computational seconds required for solution 
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CHAPTER 5 BED RESPONSE TO CHANGES IN CHANNEL WIDTH 

The purpose of this chapter is to develop equations for the equilibrium depth, 
slope, and bed elevation for rectangular channels of prescribed varying width. The 
motivation for this analysis resulted from the observation that the bed slope in the 
diverging channel is adverse and is more pronounced near the beginning of the diverging 
section (see Figure 3.9). A more general analysis is then made for a rectangular channel 
of arbitrary width. The results are applied to a hypothetical field case. 

5.1 Brief Review of Previous Work 

Several researchers have developed relationships for depth, width, and slope 
ratios for rectangular channels with long contractions. Garde and Ranga Raju (1985), for 
example, summarize the work of Lorenz Straub and others. Assuming that the channel 
contraction is long enough for the establishment of normal flow, they derive 

= (5.1), 

and 
h b 12N 
h~ = (b~)7(1 + 2N) (5.2), 

where S = normal slope, h = normal depth, b = channel width, and subscripts 1 and 2 
refer to the unperturbed and contracted channels, respectively (see Figure 5.1 for a 
definition sketch). The exponent N is from the generalized power~law sediment transport 
relationship 

qs = C4Tb N (5.3), 
where qs is sediment transport per unit width of channel and Tb is total bed shear stress. 

The authors illustrate that with an N value of 2.0 ~ corresponding, they say, to a 
bedload equation, the exponent in equation (5.2) is 0.686; a value of N of 4.0 
(supposedly appropriate for a total load equation) produces an exponent of 0.76. They 
compare these to a field~observed value of 0.637. 

5.2 Equilibrium Depth and Slope in Rectangular Channels of Prescribed 
Varying Width 

A more general relationship is derived for the equilibrium depth and slope of a 
rectangular channel of prescribed varying width. Normal flow conditions need not 
prevail for this derivation, but flow is assumed to be steady for a long enough period of 
time that equilibrium conditions exist throughout the channel length .. The wide channel 
assumption is also invoked; that is, the hydraulic radius is assumed to be equal to the 
depth. 
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5.2.1. Dimensionless Equations of Motion 

For steady flow in a wide rectangular channel, the St. Venant equations for 
momentum and continuity are 

and 

d(u 2 hb) 
dx = 

a~ 
-gbh ax - bCfU2 (5.4), 

Q = 2 u h b = constant (5.5), 
where all terms are as defined as in Chapter 2, except b is now taken as the channel half 
width, and is an explicit function of x (see Figure 5.2). Note that the friction factor, Cf, 
is assumed to be constant in the reach. 

Sediment transport is generalized as in Garde and Ranga Raju, that is, 
qs = C4Tb N (5.6). 

Sediment continuity is simply expressed as 

Q s = 2 b q s = constant (5.7). 

Equations (5.4) through (5.7) are made dimensionless as follows: -a =~, Ii = hh , 
uo 0 

~ = bX. ' ~ = bb , q"s = qqs , and S = sS ,where the subscript refers to values in the uniform 
o 0 so 0 

width channel. Introducing these variables into (5.4) through (5.7) produces the 
dimensionless momentum equation 
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dd~ (~2 ~ ~) = 

the dimensionless continuity equation 

= 1 (5.9), 

and the sediment transport and sediment continuity equations, 

~2N (5.10), 
and 

q"s~ = 1 = ~2N~ (5.11), 

where E = yCf with y defined as the aspect ratio ~:, and Fro = the Froude number of the 
uniform width channel. 

5.2.2 Equation Development 

Dropping all superscripts for simplicity, and realizing from (5.9) that u = b-1h-1, 
(5.11) may be solved for depth: 

h = (5.12). 

Substituting into equation (5.8) and differentiating as indicated yields an explicit 
solution for the slopes in a channel of varying width relative to those of a uniform width 
channel with the same discharge: 

74 



2 N - 3 
S = b 2N 

1 - 1 - N 
2N b N ) 

(5.13). 

Equation (S.13) holds for any channel width expressed as a function of distance, 

that is, b = b(x). Bed elevation is now made dimensionless with the variable ~ = ~, and 

equation (S.13) is integrated for the case that b = bo + mx to yield an expression for 
dimensionless deviation from a uniformly sloping bed: 

A 1 2N 4N-3 1 1:l ~2 1-2N 
11 = -So[m (4N-3) {b 2N - 1} +; {2 (bN - 1) + Fro (b 2N - 1)}] 

(S.14), 
where the superscript over 11 has been dropped. Equation (S .14) applies to a channel, 
such as the laboratory flume, where width varies linearly with distance. A different 
expression would result from a different functional relationship for width. 

Equations (S.12), (S.13), and (S.14) describe the depth, slope and bed elevation 
of a channel of varying width. Sidewall effects and bedform influences are not included, 
but the second term of equation (S.13) accounts for the pressure and inertial terms 
encountered in non-uniform flow. The computer model in Chapter 4 accounts for 
sidewall and bedform effects and predicted bed elevations in the diverging portion of the 
flume may be compared to observed elevations in Figures 4.4, 4.10, and 4.13. 

Equations (S.12) and (S.13) may be compared to the simple case developed by 
Garde and Ranga Raju by re-writing (S.l) and (S.2). Equation (S.2) may be substituted 
into (S.1) yielding 

= 
b 14 - 12N 
(b~) 7(1+2N) (S.lS), 

To illustrate, use a channel with a long contraction as in the original analysis and 
let N = 2 and 4 in both sets of equations. Then the second term in equation (S.13) is 
zero, and the dimensionless equilibrium slope is simply a function of the exponent N. 
Since the right -hand-sides of equations (S.2) and (S.1S) are expressed as the inverse of 

~~, the sign of the exponents must be reversed. Table S.l shows the results, which 

compare favorably. The physical significance of the signs associated with the exponents 
is explained with an example. If channel width increases, flow depth decreases (negative 
exponent) to satisfy continuity, but slope increases (positive exponent) to transport the 
same amount of sediment and to maintain sediment continuity. 
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Values of exponents in expressions for 

Value of N in 
Slope Depth 

sediment 
transport Garde and Present Garde and Present 

relationship Ranga Raju Analysis Ranga Raju Analysis 

2 0.29 0.25 -0.686 -0.75 
4 0.54 0.625 -0.76 -0.875 

Table 5.1 Comparison of exponents in slope~depth equations 

5.3 Expression for Slope and Depth for a Rectangular Channel with 
Sinusoidally Varying Width 

A more general expression for slope and depth may be developed by introducing a 
small pertubation in an otherwise uniform width rectangular channel. For example, 
suppose a pertubation of the following form is used: 

b = 1 + Dk'sin(kx) (5.16), 

where k is a wave number defined by k = 2nb with A defined as wavelength, and Dk is a 
A 

pertubation amplitude such that Dk «1 (see Figure 5.3). All variables are 
dimensionless. Note that for a very long wave number (A approaches infinity), equation 
(5.16) returns a value of the uniform channel width. Equation (5.16) may be substituted 
into (5.12) and (5.13) and expanded about Dksin(kx) = 0 to produce the following 
expressions for hand S (to the second order): 

h = 1 ( 1 - 2 N ) 00 2 '( 1 - 2 N ) ( 1 - 4 N) (5 1 
+ 00 2 N + T 2 N 2 N . 7), 

and 

( 2N-3) 002 2N-3 -3 
S = 1 + 00 2N + T( 2N ) (2N) + 

1dw 2 1-2N 1-4N 1 { -2-2N 
----crx[Fl'o( 2N )(1 + oo( 2N) 2N 1 + w( 2N )}l 
e 

(5.18), 
where 00 = Dle-sin(kx). Retaining only first order terms and performing the differentiation 
in (5.18) results in 

h = 

and 

1-2N 
1 + Dk'sin(kx)( 2N ) 
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(5.20), S := 1 + w(sin(kx) + Bcos(kx» 
2N-3 

where W := ( 2N )Dk, and 

:= 

2 
2Nk F ro (1-2N)-1 

e(2N-3)( 2N ) 
(5.21). 

Now if we let B := tanB, we can rewrite (5.20) using trigonometric identities to 
produce 

S := 1 + asin(kx + B) (5.22), 
where 

a := D k ( 2 r N 3 ) (1 + B 2 ) ~ (5.23) 

and is equal to the amplitude of the slope pertubation, and B := tan~lB, and equals the 
phase lead or lag in equation (5.22). Equation 5.23 may be integrated to yield the 
deviation from normal bed elevations: 

a 
11 := S 0 [ k' cos ( k x + B) - x] (5.24), 

where all variables are dimensionless. 

PLOW 

PLAN VIEW 

Pigure j,,3 UnifQIIn :rectangular channel 'With a sinusoidel 
peltOba1i.on in 'Width 

The form of equation (5.24) indicates that the bed elevation response to a 
sinusoidal change in width is expressed by a cosine function with a phase lead or lag. If 
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the phase lead is zero, for example, the deepest part of the channel is at a point where the 
maximum rate of change in width occurs in the contracting portion of the channel. 

5.3.1 Application to Hypothetical Field Case 

It was once thought that during floods, there was a general lowering of bed 
elevations in varying~width channels. Lane and Borland, in Schumm (1954), dispelled 
that belief using observed flood data from the Rio Grande. The data show that during 
periods of increasing discharge the bed scours at narrow sections and deposits at wide 
sections. Equation (5.21) may be used to demonstrate this phenomenon. 

5.3.1.1 Approach 
A hypothetical field case is used for demonstration. The critical parameter to 

examine is the phase angle, B, which is a function of geometric, hydraulic and sediment 
transport properties. Geometric factors are bed width and pertubation wavelength. 
Hydraulic factors include steady flow depth, Froude number, and friction factor, and 
sediment transport is characterized by the exponent N in the sediment transport power 
law, equation (5.6). 

Steady flow depths, Froude numbers, and friction factors are computed using the 
Engelund-Hansen equation. The Bngelund-Hansen equation accounts for variations in 
the friction factor with discharge,and provides the estimates of total bed shear stress and 
grain shear stress necessary to determine the sediment power law exponent, N. The 
dimensionless grain shear stress from the Engelund-Hansen equation is used in the 
Parker equation to compute dimensionless sediment transport. The sediment transport 
value is plotted on log-log paper versus the corresponding value of total dimensionless 
shear stress from the Bngelund-Hansen equation. Repeating this process for several 
depths we can fit a curve through the points of sediment transport versus total shear 
stress. The local slope of the curve at a point is the value of the exponent N in the 
sediment power law. 

5.3.1.2 Solution 
The Minnesota River near Granite Falls, Minnesota, is used to illustrate the 

procedure. The same site was used in Chapter 4 to illustrate a field~scale application of 
the numerical model. For the purposes of this illustration, however, it is assumed the 
dam does not alter upstream flow. Channel half-width at this location is 40 meters, and 
the meander wavelength, modeled with the pertubation wavelength, is estimated at 800 
meters (Johannes son, 1988). A pertubation amplitude (Dk) of 0.10 is used. Observed 
bankfull depth is about 1 meter (Schneider, 1966). Three discharges were selected for 
analysis: a relatively low value, exceeded 50 per cent of the time, the mean annual 
discharge, and bankfull discharge, The hydraulic parameters, N values, and resulting 
phase lags are summarized in Table 5.2 

5.3.1.3 Discussion 
Results are plotted graphically in the plan view of the perturbed channel shown in 

Figure 5.4. Bed elevations relative to the bed in a uniform channel are plotted along the 
channel centerline. For example, if there were no phase lag involved, the bed relative to a 
uniform bed is deepest at the point of maximum rate of change of width in the contracting 
portion of the channel and is mo~t':shallow at the point of maximum curvature as the 
channel expands. Depth is equal to')llliform depth at the widest and narrowest sections. 
These locations are displaced 90 degrees from those of the maximum deviation in slope, 
the result of integrating a sine curve (slope) to obtain a cosine curve (bed elevation). 
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Nor~ 

mal 
depth 

meters 

0.21 
0.43 
1.04 

Expo~ 

nent in 
sedi~ 

ment 
trans~ 

Dis~ Velo~ Fric~ port Phase 
charge city Froude tion Aspect power lag 
m3 /sec ml sec Number Factor Ratio law degrees 

7.1 0.42 0.30 0.0105 190 2.58 -0.099 -6 
22.4 0.65 0.32 0.0090 93 2.58 -0.248 -14 
135 1.62 0.51 0.0035 38 1.63 -14.25 -86 

Table 5.2 Hydraulic and sediment transport parameters and 
angle shifts for hypothetical field case 

The results of the pertubation analysis clearly show that the point of maximum 
depth migrates downstream with increasing discharge, until at bankfull conditions, 
maximum depth is found at the narrowest section and minimum depth at the widest 
section. This conclusion confIrms Lane and Borland's observations of the Rio Grande. 
It also explains why stream gaging stations and river crossings such as bridges typically 
located at narrow channel sections, experience extreme scour during floods. 

The present analysis assumes that each discharge event lasts long enough to 
produce equilibrium beds in the channel reach. This is most likely achieved in large 
watersheds where increasing runoff is produced by snowmelt, producing a very slowly 
increasing discharge hydrograph during the melt season. It also assumes the one
dimensional equations of motion apply, meaning that even at the low discharges, water is 
evenly distributed across the entire cross section. It does not account for effects of 
secondary flow in the meander bends. Finally, the effect of bedforms was considered in 
determining depth, discharge, and sediment transport, but bedform effects on the phase 
lag itself are not considered. Nonetheless, this first-order analysis gives a picture of the 
general behavior of rectangular channels of varying width during increasing discharge, 
and replicates the essence of reported field observations, 
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CHAPTER 6 SUMl\1ARY 

It has been shown that for reservoirs dominated by bedload tran sport, 
sedimentation and sediment sluicing can be successfully modeled with laboratory and 
numerical models. 

The laboratory experiments revealed the basic processes of reservoir aggradation 
and degradation. Aggradation is accompanied by the formation of a delta which 
essentially divides the reservoir into two hydraulic regimes: a segment upstream of the 
delta lip and a segment downstream of the delta lip. Flow conditions upstream of the 
delta lip for the laboratory experiments display nearly uniform flow depth and slope for a 
constant width rectangular channel. Flow conditions downstream are unaffected by the 
delta; sediment transport rate is zero, and flow conditions remain unchanged until the 
delta advances into the region. Modeling a field case with the computer reveals that 
without the restriction of a short laboratory flume, the backwater zone extends itself 
upstream as aggradation occurs in the reservoir, and that the sediment transport rate 
decreases downstream as the flow approaches the delta lip. Conditions are not uniform, 
and bed slopes are about one-half to two-thirds the value far upstream. This was shown 
to be consistent with field observations of Borland (1971). 

For the case of the laboratory experiments, which were conducted in a narrow, 
rectangular flume, the depth of deposit or scour is ultimately equal to the amount by 
which the water surface was raised or lowered at the dam. Since the headwater elevation 
at a dam can be predicted during sluicing using the orifice equation, the ultimate amount 
of scour in response to sluicing can also be predicted using the orifice equation. Thus a 
relatively simple equation can be used to predict the amount by which the bed upstream 
will be lowered in response to sluicing. 

The development and migration of the aggradational delta were successfully 
modeled with the quasi-steady one-dimensional equations of motion and the sediment 
continuity and transport equations. The accuracy of the predicted delta migration speed is 
linearly dependent upon the accuracy of the sediment transport equation. Predictions of 
reservoir filling time for a field case were well within the range of available data. 

The numerical model is restriced to subcritical flow conditions. This means that 
supercritical flow during rapid draw down cannot be modeled. This is a limiting factor 
when considering small scale experiments such as those performed in a laboratory flume, 
where sluicing proceeds very rapidly in response to relatively small changes in gate 
opening. But on a field scale, the restriction ensures that sluicing will ta1ee place in a 
controlled fashion without catastrophic amounts of sediment being introduced rapidly into 
the downstream channel. 

Further work on the numerical model should incorporate sediment mixtures, the 
effects of cohesive sediments on sluicing, supercritical flow, and the consideration of 
temporal width variations in the channel. These additions will allow evaluations of the 
effects of sorting, armoring, cohesion, and width variation to be included in the analysis 
of sediment sluicing. 
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I 
--1 

APPENDIX 1 SIDEWALL AND 
BEDFORM CORRECTION PROCEDURE 

Resistance to flow in stream channels is provided by the channel bed and stream 
banks, or sidewalls. In natural streams the sidewalls may be either more or less rough 
than the bed. In glass~walled laboratory flumes the sediment-covered bed generally 
provides much more resistance to,flow than do the sidewalls. Channel beds, in turn, 
provide both grain (skin) and form resistance. Grain resistance is due to flow over 
individual sediment particles, while form resistance is due to irregularities in the bed, 
such as ripples, dunes, and other bedforms. Only that portion of energy expended on 
overcoming grain resistance is effective in producing bedload transport. Sediment 
transport predictions require estimates of this grain resistance, or grain shear stress. 

If bed and sidewall roughness are not equal, the total resistive shear force is not 
equally distributed across the wetted perimeter. A procedure is needed to estimate 
channel bed shear stress and subsequently grain shear stress.' In this investigation, the 
sidewall correction procedure of Johnson (1942) is used to separate bed shear stress from 
total shear stress, and the Einstein-Barbarossa method (1952) is used to find grain shear 
stress. These procedures are used differently for the three flow conditions encountered: 

1. steady, uniform flow where all hydraulic parameters are known, 
2. steady, uniform flow when channel depth and roughness are not known, and 
3. steady, non-uniform flow when the depth is known but the energy slope and 

roughness are not. 

The correction procedures for these conditions have been incorporated into the 
computer program presented in Chapter 4 and listed in the procedure named "CORRECT" 
in Appendix 3. 

Al.l St.eady, Uniform Flow with Known Depth 

In this case laboratory flume measurements are available for steady, uniform flow 
conditions. 

Al.1.l Bed Friction Factor and Shear Stress 

The Johnson sidewall correction procedure partitions the total cross-sectional flow 
area, A, into flow areas pertaining to the wall, Aw, and the bed, Ab, where the 
streamwise gravity force is resisted by shear forces on the bed and walls, respectively 
(Figure ALl). It is assumed that the mean velocity and energy slope are the same for 
both flow areas, and that the hypothetical boundaries between Ab and Aware considered 
surfaces of zero shear and are not included in calculations of wetted perimeters (Vanoni 
and Brooks, 1957). It is further assumed that the Darcy-Weisbach relation can be applied 
to each subsection as well as the whole, It follows (Vanoni, 1975) that 
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u2 = 8gA = 8gAb = 8gAw (All) 
Sf fp fbPb fwPw . 

where p is the wetted perimeter, f is the Darcy-Weisbach friction coefficient, and the 
.subscripts band w refer to the bed and sidewalls, respectively. Note that 

f r\ fb d {'1 fw 
Cf = 8' vO = 8' an vw = "8 (A 1.2) 

where Cris a modified Darcy-Weisbach friction factor. From the requirement that 

A = Ab + Aw 

equations (A1.l) and (A1.2) are used to obtain the result 

Cb = Cr- CwPw 
Pb 

Pigure At.l Hypothetical dirision of 
bed and wall hydmulic puameteIS 

(A1.3), 

(Al.4), 

For a rectangular channel, since Pw = 2h, where h is the mean depth, and Pb = b, 
where b is the width, (Al.4) may be written as 

(A1.5). 

The wall friction factor, Cw, is the only unknown on the right hand side of 
(A1.5). To find its value, consider the Reynolds number for each section: 

De -_ 4ru, R 4TbU d R __ 4rwu .l.'!eb = -, an ew (A1.6), 
v V V 

where r is the hydraulic radius and is equal to ~. Substituting for the values of r from 
(A 1.1) and assuming equality of u and Sf for all sections, (A1.6) becomes 



(A1.7). 

Since Re and Cf are known from the experimental data, they can be used to 

compute ~nd thus ~~. The wall friction factor may be found from the well known 

Moody diagram for smooth turbulent flow. That is, Cw := f(Rew), or 

(A1.8), 

from Granger, 1985. Since Rew := Re ~~, equation (Al,8) may be re-written as 

V~w := 2.211'ln(Re6~C? (A1.9). 

Equation (A1.9) may be solved iteratively for Cw, after which Cb may be found 
from CAl,5). The bed shear stress, 1b, is then found from 

(Al.10). 

Al.l.2 Grain Shear Stress 

The grain friction factor for flume conditions is found using the Einstein
Barbarossa method (1952): 

k := 2.5ln(12.3lfsx) (A1.11), 

where ks is a roughness height, taken as the median sediment diameter, dso, in this 
investigation, and X is a correction factor for non-fully rough turbulent flows, expressed 

as X = f(ks), where 5 is the laminar sublayer thickness, defmed by 5 := 11.6v, and u*g is 
5 u*g 

the grain shear velocity, equal to VgrgSf. For values of ks greater than 10, flow is 
5 

considered to be fully rough turbulent, and X := 1.0. For values of ks of less than 
5 

approximately 0.256 the flow is smooth and may be described by (Einstein, 1950) 

k = 2.5ln(3.67r g~*g) (A1.12). 

For values of ks between 0.256 and 10, X may be found using Figure 4 in Einstein 
5 

(1950), or from the following analytic expression taken from White, Milli, and Crabbe 
(1973): 
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x = 1.90 + 0.73831n(ks) for 0.265 ~ ks < 0.5, 
5 5 

X = 1.615 ~ 0.407(nn(ks) 1)1.6 for 0.5 ~ ks < 2.35, 
5 () 

X = 1 + 0.926(1 - 0.4341n(I~))2.43 for 2.35 ~ ~ < 10 

(A 1. 13) 

For wide open channel conditions it is assumed the sidewalls do not contribute 
significantly to the resistive force. This means that the assumption of a wide channel 
applies, so that the hydraulic radius is simply equal to the depth. It is also assumed that 
flow is fully turbulent rough. The grain friction factor for these conditions is found using 
the Bngelund-Hansen relationship (Brownlie, 1981) 

.~C = 2.5In(112dr ) 
~~g 50 

(A1.14). 

Equations (A1.11) or (A1.12) for flume conditions or (A1.14) for wide open 
channel conditions contain two unknowns, Cg and rg. The second equation for closure is 

(A1.15). 

Equations (A1.1l) or (A1.12) for flume conditions or (A1.14) for open channel 
conditions and (A1.15) may be solved iteratively for values of Cg and rg. Sediment 
transport is then found using 'f g from the relation 

(A1.16). 

Al.2 Steady, Uniform Flow with Unknown Roughness and Depth 

The computer code developed in Chapter 4 initializes computations by estimating 
normal depth and sediment transport based on known values of channel discharge, width, 
and slope, and a sediment roughness factor and water temperature. If a flume experiment 
is being reproduced, both the sidewall and bedform correction procedures are needed. If 
a field case is simulated, only bedform roughness need be considered. Since the channel 
depth and friction factor are not known beforehand, an iterative procedure with 5 
equations is used. Unknowns are the normal depth, hN, composite friction factor for the 
flume, Cf, wall friction factor, Cw, grain friction factor, Cg, and bed friction factor, Ch. 

Depth is related to composite friction factor by 

g S fr N = C fU 2 (A1.17), 

A bhN 
whereIN = p = b + 2hN' 

From the sidewall correction procedure Cf may be expressed as a function of the 
wall and bed friction factors using (A1.S): 
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(A1.l8). 

The wall friction factor is found as in the sidewall correction procedure using 
(A1.9). Note that an estimate of hN is needed to compute rN and Re in (A1.9). 

Al.2.1 Flume Conditions 
The Einstein-Barbarossa method is used again for estimating the value of the grain 

roughness factor. Since rg in (A1.11) and (Al.12) is unknown, the equations are re
written recognizing that 

(Al.19) 

where CfiS expressed using (Al.18). Equation (A 1. 11) and (A 1. 12) become 

. ~ == 2.5In(12.3~ggX) 
vCg s f 

(A 1.20) 

and 

(Al.2l), 

respectively. 

The grain shear velocity in (A1.20) and (A1.2l) is expressed as 

u*g == vc;, u2 (A1.22). 

Bed shear stress is expressed in dimensionless form as 

(A1.23), 

2 
where R is the submerged specific gravity of the sediment and u*2 = u . The 

pgRdSO 
* * following expression relating Tb and'Tg was derived in Chapter 3: 

* * * Tg == Tb ifTb S 0.0626, 

* *243 . ... . * 
Tg = 0.06 + 2.14Tb · for 0.0626 S Tb S 0.541, and 

(A1.24). 
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Substituting (A1.23) in (A1.24) and solving for CbU*2 yields 

CbU*2 == Cgu*2 for Cgu*2 < 0.0626 or Cgu*2 >0.541, and 

C u*2 ~ 006 0,41 
CbU*2 "" ( g 2.14 .) otherwise (Al.25). 

Initial estimates of hN, Cf, Cw, Cg, and Cb are used in equations (A1.l7), 
(A1.18), (A1.9), (A1.20) or (A1.21), and (A1.25). Final values are found by iteration. 
Sediment transport is then predicted using equation (3.12) from Chapter 3. 

Al.2.2 Wide Open. Channel Conditions 

The procedure for open channel conditions is very similar except Equations 
(A1.20) and (A1.24) are replaced by equations appropriate for fully rough turbulent flow 
in wide open channels. The grain friction factor is written as 

• ~ "" 2.51n(112~ ~g) 
'vCg 50 f 

CAl.26) 

from Equation (A1.14). The relationship between grain shear stress and bed shear stress 
is taken from Enge1und and Hansen (1967), which after modifying in a fashion similar to 
(A1.23) and (A1.24) becomes: 

CbU*2 == Cgu*2 for Cgu*2 < 0.0615 or Cgu*2 ~ 2.435, and 

CbU*2 "" 1.581~Cgu*2 - 0.06 for 0.0615 ~ Cgu*2 < 2.435(A1.27). 

Note that the transition between lower regime and upper regime bedforms is not 
modeled in this investigation, as mentioned in Chapter 4. 

A1.3 Steady, Non-uniform Flow with Unlmown Energy Slope and 
Friction Factor 

The energy slope, Sf, in non-uniform flow such as a reservoir backwater zone is 
not equal to the channel slope or water surface slope. It may be found using (A 1.17), or, 
solving for Sf, 

CfU2 
Sf"" - gr (Al.28), 

where Cf is the composite friction factor, a function of Cw and Cb as expressed in 
(A1.18). Thus Sf may be found from 

S _ u22h(Cw + bCb) 
f - gr b + 2h (A1.29). 

Note that the subscripts signifying nor11'l:al flow ~ave been droI!ped. The wall fric~ion 
factor, Cw, may be fopp.d from (Al.9) usmg the SIdewall correctIon procedure, but Slflce 
Cf is unknown, (A1.9)rust be written using (Al.18) as 
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1 
...jCw 

Cf 
= 2.211·ln(Re 2hNCw + bCb) 

b + 2hN 

(A 1.30) 

For flume conditions, the bed friction factor is estimated using (A1.25) and an 
estimate of Cg from (A1.20) or (A1.21). For open channels, Cg and Cb are estimated 
from (A1.26) and (A1.27), respectively. After convergence, final values of Cw, Cb, and 
Cg are obtained, and Sf may be found from (A1.29) and used in the standard step 
backwater method for finding water surface profiles. The values of Sf and Cg are used to 
compute grain shear stress and sediment transport. 
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APPENDIX 2 EXPER~ENTALDATA 

Table A2.1 Centerline velocity profile data 
(follows) 
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DATE: 11 Aug 1987 

DISCHARGE, lIsee: =1.=5~ __ _ 

GATE OPENING, em: ~op~e~n __ _ 

WATER SURFACE SLOPE: .0020 

WATER TEMPERATURE, °C: 26 

RUN NUMBER: --,1~ __ 

SEDIMENT DISCHARGE, gr/min 150 

NO. OF GATES OPEN: _-___ _ 

BED SLOPE: .0020 
BEDFORM AMPLITUDE, em: =0.=..8 __ 

Distance upstream of sluice gate(s), em: _--'1:..=1=.3'--____ _ 

Water surface elevation em' 8128 Elevation at top of bedform em' 8435 , · , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.56 82.04 82.83 83.21 83.59 83.77 83.97 84.15 

Velocity, emlsee 35.5 33.8 32.7 29.3 29.0 29.8 27.0 23.5 
Notes: ~ ________________ ~ ______ _ 

Distance upstream of sluice gate(s), em: _--'1=5......".0'--____ _ 

Water surface elevation em' 81 71 Elevation at top of bedform em' 8453 , , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.86 82.42 83.11 83.46 83.82 84.00 84.17 84.35 

Velocity, emlsee 34.1 33.8 32.1 31.2 28.7 28.4 27;3 25.5 
Notes: ______________________ - __ 

Distance upstream of sluice gate(s), em: _--'2=2=.5'--_----

Water surface elevation em' 81 71 Elevation at top of bedform em' 8458 , · , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.86 82.42 83.16 83.51 83.87 84.05 84.22 84.40 

Velocity, em/see 34.5 33.6 31.2 30.7 29.1 28.0 27.4 25.6 
Notes: ________________________ _ 

Distance upstream of sluice gate(s), em: ~30~ _______ _ 

Water surface elevation em' 81 71 , · Elevation at top of bedform em' 8450 , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.96 82.42 83.11 83.46 83.79 83.97 84.15 84.33 

Velocity, emlsee 34.8 34.3 31.2 29.8 29.2 28.6 27.1 26.6 

Notes: ___________ .".---.-.,.,.. ___________ _ 
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RUN 1 (continued) 
Distance upstream of sluice gate(s), em: _-,3,,-,7~.5,,--_____ _ 

Water surface elevation em' 8166 Elevation at top of bedform em' 8440 , , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.84 82,34 83,03 83,39 83,72 83,89 84.07 84.22 

Velocity, em/sec 34,8 34,7 31.8 31.4 29.5 29,0 27.5 26,7 
Notes: _______________________________ ~ 

Distance upstream of sluice gate(s), em: _.....:.4-'-"5'-------
Water surface elevation em' 81 '02 Elevation at top of bedform em' 8389 , · , . 

Point 1 2 3 4 5 6 7 8 

Elevation, em 81.18 81.73 82.47 82.83 83,18 83.36 83.54 83.72 

Velocity, em/sec 33.4 31.9 30.4 28.6 27,8 27,2 26.3 24.7 
Notes: ______ --_________________________ --------__ 

Distance upstream of sluice gate(s), em: _~7'--"5'---------

Water surface elevation em' 8097 Elevation at top of bedform em' 8405 , · , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.13 81.73 82.52 82.90 83.28 83.46 83.67 83.84 

Velocity, em/sec 34.1 32.4 29,3 28.4 26,1 25.4 24.9 22.2 
Notes: _____________________________ _ 

Distance upstream of sluice gate(s), em: _-'10..:2=0 ______ _ 

Water surface elevation em' 8097 Elevation at top of bedform em' 8397 , · , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.13 81,73 82.47 82.85 83.23 83.41 83.59 83.79 

Velocity, em/sec 33.0 32.1 29.7 28,9 26.3 26.5 24.0 22.0 
Notes: _______________________________ _ 

Distance upstream of sluice gate(s), em: __ ~1--"<.80><--------

Water surface elevation em' 8074 Elevation at top of bedform em' 8369 , , 
Point 1 2 3 4 5 6 7 8 

Elevation, om 80.90 81.48 82.22 82.60 82.95 83.13 83.34 83.51 

Velocity, em/sec ~3.4 32.0 30.2 29.2 27.0 26.4 24.4 24.2 
Notes: _______________________________ _ 
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RUN 1 (continued) 

Distance upstream of sluice gate(s), cm: ~---,3=0~0,,--_____ _ 

Water surface elevation cm' 8057 Elevation at top of bedform cm' 8344 , , · 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 80.72 81.28 82.01 82.37 82.73 82.90 83.08 83.26 

Velocity, cm/sec 34.2 32.2 29.9 28.7 27.7 26,0 25.4 23,1 
Nores: ________ ----_________________ ------__ 

Distance upstream of sluice gate(s), em: __ --'-'45"-'0~ ______ _ 

Water surface elevation cm' 8029 Elevation at top of bedform em' 83 13 , . , · 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 80.44 8l.00 81.71 82.06 82.42 82.60 82.78 82,95 

Velocity, cm/sec 33.8 33.4 30.4 28.4 27.8 27,1 25.9 24.1 
Nores: ____ -----------___________________________ __ 

Distance upstream of sluice gare(s), em: ____________ _ 

Water surface elevation cm' , , · Elevation at top of bedform cm' 

Point 1 2 3 4 5 6 7 8 

Elevation, cm 

Velocity, cm/sec 
Notes: __________________________________________________ __ 

Distance upstream of sluice gate(s), cm: __________________ _ 

Water surface elevation cm' , Elevation at top of bedform cm' , 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 

Velocity, cm/sec 
Nores: __ ~ ________________________________________________ __ 

Distance upstream of sluice gare(s), cm: _____________ _ 

Water surface elevation, cm: :--__ 

Point 1 2 

Elevation, em 

Velocity, cm/sec 
Nores: __________________________________________ --
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DATE: 18 Aug 1987 

DISCHARGE, 1/see: ~1.5~ __ _ 

GATE OPENING, cm: ~5.-",-64",---__ 

WATER SURFACE SLOPE: .0021 
WATER TEMPERATURE, °C: 26 

RUN NUMBER: -:2=--__ 

SEDIMENT DISCHARGE, gr/min 150 

NO. OF GATES OPEN: =1/.=..1 ___ -

BED SLOPE: .0017 
BEDFORM AMPLITUDE, em: =0 . ..><..8 __ 

Distance upstream of sluice gate(s), em: _....:3"-"0'--_____ _ 

Water surface elevation em' 8151 Elevation at top of bedform em' 8445 , . . , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.81 82.24 82.98 83.36 83.72 83.89 84.10 84.27 

Velocity, em/sec 34.4 32.4 31.8 30.3 29.7 27.8 26.4 25.6 
Notes: ________________________ _ 

Distance upstream of sluice gate(s), cm: _~1=2=0----__ _ 

Water surface elevation em' 8151 Elevation at top of bedform em' 8433 , , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.66 82.22 82.93 83.26 83.61 83.79 83.97 84.15 

Velocity, em/sec 34.4 32.7 30.7 30.4 27.8 26.9 26.4 24.0 
Notes: ________________________ _ 

Distance upstream of sluice gate(s), em: _~1"'""8=0_---__ _ 

Water surface elevation em' 81 23 Elevation at top of bedform em' 8425 , , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.38 81.99 82.75 83.11 83.49 83.69 83.87 84.07 

Velocity, em/sec 34.1 33.3 30.8 30.8 28.2 26.4 26.4 23.9 
Notes: ______ - _________________ _ 

Distance upstream of sluice gate(s), em: ________ _ 

Water surface elevation em' , . , . Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, em/sec 
Notes: _---,-. ___ - __________________ _ 
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DATE: 29 Sept 1987 
DISCHARGE,llsee: =1.",--5 ___ -

GATE OPENING, em: =0.""'69<---_~ 

WATER SURFACE SLOPE: .0018 
WATER TEMPERATURE, °C: 20 

RUN NUMBER: ",,-5 __ _ 

SEDIMENT DISCHARGE, gr/min 150 
NO. OF GATES OPEN: #1/~1 ____ _ 

BED SLOPE: .0018 
BEDFORM AMPLITUDE, em: =0.=.8 __ _ 

Distance upstream of sluice gate(s), em: ~-,-4.!....!.7 ...... .5,--____ _ 

Water surface elevation em' 5977 Elevation at top of bedform em' 6251 , . , , 

Point 1 2 3 4 5 6 7 8 

Elevation, em 59.9 60.46 61.14 61.50 61.83 62,01 62.18 62,34 

Velocity, emlsec 34,7 33.4 31.1 29.7 27,8 27.1 26,0 25,1 
Notes: _______________________ ___ 

Distance upstream of sluice gate(s), em: _..-'!1"""2=0 _____ _ 

Water surface elevation em' 5964 Elevation at top of bedform em' 6262 , , . , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 59.80 60.38 61.14 61.50 61.88 62.06 62,24 62.44 

Velocity, em/sec 34.5 34.4 32.0 30.9 29.0 28.5 26,9 25.0 
Notes: _______________________________ ___ 

Distance upstream of sluice gate(s), em: _---"3=0-"'-0_--__ _ 
Water surface elevation em' 5936 Elevation at top of bedform em' 62 13 , • , . . 

Point 1 2 3 4 5 6 7 8 

Elevation, em 59.49 60.05 60.74 61.09 61.45 61.63 61.78 61.96 

Velocity, em/sec 36.3 33.9 32.8 32.2 29.6 29.7 27.3 25.8 
Notes: __________________________________ _ 

Distance upstream of sluice gate(s), em: _________ _ 

Water surface elevation em' , . Elevation at top of bedform em' , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 
---~ --

Velocity, em/sec 
Notes: ________________________ _ 
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DATE: 10 July 1987 RUNNUMBER: ~6~ __ __ 

DlSCHARGE, l/sec: ~1.~5 ___ _ SEDIMENT DISCHARGE, gr/min 300 

GATE OPENING, cm: .><d0p!"-"e=n __ _ NO. OF GATES OPEN: _-______ __ 

BED SLOPE: .0025 WATER SURFACE SLOPE: .0025 

WATER TEMPERATURE, °C: 26 BEDFORM AMPLITUDE, cm: ,.><..:0.=-5 __ _ 

Distance upstream of sluice gate(s), cm: _~1,,",,5,---_____ _ 

Water surface elevation cm' 8079 Elevation at top of bedform cm' 8328 , , , 

Point 1 2 3 I 4 5 6 7 8 

Elevation, cm 80.92 81.46 82,14 82.47 82.80 82.95 83.13 

Velocity, cm/sec 38.3 35.9 33.8 31.4 29,2 29.2 27.7 

Notes: 8th point was too close to the bed to sample 

Distance upstream of sluice gate(s), cm: _~2=.:=2~.5,----____ _ 

Water surface elevation cm' 8085 Elevation at top of bedform em' 8347 , , 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 81.00 81.56 82.27 82.60 82,95 83.13 83,31 

Velocity, cm/sec 37.0 36.7 34.2 32.3 29.8 27.9 25.0 

Notes: 8th point was too close to the bed to sample 

Distance upstream of sluice gate(s), cm: _-'3=0'---_____ _ 

Water surface elevation cm' 8062 Elevation at top of bedform cm' 8331 , , 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 80.74 81.30 82.96 82.29 82.65 82,80 82.98 83.13 

Velocity, cm/sec 37.6 36.7 34.7 32.7 32.6 30.3 27.9 26.6 
Notes: ________________________ _ 

Distance upstream of sluice gate(s), cm: _->3"-!.7-"".5'---____ _ 

Water surface elevation cm' 8072 Elevation at top of bedform cm' 8328 , . . , 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 80.85 81.35 82.01 82.32 82.65 82.80 82,95 83.13 

Velocity, cm/sec 38.8 37.5 34,1 32.4 30.2 29.3 28.8 27.1 

Notes: _________________ --------
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RUN -'6"---_ (continued) 

Distance upstream of sluice gate(s), em: _---'-'45"--_____ --

Water surface elevation cm' 80 62 Elevation attop of bedform cm' 83 24 , . , · 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 80.77 81.33 82.04 82.37 82.73 82.90 83.08 

Velocity, cmlsec 39.2 36.0 35.1 32.9 31.6 29.3 26.9 

Notes: 8th point was too close to the bed to sample 

Distance upstream of sluice gate(s), cm: __ 7"'-'5"--______ _ 

Water surface elevation em' 8097 Elevation at top of bedform em' 8387 , , · 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 81.20 81.71 82.42 82.78 83.13 83.34 83.51 

Velocity, emlsec 39.5 38.1 35.5 35.0 32.0 30.4 28.7 

Notes: 8th point was too close to the bed to sample 

Distance upstream of sluice gate(s), em: ____ ~ ____ _ 

Water surface elevation em' , , · Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, emlsec 
Notes: ____________________________ __ 

Distance upstream of sluice gate(s), em: _________ ~ 

Water surface elevation em' , 

I' 
Point 1 2 3 4 5 6 7 

I 
8 

I 
Elevation, em 

Velocity, emlsec 

Elevation at top of bedform em' 

Notes: __________ ~ _______________ --__ 

Distance upstream of sluice gate(s), em: _________ _ 

Water surface elevation em' , , 

I' 
Point I 2 3 4 5 6 7 

I 
8 

I 
Elevation, em 

Velocity, emlsec 

Elevation at top of bedform em' 

Notes: ___________________________ __ 
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DATE: 30 July 1987 
DISCHARGE,lIsec: """1.=5 ____ -

GATE OPENING, em: =6 . ..:....;:76"----__ 

WATER SURFACE SLOPE: .0026 
WATER TEMPERATURE, °C: 26 

RUN NUMBER: _7'---_~ 
SEDIMENT DISCHARGE, gr/min 300 
NO, OF GATES OPEN: _1I~1 ___ _ 

BED SLOPE: .0024 
BEDFORM AMPLITUDE, em: ,><..10.:"'-.5 __ 

Distance upstream of sluice gate(s), em: ~ ....... 1=2,--_____ _ 

Water surface elevation em' 81 46 Elevation at top of bedform em' 84 3 , . · , · 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.61 82.17 82.88 83.23 83.59 83.77 83.94 84.12 

Velocity, em/sec 37.8 36.7 34.5 32.6 31.1 29.5 27.7 25.7 

Notes: ___ ---------------__________ ___ 

Distance upstream of sluice gate(s), em: _-'7"""5 _________ _ 

Water surface elevation em' 8140 Elevation at top of bedform em' 8410 , . · , · . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.53 82.09 82.75 83.08 83.44 83.59 83.77 83.92 

Velocity, em/sec 37.9 36.1 33.7 32.8 29.9 29.1 27.6 25.3 
Notes: ______ --____________________ ------

Distance upstream of sluice gate(s), em: __ -'1"""8~0 _____ _ 

Water surface elevation em' 8115 Elevation at top of bedform em' 8382 , · , · . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 81.28 81.81 82.47 82.83 83.16 83.31 83.49 83.64 

Velocity, emlsec 37.6 36.2 34.0 33.6 30.9 30.0 28.5 26.4 
Notes: ___________________________________ ___ 

Distance upstream of sluice gate(s), em: _________ _ 

Water surface elevation em' , , · Elevation at top of bedform em' 
Point 1 2 3 4 5 6 7 8 

Elevation, em 
~ 

Velocity, emlsec 
Notes: ___________________________ ___ 
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DATE: 3 Aug 1987 
DISCHARGE, IIsec: ~1.~5 __ _ 

GATE OPENING, em: =2.=05~ __ 

WATER SURFACE SLOPE: .0024 
WATER TEMPERATURE, DC: 26 

RUN NUMBER: ---,1"-,,,1 __ _ 

SEDIMENT DISCHARGE, gr/min 300 

NO. OF GATES OPEN: =11-=..1 ___ _ 

BED SLOPE: .0024 
BEDFORM AMPLITUDE, em: ,=:0.=-5 __ 

Distance upstream of sluice gate(s), em: _~2~2,--_____ _ 

Water surface elevation em' 7907 Elevation at top of bedform em' 81 71 , , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 79.35 79.73 80.39 80.72 81.05 81.20 81.38 81.53 

Velocity, emlsec 38,4 37.1 35.8 34.0 32.9 31.8 30.3 28.8 
Notes: ________________________ _ 

Distance upstream of sluice gate(s), em: _-'1=2=0 ______ _ 

Water surface elevation em' 7886 Elevation at top of bedform em' 8158 , , . . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 79.27 79.55 80.24 80.57 80.90 81.07 81.25 81,40 

Velocity, emlsec 38.0 36.6 35.8 33.1 32.0 30.6 28,4 26.8 
Notes: ____ ~ ___________________ _ 

Distance upstream of sluice gate(s), em: __ ....,,3"""0"""0 ______ _ 

Water surface elevation em' 7831 Elevation at top of bedform em' 8113 , , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 78.64 79.02 79.73 80.06 80,41 80.59 80.77 80.95 

Velocity, em/sec 38.7 36.9 34.8 33.5 30.5 30.2 28.2 25.6 
Notes: _________________________ _ 

Distance upstream of sluice gate(s), em: _______ ---

Water surface elevation em' , , . Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, emlsec 

Notes: --------------------------
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DATE: 5 Feb 1988 
DISCHARGE, l/sec: ~3.~0 ___ _ 

GATE OPENING, em: =1."""'96><----__ 
WATER SURFACE SLOPE: .0019 
WATER TEMPERATURE, °C: L 

RUN NUMBER: _1_3'--__ 

SEDIMENT DISCHARGE, gr/min 150 
NO. OF GATES OPEN; =1/~1 ______ _ 

BED SLOPE; .0014 
BEDFORM AMPLITUDE, em: =1.",-5 __ 

Distance upstream of sluice gate(s), em: ~....:..4~5 ______ _ 

Water surface elevation em' 67 18 Elevation at top of bedform em' 7269 , · , · 
Point 1 2 3 4 5 6 7 8 

Elevation, em 67.71 68.55 69.92 70.63 71.32 71.65 72.01 72.34 

Velocity, cmlsec 38.0 37.5 37.7 34.6 31.9 32.0 29.3 26.4 
Notes: ________________ -----_____ ___ 

Distance upstream of sluice gate(s), em: __ ~1~2=0----__ 
Water surface elevation em' 67 13 Elevation at top of bedform em' 7236 , . , · . 

Point 1 2 3 4 5 6 7 8 

Elevation, em 67.51 68.45 69.75 70.41 71.04 71.37 71.70 72.03 

Velocity, cmlsec 37.5 37.9 37.0 34.2 34.3 33.0 31.9 28.1 
Notes: _____ --____________________ _ 

Distance upstream of sluice gate(s), em: _ ....... 3=00-><--__ --__ --
Water surface elevation em' 6662 Elevation at top of bedform em' 71 88 , · . , · 

Point 1 2 3 4 5 6 7 8 

Elevation, em 66.95 67.94 69.26 69.90 70.56 70.89 71.22 71.55 

Velocity, cmlsec 37.8 37.2 . 34.9 35.5 33.8 30.7 28.5 29.5 
Notes: ________________ ----___________ ___ 

Distance upstream of sluice gate(s), em: _________ _ 

Water surface elevation em' , · , · Elevation at top of bedform em' 
Point 1 2 3 4 5 6 7 8 

Elevation, em 
-_. -

Velocity, cmlsec 
Notes: ______________________________ ___ 
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DATE: 19 May 1988 
DISCHARGE, l/sec: :.<.!3.!.><.0 ___ ~ 

GATE OPENING, em: ,..u7.",-,97~ __ 

WATER SURFACE SLOPE: .0017 
WATER TEMPERATURE, °C: M-

RUN NUMBER: ...... 1.....,4'--__ 
SEDIMENT DISCHARGE, gr/min 150 
NO.OFGATBSOPEN:=l/~l ___ _ 
BED SLOPE: .0017 
BEDFORM AMPLITUDE, em: ,l;!..IQ,"",-6 __ 

Distance upstream of sluice gate(s), em: _....:3=0"--______ _ 

Water surface elevation em' 7648 Elevation at top of bedform em' 8265 , · . , · . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 76.78 78.03 79.55 80.34 81.10 81.48 81.89 82.27 

Velocity, emlsec 39.6 39.2 37.6 35.8 33.0 31.6 29.4 23.9 
Notes: ________ --------________ _ 

Distance upstream of sluice gate(s), em: _~1""'2=0_------
Water surface elevation em' 7637 Elevation at top of bedform em' 82 13 , · , · ...... I • I " I ,.., I A I J: I 6 7 8 YOln! 1 ,L. ,J 't .J 

Elevation, em 76.80 77.82 79.24 79.97 80.69 81.04 81.42 81.78 

Velocity, emlsec 39.4 39.8 37.8 36.2 33.4 32.1 29.9 27.5 
Notes: ________________________ __ 

Distance upstream of sluice gate(s), em: ________ _ 

Water surface elevation em' , · , · Elevation at top of bedform em' 
Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, em/sec 
Notes: _______________________________ __ 

Distance upstream of sluice gate(s), em: ________ _ 

Water surface elevation em' , · , · Elevation at top of bedform em' 
Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, emlsec 
Notes: _______________________ ------
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DATE: 19 Jan 1988 
DISCHARGE,1Isec: =3 ...... 0 ___ _ 

GATE OPENING, em: .....,7.=.24-'--__ 

WATER SURFACE SLOPE: .0019 
WATER TEMPERATURE, °C: _3 _ 

RUN NUMBER: ....... 1 ..... 5'-__ 
SEDIMENT DISCHARGE, gr/min 300 
NO. OF GATES OPEN: =1I~1 ___ _ 

BED SLOPE: .0018 
BEDFORM AMPLITUDE, em: =1.=-0 __ 

Distance upstream of sluice gate(s), em: _--,1~5 ______ _ 

Water surface elevation em' 78 83 Elevation at top of bedform em' 84 34 , · · , · 
Point 1 2 3 4 5 6 7 8 

Elevation, em 79.11 80.18 81.60 82.29 82.97 83.30 83.66 83.99 

Velocity, cmlsec 41.9 42.1 40.9 39.0 36.8 35.3 32.5 28.8 
Notes: ___________ ~ _____ ~_--__ _ 

Distance upstream of sluice gate(s), em: _--'1"""2=0 ______ _ 

Water surface elevation em' 7906 Elevation at top of bedform em' 8389 , · · , · . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 79.29 80.25 81.47 81.96 82.69 82.97 83.28 83.58 

Velocity, cmlsec 42.4 43.0 41.9 39.6 36.3 35.9 34.8 31.2 
Notes: ____ -----_______________ _ 

Distance upstream of sluice gate(s), em: _....".3=0=0------
Water surface elevation em' 7820 Elevation at top of bedform em' 8297 , · · , · . 

Point 1 2 3 4 5 6 7 8 

Elevation, em 78.43 79.39 80.58 81.19 81.73 82.08 82.39 82.64 

Velocity, cmlsec 43.2 43.2 42.0 39.5 37.9 37.1 34.3 33.3 
Notes: ________________________ ___ 

Distance upstream of sluice gate(s), em: _________ _ 

Water surface elevation em' , , , Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, cm/~ec 
Notes: ____ ---,--.,..--___________________ _ 

I \ 
I' 
\" 
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DATE: 28 Jan 1988 

DISCHARGE, Usee: -,3~.0~ __ _ 

GATE OPENING, em: ;...!1.~67,---__ 

WATER SURFACE SLOPE: .0018 

WATER TEMPERATURE, DC: _3_ 

RUN NUMBER: _1"-"6'---__ 

SEDIMENT DISCHARGE, gr/min 300 

NO, OF GATES OPEN: =1/~1 ______ _ 

BED SLOPE: ,0021 

BEDFORM AMPLITUDE, em: =0,~8 __ 

Distance upstream of sluice gate(s), em: ~_4=5,--_____ _ 

Water surface elevation em' 6477 Elevation at top of bedform em' 6952 , . , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 65.00 65,97 67.16 67,25 68.33 68,63 68,94 69,22 

Velocity, em/see 43,1 44.1 41.2 40.6 39.1 36.2 35.2 32.4 
Notes: ~ ________________________________________________ __ 

Distance upstream of sluice gate(s), em: ~-,1=2=0 ______ _ 

Water surface elevation em' 6432 Elevation at top of bedform em' 6940 , , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 64.7 65,59 66.86 67.49 68.13 68.46 68.76 69.09 

Velocity, ern/see 43.9 43.6 43,6 41.2 38,3 36.4 34,3 31.5 
Noms: __ ~ __________________________________________ ~ __ __ 

Distance upstream of sluice games), em: ~-,3,,->0=0,--__________ _ 

Water surface elevation em' 64 01 Elevation at top of bedform em' 68 91 , , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 64.32 65.23 66.45 67,09 67,70 68,00 68,30 68,61 

Velocity, em/see 43,2 42.7 42.1 39.8 37,5 34.5 33.3 31.3 
Noms: ______________________________________________ __ 

Distance upstream of sluice games), em: _________ _ 

Water surface elevation em' , , Elevation at top of bedform em' , 
Point 1 2 3 4 5 6 7 8 

Elevation, cm 

Velocity, cm/see 

Noms: ________________ ~ .. ~, _______________________________ __ 
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DATE: 29 June 1988 
DISCHARGE, lfsee: ~3.",,-0 __ _ 

GATE OPENING, em: =5.=60,,--~_ 

WATER SURFACE SLOPE: .0017 
WATER TEMPERATURE, DC: ~ 

RUN NUMBER: ,.....,1 ..... 7 __ _ 

SEDIMENT DISCHARGE, gr/min 150 
NO. OF GATES OPEN: =11=-3 ___ _ 

BED SLOPE: .0017 
BEDFORM AMPLITUDE, em: #1.c=..1 __ 

Distanee upstream of sluice gate(s), em: ~--,3,,-,,0,--_____ _ 

Water surface elevation em' 7743 Elevation at top of bedform em' 7967 , · . , . 
Point 1 2 3 4 5 6 7 8 

Elevation, em 77.76 77.99 78.55 78.83 79.11 79.24· 79.39 79.54 

Velocity-, em/see 30.7 30.1 29.0 28.0 27.5 26.1 25.9 24.5 
Notes: ~ ________________________ __ 

Distanee upstream of sluiee gate(s), em: 120 ____________ _ 

Water surface elevation em' 82 34 , · . , · . Elevation at top of bedform em' 7754 

Point 1 2 3 4 5 6 7 8 

Elevation, em 77.87 78.73 79.95 80.53 81.14 81.45 81.73 82.03 

Velocity, cmlsee 34.8 34.3 33.4 31.8 31.8 28.8 27.6 27.1 
Notes: ____________________________ _ 

Distance upstream of sluice gate(s), em: __________ _ 

Water surface elevation em' , · , · Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, cmlsee 
Notes: _________ ------~ _______________ _ 

Distance upstream of sluice gate(s), em: __________ _ 

Water surface elevation em' , · , · Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 
.- . -- - --

Velocity, em/see 

Notes: ______ ~ __ ----____ ---------------
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DATE: 27 June 1988 

DISCHARGE, Usee: ",,-,3.,-,,-0~ __ _ 
RUN NUMBER: ........ 1~9'---__ 

SEDIMENT DISCHARGE, gr/min 150 

GATE OPENING, em; =1.-'--'70"----__ 

WATER SURFACE SLOPE: .0019 
WATER TEMPERATURE, PC: 25 

NO. OF GATES OPEN: =11-"<...3 ___ _ 

BED SLOPE: .0016 
BEDFORM AMPLITUDE, em: ,>!..O0.""'-.6 __ 

Distance upstream of sluice gate(s), em: ~-,-,-,45=0,,---_~ ___ _ 

Water surface elevation em' 6.118 Elevation at top of bedform em' 6997 , . .. , . 
Point 1 2 I 3 I 4 I 5 I 6 I 7 I 8 

Elevation, em 64.46 65.63 67.08 67.79 68.53 68.88 69.26 

Velocity, em/sec 36.3 35.9 33.9 34.4 31.9 28.5 28.2 

Notes: 8th point was too close to the bed to sample 

Distance upstream of sluice gate(s), em: __________ _ 

Water surface elevation em' , , . Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, em/sec 
Notes: ~ ____________________________ __ 

Distance upstream of sluice gate(s), em: _________ _ 

Water surface elevation em' , Elevation at top of bedform em' , 
Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, em/sec 
Notes: _________________________________________ - __ 

Distance upstream of sluice gate(s), em: ~ ______________ _ 

Water surface elevation em' , . , . Elevation at top of bedform em' 

Point 1 2 3 4 5 6 7 8 

Elevation, em 

Velocity, em/see 
Notes: ~ __________________________________________ __ 
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CENTERLINE VELOCITY PROFILES 
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Pigure A2.1 Centerline velocil)l' profiles for Run 2 
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CENTERLINE VELOCITY PROFILES 
Q = 150 grimm 
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CENTERLINE VELOCITY PROFILES 

Q = 1.5 lIsee Qs = 300 grimm. 
hg-1hu ;::: 2.08 lip ;::: 5.2 em from gate 
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Figure A2_3 Centerline Y'elocity profiles for Run 7 
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CENTERLINE VELOCITY PROFILES 
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CENTERLINE VELOCITY PROFILES 
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Figure A2.5 Centerline velocity profiles for Run 13 

115 

t 



CENTERLINE VELOCITY PROFILES 
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CENTERLINE VELOCITY PROFILES 
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ht"IhN = 0.29 
Qs -

lip = 37 em from gate 

10 
III 
~ .. 

~ := .. 1 
~ 
Q 
r; 

i 
I! 

.1 
30 32 34 36 38 40 

a I 
800 em. 

• I 
120 em 

FLOW--7 

42 44 

}ligUle A2.7 Centedine velocity profiles for Run 16 

117 

t 



-< , 
I 

I 
1 

I 
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Figure A2.8 Plu. 'riew of expanding region upstream of 
dam for Run 17 
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Pigure A2 .12 Dimensionless longitudinal bed profile 
in expanding region upstream of dam for Run 1 7 
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APPENDIX 3 LISTING OF COMPUTER PROGRAM DELTA 

Three Tables describe the program code DELTA. Table A3.1 is a listing of the program 
source code, written in Pasca1~6000 for a CYBER 855 mainframe computer. Table A3.2 lists and 
describes the code procedures. Table A3.3 lists the name, type, location of appearance, and 
defmition of each code variable. 
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Table A3.1 Listing of program code DELTA 

PROGRAM DELTA(INPUT/,OUTPUT); 

(* 26 JUNE ADDED AUTOMATIC BWEXTENSION AND LENGTH MULTIPLIER 
24 JUNE ADDED PARKER FIELD EQUATION WITH TAUSR = 0.03 
REVERSED HORIZONTAL AXIS 
8 JUNE CHANGED PARKER TO 0,04 AND 18 
6 JUNE WILL NOT ALLOW DEPTH < 1.0 1 * CRITICAL 
2 JUNE ALWAYS GOES TO CORRECT, NOT JUST IF FLU1vIE = TRUE 
2 JUNE ALLOWS FOR OPEN CHANNEL OR FLUJ\1E BEDFORM CORRECTION 
1 JUNE COMBINED SDELTA AND SDIF 
30 MAY MODIFIED ENABLING FLUME EXPERIMENTS 
17 MAY PGM FOR FINDING AND MOVING DELTA. USING CALIBRATED 
SED. TRANSPORT EQUATION. 
MAY 15 PUT INITIAL STUFF INTO INITIALIZATION AND HEADER 
PROCEDURES 
MAY 9 INCLUDED CORRECTION FOR SIDEWALL AND BEDFORMS. 
MARCH 13TOOKOUTTAU,X,QARRAYS. 
FEB 20 BW HAS N + 1 IN IT. REMOVED REFERENECES TO READING 
FILES 
FEB 3 CHANGED XIEND TO REALLY BE WATER SURFACE, NOT DEPTH! 
FEB 1 INCORPORATED VARIABLE WIDTH AND TOOK OUT EXTENDNODES 
JAN 25 1989: INCREASED TAUMIN FROM 0.0747 TO 0.0748 
MODIFIED ON 24 JAN 1989 
NO EXTENSION OF BACKWATER CURVE 
TOOK OUT EVERYTHING ASSOCIATED WITH IT *) 

CONST 
G = 9.81; 

TYPE 

VAR 

VEC = ARRA Y[l..lOOO] OF REAL; 

DELTA,EXTENDRUN,FIRSTDELTA,FIRSTTIME,FLUME,INITIAL, 
NEARNORMAL,SHOCK,WARNING: BOOLEAN; 

BEND,BLIP,BO,CBT,CDT,CGT,COEFF,CRITICAL,CWT,DETA,DT,DX, 
DXIEND,D50,ETALIP,ETALIPOLD,ETAOLD,ETATOE,FR2,HBEND,HIN, 
HLIP,I,INITIALDEPTH,H,KS,LOCDELTA,M,POR,QDOWN,QS,QSIN, 
QSLIMIT,QT,QUP,QW,R,SG,SINIT,TAUG,TAUMIN,TAUSR,TEMP,TIME, 
TOTIME,TOTX,TP,TPRINT,TSTART,UNODE,VISC,VSFILL,VSVOID,W,XB, 
XDAM,XIEND,XIENDF,XL: :REAL; 

B,ETA,H,TAU,X: VEC; 

ANSWER,BWLM,DNODE,J,LIMIT,LMULT,MULT,N,NB:INTEGER; 

PROCEDURE LOADR; (* SED. TRANSPORT PER MODIFIED PARKER *) 

VAR 
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XX,XT: REAL; 

BEGIN 
XT:= TAUGIRIG/D50; 
IF XT <= TAUMIN THEN XX:= 0,0 
ELSE XX:= COBFF * XT * SQRT(XT) * EXP(4.5 * LN(1-0,853 * 

TAUSRlXT»; 
QS:= XX * SQRT(R * G * D50) * D50 (* MAKE QS DIMENSIONAL *) 

END; 

PROCEDURE RESULTS; 

VAR 

I: INTEGER; 

BEGIN 
WRITELN(J:8,',',TIME:IO:5); 
WRITBLNCTOTAL BW DISTANCE = ',DX*N/lOOO:10:4); 
IF WARNING = TRUE THEN 

BEGIN 
WARNING:= FALSE; 
WRITBLNC**** WARNING: BED SHEAR STRESS IN 

UPPER REGIME'); 
WRITBLNC NOT PROPERLY ACCOUNTED FOR 
****') 

END; 
FORI:= 1 TON + 1 DO 

END 
END; 

BEGIN 
TAUG:= TAU[I]; 
lOADR; 
WRITBLN(XDAM + DX*(I-l):10:1,"',B[I]:10:4,,,,, 
ETA[I]: 10:4,',', 
BTA[I] + H[I]:10:4,',,,H[I]:10:4,',',QS*B[I]:1O:7); 
IF DELTA = TRUE THEN 
IF I = LIMIT THEN 

BEGIN 
WRITELN(LOCDBLTA: 10:4,',',BLIP: 10:4,',', 

BTATOE:I0:4,,,,,BTALIP + HLIP:I0:4,',', 
ETALIP~ETATOE+HLIP:10:4); 

WRITELN(l.OCDBLTA + 
0.001: 10:4,',' ,BLIP: 10:4,' ,', 

BTALIP:I0:4,',',BTALIP + 
HLIP: 10:4,',' ,HLIP: 10:4) 

END 

PROCEDURE SETBBD; (* COMPUTE BED ELBV & WIDTH FOR ALL NODES *) 

VAR 

I: INTEGER; 
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BEGIN 

END; 

IF F1RS'ITIME:::: TRUE THEN 
BEGIN 

FOR I::::: 1 TO NB DO 
B[1]::::: BO + (NB - I) * DX * M; 
FORI:::::NBTON+ 1 DO 

END 
ELSE 

BEGIN 

BEGIN 

END 

ETA[l]::::: ETA[NB] + DX * SINIT * (I - NB); 
B[1]::::: BO 

B[N+l]::::: BO; 
ETA[N+1]::::: ETA[N] + DX * SINIT 

END 

PROCEDURE CORRECT (VAR XQ,XH,XW,XXS,XXH: REAL); 

VAR 

(* CORRECT FOR SIDEWALL AND BEDFORM EFFECTS *) 

CB,CBUSTAR,CD,CF,CG,CGINV,CGUSTAR,CW,ER,FC, 
FCG,FCW,FDELTA,FRE,H,HN,HTf,HYRADIUS,P,RE,U: REAL; 

ALLTRUE,CBK,CGK,CTEST,CWK,HK,K: INTEGER; 
CONV,BOMB: BOOLEAN; 

PROCEDURE DEPTH; (* FIND NORMAL DEPTH *) 

VAR 

KK: INTEGER; 
CCONV,BBOMB: BOOLEAN; 

BEGIN 
KK::::: 1; 
CCONV::::: FALSE; 
BBOMB::::: FALSE; 
REPEAT 

HN::::: HTf - (HTI*(G*SINIT*BO*HTf*HTf - 2*XQ*XQ*CW) 
- XQ*XQ*BO*CB) 
/(3*G*SINIT*BO*HTI*HTI - 2*XQ*XQ*CW); 

ER::::: ABS(2*(HN - HTT)/(HN + HTf); 
IF ER <:: 0.001 THEN CCONV::::: TRUE 
ELSE IF KK > 50 THEN 

ELSE 

BEGIN 
BBOMB::::: TRUE; 
WRITBLN(,BOMBED IN INITIAL DEPTH') 

END 

BEGIN 
KK:::::KK+ 1; 
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HTI:=HN 
END 

UNTIL CCONV OR BBOMB 
END; 

PROCEDUREFREYNOLDS; (* FIND F FOR SMOOTH WALL *) 
BEGIN 

FRE:= 1.0ISQR(0.78*LN(RE*FCW/6.9» 
END' , 

PROCEDURE FD; (* FIND X IN EINSTEIN-BARBAROSSA EQUATION *) 

VAR 

D50DEL: REAL; 

BEGIN 

END' , 

BEGIN 

D50DEL:= D50*SQRT(CGT)*UI11.6NISC; 
IF D50DEL <: 0.265 THEN FDELTA:= 0; 
IF D50DEL >= 0.265 THEN FDELTA:= 1.9 + 0.7383*LN(D50DEL); 
IF D50DEL >= 0.5 THEN FDELTA:= 1.615 - 00407 * 

EXP(1.6*LN(ABS(LN(D50DEL»»; 
IF D50DEL >= 2.35 THEN 
IF D50DEL >= 10.0 THEN FDELTA:= 1.0 
ELSEFDELTA:= 1.0 + 0.926 * 
EXP(2A3*LN(1.0- OA34*LN(D50DEL») 

HK:=O; 
CBK:=O; 
CGK:=O; 
CWK:=O; 
CONV:= FALSE; 
BOMB:= FALSE; 
IF INITIAL = TRUE THEN ALLTRUE:= 4 
ELSE ALLTRUE:= 3; 
U:=XQ/XH; 
IF FLUME = TRUE THEN P:= XW + 2*XH 
ELSEP:=XW; 
HYRADIUS:= XH*XWIP; 
RE:= 4*U*HYRADIUSNISC; 
K:=O; 
REPEAT 

K;;::::K + 1; 
IF FLUME = TRUE THEN 

)3EGIN 
FC:= (2*XH*CWT + XW*CBT)/P; 
FCW:= CWTIFC; 
FREYNOLDS; 
CW:=FRF18; 
FCG:= CGTIFC; 
FD' , 
ER:= ABS«CW - CWT)/CW); 
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I 
-; 

ELSE 

IF ER <= 0.005 THEN CWK:= 1 
END 

BEGIN 
CWK:= 1; 
CW:=O; 
FCG:= CGT/CBT 

END' , 
IF FDELTA = 0 THEN 
CGINY:= 
SQR(2.5*LN(3.67*HYRADIUS*FCG*U*SQRT(CGT)/VISC») 
ELSE IF FLUME = TRUE THEN 
CGINV:= SQR(2.5*LN(12.3*HYRADIUS*FCG*FDELTND50)) 
ELSE CGINV:= SQR(2.5*LN(11 *HYRADIUS*FCG12.5ID50)); 
CG:= l/CGINV; 
CGUSTAR:= CG*U*U/RiG/D50; 
IF FLUME = TRUE THEN 

ELSE 

BEGIN 
IF CGUSTAR < 0.0626 THEN CBUSTAR:= CGUSTAR; 
IF CGUSTAR >= 0.0626 THEN CBUSTAR:= 
EXP(0.412*LN((CGUSTAR - 0.06)/2.14)); 
IF CGUSTAR >= 0.541 THEN CBUSTAR:= CGUSTAR 

END 

BEGIN 

END; 

IF CGUSTAR < 0.0615 THEN CBUSTAR:= CGUSTAR; 
IF CGUSTAR >= 0.0615 THEN CBUSTAR:= 
1.581 *SQRT(CGUSTAR - 0.06); 
IF CGUSTAR >= 2.435 THEN CBUSTAR:= CGUSTAR 

CB:= CBUSTAR*R*G*D50/U/U; 
CD:=CB - CG; 
ER:= ABS((CB - CBT)/CB); 
IF ER <= 0.005 THEN CBK:= 1; 
ER:= ABS((CG - CGT)/CG); 
IF ER <= 0.005 THEN CGK:= 1; 
CTEST:= CWK + CBK + CGK; 
IF INITIAL = TRUE THEN 

BEGIN 
HTT:=XH; 
DEPTH; 

END' , 

ER:= ABS((HN - XH)/HN); 
IF ER <= 0.005 THEN HK:= 1; 
CTEST:= CTEST + HK; 
XH:=HN; 
U:=XQ/XH; 
IF FLUME = TRUE THEN P:= 2*XH + BO 
ELSBP:=BO; 
HYRADIUS:= BO*XH/P; 
RE:= 4*U*HYRADIUSNISC; 
HK:=O 

IF CTEST= ALLTRUE THEN CONV:= TRUE 
ELSE IF K > 50 THEN 
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ELSE 

BEGIN 
BOMB:;::: TRUE; 
WRITELNCBOMB IN CCT XW,XQ ',XW:1O:4,XQ:10:4); 
WRITELNC'XH,CG,CW,CB= 

',XH: 10:4,CG: 10:4,CW: 10:4,CB: 10:4); 
WRITELNCCGK,CWK,CBK,HK= 

, ,CGK,CWK,CBK,HK) 
END 

BEGIN 
CGT:;:::CG; 
CBT:;:::CB; 
CWT:;:::CW; 
CDT:;:::CD 

END 
UNTIL CONY OR BOMB; 
XXH:;:::XH; 
IF FLUM.E;::: TRUE THEN P:;::: 2*XXH + XW 
ELSEP:;:::XW; 
HYRADIUS:;::: XXH*XW/P; 
CF:;::: (CW*2*XXH + CB*XW)/P; 
XXS:;::: CF*U*U/GIHYRADIUS; 
TAUG:;::: CG*U*U; 
IF CGUSTAR >;::: 0.541 THEN WARNING:;::: TRUE 

. END; 

PROCEDURE SLOPHEAD (VAR XQ,XW,XH,XETA,XS,XTH: REAL); 
(* FIND FR,SF, AND TOTAL H *) 

VAR 

XDUMMY: REAL; 

BEGIN 

END' , 

XTH:;::: SQR(XQ)/2/G/SQR(XH) + XETA + XH; 
FR2:= SQR(XQ)/G/SQR(XH)/XH; 
CORRECT(XQ,XH,XW,XS,XDUMMy) 

PROCEDURE BACKWATER; (* COMPUTE BACKWATER PROFILE *) 

VAR 

CRIT,DXX,ETC,HN,HT,SD,SU,THD,THU: REAL; 
1,IB: INTEGER; 

PROCEDURE CALCH; (* FIND DEPTH AT NEXTU.S. NODE *) 

VAR 

CONV,BOMB: BOOLEAN; 

BR: REAL; 
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K: INTEGER; 

BEGIN 
CONY::::: FALSE; 
BOMB::::: FALSE; 
K::::: 1; 
REPEAT 

SLOPHEAD(QW,W,HT,ETC,SU,THU); 
HN::::: HT ~ (THU - THD - DXX/2 * (SU + SD))I 
(1 - FR2 + 3/2 * DXX * SUIHT); 
IF HN <:::: CRIT THEN 

BEGlN 

END; 

HN::::: 1.01 * CRIT; 
SLOPHEAD(QW,W,HN,ETC,SU,THU); 
CONY::::: TRUE 

ER::::: ABS(2 * (HN - HT)/(HN + HT»; 
IF ER < 0.001 THEN CONV::::: TRUE 
ELSE IF K > 50 THEN 

ELSE 

BEGlN 
BOMB::::: TRUE; 
WRITELN(,BOMBED IB :::: ',IB) 

END 

BEGlN 
K:::::K + 1; 
HT:::::HN 

END 
UNTIL CONY OR BOMB 

END; 

PROCEDURE EXTENDBW; (* EXTEND BACKWATER ZONE U.S. 1 NODE 
*) 

VAR 

I,IB: lNTEGER; 

BEGIN 

END; 

BEGlN 

QW:::::QT/BO; 
SLOPHEAD(QW,BO,H[N],ETA[N],SD,THD); 
HT:::::H{N]; 
ETC::::: ETALN+ 1]; 
W:::::;BO; 
DXX:::::DX; 
CRIT::::: EXP(1/3 * LN(QW*QW/G»; 
IF H\r < CRIT THEN HT::::: 1.01 * CRIT; 
CALCH; 
H[N+l]:;::: HN; 
TAULN+l]:= TAUG 

IF FIRSTfIl\1l3 F FALSE THEN EXTBNDBW 
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ELSE 
BEGIN 

DXX:;:::DX; 
QW:;::: QT/B[LIMIT]; 
IF LIMIT;::: 1 THEN 
IF «DXIBND < 0) AND (DETA <: 0) THEN 

BEGIN 
XIBND:;::: XIBND + DETA; 
IF XIEND <: XIBNDF THEN XIBND::::: XIBNDF 

END; 
H[1]:;::: XIBND - ETA[1]; 
IFH[1] < CRITICAL THEN 

BEGIN 
H[l]:;::: 1.01 * CRITICAL; 
ETA[1]::=XIEND - H[1] 

END" . , 
SLOPHBAD(QW,B[LIMIT],H[LIMIT],ETA[LIMIT],SD,THD); 
TAU[LIMIT]::= TAUG; 
HT:;::: H[LIMIT]; 

END; 

IF «DXIBND > 0) AND (DELTA;::: TRUE») THEN 
BEGIN 

END" , 

QW::::: QTIBLIP; 
ETC::= ETAUP; 
W::=BLIP; 
DXX:;::: LOCDELTA - XDAM - DX*(LIMIT-1); 
CRIT::= EXP(1/3 * LN(QW*QW/G)); 
IF HT < CRIT THEN HT::= 1.01 * CRIT; 
CALCH; 
HLIP::= HN; 
HT::=HLIP; 
DXX::= DX*LIMIT - (LOCDELTA - XDAM); 
SD;;::: SUi 
THD:;:::THU 

FORI:;::: LIMIT + 1 TON+ 1 DO 
BEGIN 

END 
END 

QW:;::: QT/B[I]; 
ETC::= ETA[I]; 
CRIT::= EXP(l/3 * LN(QW*QW/G»); 
IFHT < CRITTHBNHT:= 1.01 * CRIT; 
W::= B[I]; 
CALCH; 
H[I]::= HN; 
TAU[I]::= TAUG; 
HT:=HN; 
DXX:=DX; 
SD:= SU; 
THD;::::THU 

PROCEDURE INPUIDATA; (* Jl'IP?UT DATA TO PROGRAM *) 
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VAR 

I: INTEGER; (* COUNTER *) 

BEGIN 
WRITELN('IS THIS FOR A FLUME 1 = YES, 2 = NO'); 
READlN; 
READ(ANSWER); 
IF ANSWER = 1 THEN FLUME:= TRUE 
ELSE FLUME:= FALSE; 
WRITELN(,DO YOU WANT A SHOCK FIT TO THE DELTA? 1:::: YES, 2 
= NO'); 
READLN; 
READ(ANSWER); 
IF ANSWER = 1 THEN SHOCK:= TRUE 
ELSE SHOCK::::: FALSE; 
WRITELN(,INPUT MULT FACTOR'); 
READLN; 
READ(MULT); 
WRITELN(,INPUT LENGTH MULTIPLIER'); 
READlN; 
READ(lMULT); 
WRITELN(,INPUT BW LENGTH MULTIPLIER'); 
READIN; 
READ(BWLM); 
WRITELN(,INPUT QT IN M3/S, D50 IN MM, INIT SLOPE, 
ROUGHNESS IN M'); 
READLN; 
READ(QT,D50,SINIT,KS) ; 
WRITELN(,INPUT SPECIFIC GRAVITY, POROSITY,WATER TEMP 
DEG. C.'); 
READLN; 
READ(SG,POR,TEMP); 
WRITELN(,INPUT DX IN M, DT IN SEC, TOTAL TIME IN SEC, 

TSTART'); 
READLN; 
READ(DX,DT,TOTTIME,TSTART); 
WRITELN(,INPUT TPRINT, TO PRINT EVERY TPRlNT SECONDS'); 
READLN; 

READ(TPRINT); 
WRITELN(,INPUT INITIAL NUMBER OF INCREMENTS'); 
READLN; 
READ(N); 
WRITELN('INPUT DISTANCE AT DAM, M'); 
READLN; 
READ(XDAM); 
WRITELN(,INPUT UN. WIDTH, CHANGE FACTOR, BREAK PI' DIST, 
M'); 
READLN; (* IF UN. WIDTH, CH.FCTR = 0 AND BK PT DIST :::: TOT 
LENGTH*) 
READ(BO,M,XB); 
NB:= ROUND«XB - XDAM)/DX + 1); 
WRITELN('INPUT WATER SURFACE CHANGE, M: + FOR UP, - FOR 
DOWN'); 
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RBADIN; 
READ(DXIEND); 
IFM <> o THEN 

BEGIN 
WRITEIN(,INPUT UNPERTURBED DEPTH AT D.S. 
SECTION, M'); 
RBADIN; 
READ(HBEND) 

END; 
WRITELN('INPUT BED ELEVATION AT DAM'); 
READLN; 
RBAD(ETA[1]); 
WRlTELN('IS THIS AN EXTENDED RUN 1 = YES, 2 = NO'); 
READIN; 
READ(ANSWER); 
IF ANSWER <> 1 THEN (* STARTING A NEW RUN *) 

BEGIN 
EXTENDRUN:= FALSE; 
DELTA:= FALSE; 
IFM <> o THEN 
BEGIN 

END 
END 

ELSE 
BEGIN 

FOR 1:= 1 TO NB DO 
READ(ETA[I]) (* READ BED ELEV IN CHANGING 

WIDTH*) 

EXTENDRUN:= TRUE; 
IF SHOCK = TRUE THEN 

BEGIN 

END 

WRITELN('IS THERE A DELTA 1 = YES, 2 = NO'); 
READIN; 
READ(ANSWER); 
IF ANSWER = 1 THEN 

BEGIN 

END 

DELTA:= TRUE; 
WRITELNCINPUT DELTA,M'); 
READLN; 
READ(LOCDELTA); 
WRITBLN(,INPUT LIP, TOE EL, LIP 
WIDTH,M'); 
READLN; 
READ(ETALIP,ETATOE,BLIP) 

ELSE DELTA:= FALSE; 
1:=0; 
WHILENOTEOFDO 

BEGIN 

END; 

1:=1+ 1; 
READIN(X[I],B[I],ETA[I]) (* READ BED & 
WID1H*) 
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N:= I - 1 (* NO. OF INCREMENTS IS (NO. OF NODES) - 1 *) 
END 

END; 

PROCEDURE INITIALIZATION; 

VAR 

HFLUME,HGUESS,SDUMMY: REAL; 

BEGIN 
DETA:=O.O; 
HLIP:= 0.0; 
D50:= D50/1000; (* D50 NOW IN METERS *) 
R:= SG - 1; 
XL:=N*DX; 
TIME:= TSTART; 
IF DELTA = FALSE THEN LOCDELTA:= XDAM; 
HIN:= 0.285 * EXP( -O.3*LN(G» * EXP(O.1 *LN(KS» * 

EXP(0.6*LN(QT/BO» * EXP(-O.3*LN(SINIT»; (* MANNING
TYPELAW*) 
BEND:= BO + M * XB; 
LIMIT:= 1; 
CBT:= 0.005; (* INITIAL GUESSES *) 
CDT:= 0.001; 
CGT:= 0.004; 
CWT:= 0.002; 
IF FLUME = TRUE THEN 

BEGIN 

END 
ELSE 

COEFF:= 18; 
TAUSR:= 0.04; 
TAUMIN:= 0.03412 

BEGIN 

END' 

COEFF:= 11.2; 
TAUSR:= 0.03; 
TAUMIN:= 0.02559 

, 
VISC:= 0.00000179/(1 + 0.03368*TEMP + 0.000221 *TEMP*TEMP); 
QW:=QT/BO; 
HGUESS:= HIN; 
W:=BO; 
INITIAL:= TRUE; 
CORRECT(QW,HGUESS,W,SDUMMY,HFLUME); (* FIND NORMAL 
DEPTH*) 
HIN:= HFLVME; 
INITIAL:= FALSE; 
WADR; 
QSIN:= QS; (* U.S. BOUNDARY CONDITION ON SEDIMENT FEED *) 
IF M <> 0 THEN INITIALDEPTH:= HBBND 
ELSE INITIALDEPTH:= BIN; 
CRITICAL:= EXP(1/3 * LN(QT*QT/BEND/BEND/G»; 
XlEND:= INITIALDEPTH + ETA[I]; 
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I 

I 

I 

XIENDF::= XIEND + DXIEND; 
IF INITIAL DEPTH + DXIEND < CRITICAL THEN XIEND::=; 

XIEND ~ (INITIALDEPTH ~ 1.01 * CRITICAL) 
ELSE XIEND::= XIENDF; 
II[l]:;:: XIEND ~ ETA[l]; 
TOTX::= DX*N/1000; 
FIRSTfIME::= TRUE; 
FIRSTDELTA::= FALSE; 
WARNING::= FALSE; 
IF EXTENDRUN= TRUE THEN BACKWATER 
ELSE 

END' , 

BEGIN 

END' 

NEARNORMAL::;: FALSE; 
REPEAT 

SEfBED; 
BACKWATER; 
IF «ABS«H[N+1] ~ HIN)/HIN) <= 0.02) AND (NMOD 
MULT=O» 
THEN NEARNORMAL::= TRUE 
ELSE 

BEGIN 
FIRSTTIME:= FALSE; 
N:=N + 1 

END 
UNTILNEARNORMAL; 
FIRSTTIME:= TRUE; 
N::= BWLM*N; 
SETBED; 
BACKWATER 

, 
TOTX:= DX*N/1000; (* INITIAL TOTAL DISTANCE IN KILOMETERS 
*) 
TP: 0; 
J::= 0; 
IF «DXIEND > 0) AND (DELTA = TRUE» THEN 

BEGIN 
LIMIT:= TRUNC«LOCDELTA ~ XDAM)/DX) + 1; 
VSVOID:=O; 
VSFILL::= 0; 
ETALIPOLD:= ErAUP; 
ETAOLD:= ETA[LIMIT + 1] 

END 
ELSE DELTA:= FALSE; 
IF DXIEND < 0 THEN DELTA:= FALSE 

PROCEDURE HEADER; 
BEGIN 

WRITELN(,************************************************ 
**********'); 

WRITEIN(,AGGRADATION AND DEGRADATION IN RESERVOIRS'); 
WRITELN(,LAST MODIFIDD ON 26 JUNE 1989'); 
WRITELN(,SOURCB CODE FILENAME IS SDTBST8'); 

140 



WRITELN('************************************************ 
**********'); 
WRITELN; 
IF FLUM:E == TRUE THEN WRITELN('THIS RUN IS FOR A FLUME'); 
IF SHOCK == TRUE THEN WRITELN('A SHOCK WILL BE FIT TO THE 
DELTA'); 
WRITELN(,ITERATING BW IS ',BWLM,' TIMES INITIAL BW 

DISTANCE'); 

END; 

WRITELNCFINAL BW CAN BE ',LMULT,' TIMES INITIAL 
DISTANCE'); 
IF SHOCK == TRUE THEN WRITELN('MULTIPLY DX BY ',MULT,' 
>SHOCK'); 
WRITELN('QT == ',QT:5:3,' M3/S D50 == ',D50:8:6,' M'); 
WRITELN('INITIAL UNIFORM SLOPE = ',SINIT;8:6,' ROUGHNESS == 
, ,KS:6;4, , M'); 
WRITELNCSPECIFIC GRAVITY = ',SG:3:2,' POROSITY == ',POR:3:2); 
WRITELN('DX == ',DX:6:3,' M DT = ',DT;8:2, 

, SECONDS'); 
WRITELN('UNIFORM WIDTH = ',BO:5:2, 'M CHANGE FACTOR = 
',M:6;4,' B.P. DIST. == "XB:1O:4,' M'); 
WRITELN('INITIAL DEPTH = ',HIN:6:4,' D.S. CHANGE = 
"DXIEND:6;4,' M'); 
IFM<> 0 THEN 

WRITELNCINITIAL DEPTH AT LIP = " HBEND:6:4,' M'); 
WRITELN('INITIAL LOAD == ',QSIN*BO:8:6,' M3/S'); 
WRlTELN('DAM LOCATION, M ',XDAM;1O:6); 
WRITELN('INITIAL BW DISTANCE = ',TOTX;1O:5,' KM LENGTH 
MULT FACTOR == IMULT); 
WRlTELN(,STARTTIME = ',TSTART:6:4,'TOTAL TIME = 

',TOTTIME:1O:2) 

PROCEDURE DELTAMOVE; (* MOVE THE SHOCK *) 

VAR 

DDT,DELT,DN,DPDT,D1,ER,N1,N3,S1,S2,VSIN,VMOVE,W1,XM: 
REAL; 

BOMB,CONV: BOOLEAN; 

K: INTEGER; 

BEGIN 
S1:= (ETA[LIMIT + 2] - ETAILIMIT + 1D/DX; 
ETALIP:= ETA[LIMIT + 1] - Sl*(LIMIT*DX - (LOCDELTA - XDAM»; 
IF ETALIP < ETALIPOLD THEN ETALIP:== ETALIPOLD; 
VSVOID:= VSVOID + (1 - POR) * 

0.25*(ETA[LIMIT + 1] - ETAOLD + ETALIP - ETALIPOLD) 
* (BLIP + B[LIMIT + 1D*(LIMIT*DX - (LOCDELTA - XDAM»; 

VSIN:== QSLllvlIT * DT * B[LIMIT + 1]; 
VSFILL:== VSFILL + VSIN; 
VMOVE:= (VSFILL - VSVOID)/(l-POR); 
IF VMOVE > 0 THEN 
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BEGIN 
VSFILL:o:::O; 
VSVOID:o:::O; 
N1:0::: ETALIP; 
N3:0::: ETATOE; 
D1:o:::N1-N3; 
W1:0::: BLIP; 
IF LOCDELTA - XDAM - DX*(LIMIT - 1) 0::: 0 THEN 

S2:0:::(ETA(LIMIT - 1] - ETA[LIMIT - 2])/DX 
ELSE S2:0::: (ETA TOE - ETA[LIMIT])/ 

(LOCDELTA - XDAM - DX*(LIMIT - 1)); 
DELT:o::: VMOVE/DlIWl; 
K:o::: 1; 
IF LOCDELTA > XB THEN XM:o:::O.O 
ELSEXM:o:::M; 
REPEAT 

DDT:o::: VMOVE - 0.25*DELT*(Dl + N1 - S1*DELT - N3 
+S2*DELT) *(2*W1 + XM*DELT); 

DPDT:o::: 0.25*«2*D1 + 2*N1- 2*N3)*(W1 +XM*DELT) + 
(S1 - S2)*(-4*DELT*W1- 3*XM*DELT*DELT)); 
DN:o::: DELT - DDTIDPDT; 
ER:o::: ABS(2*(DN - DELT)/(DN + DELT)); 
IF ER < 0.001 THEN CONV:o::: TRUE 
ELSE IF K > 50 THEN 

ELSE 

BEGIN 
BOMB:o::: TRUE; 
WRITELN('DELTAMOVE BOMBED') 

END 

BEGIN 

END 

K:o::: K + 1; 
DELT:o:::DN 

UNTIL CONY OR BOMB; 
LOCDELTA:o::: LOCDELTA - DN; 
ETATOE:=ETATOE- S2*DN; 
IF LOCDELTA < XBTHEN BLIP:o::: BLIP + lv1*DN 
ELSE BLIP:o::: BO; 
IF LOCDELTA - XDAM < DX*(LIMIT - 1) THEN 

BEGIN 

END 

ETAOLD:o::: ETA[LIMIT + 1]- DX*(ETA(LIMIT + 1] -
ETALIP/(DX*LIMIT - (LOCDELTA - XDAM) 
-DN); 

LIMIT:o::: LTh1IT - 1; 
ETA[LThllT + 1]:0::: ETAOLD 

ELSEETAOLD:= ETAfLThm + 1]; 
ETALIP:o::: ill ALIP - S 1 *DN 

END 
ELSEETAOLD:o:::ETA(LThm + 1]; 
ETALIPOLD:o::: ETALIP; 
IF LOCDELTA - XDAM < 0 THEN 

BEGIN 
RESULTS; 
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END 
END; 

DELTA:;::: FALSE; 
LIMIT:;::: 1 

PROCEDURE DELTAHT; (* FIND THE HEIGHT OF THE SHOCK *) 

VAR 

FP,FX,FX1,FX2,FX3,P: REAL; 

BEGIN 

END' , 

FX:;::: ETA[DNODE + 6]; 
FX1:;::: ETA[DNODE + 16]; 
ETALIP:;::: FX ~ (FX1 ~ FX)*6/1O; 

(* LOCATE TOE WITH LINEAR EXTRAPOLATION FROM 5 
NODES 

FX:;::: ETA[DNODE ~ 6]; 
FX1:;::: ETA[DNODE ~ 5]; 
ETATOE:= FX1 + 5*(FX1 ~ FX) 

PROCEDURE CHECKDELTA; (* CHECK FOR A DELTA *) 
VAR 

XEND: BOOLEAN; 

XSLOPE: REAL; 

I,K: INTEGER; 

BEGIN 
XEND:;::: FALSE; 
I:;::: N + 1 ~ 16; 
REPEAT 

XSLOPE:;::: (ETA [I] ~ ETA[I-1])/DX; 
IF ((XSLOPE >;::: 5*SOOT) AND (I> 6» THEN 

BEGIN 
DELTA:;::: TRUE; 
FIRSTDELTA:;::: TRUE; 
DNODE:;::: I -1; 
LOCDELTA:;::: (DNODE - l)*DX + XDAM; 
BLIP:;::: B[DNODE]; 
DELTAHT; 
RESULTS; 
N:;::: N DIV MULT; 
DX:;:::DX*MULT; 
DT:= DT*MULT; 
LIMIT:;::: (DNODE*lO + 8*MULT) DIV (MULT*lO); 
FORK:;::: 1 TON + 1 DO 

BEGIN 
B[K]:;::: B[(K-1)*MULT +1]; 
H[K]:;::: H[(K-1)*MULT + 1]; 
ETA[K]:== ETA[(K-1)*MULT + 1]; 
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TAU[K]:= TAU[(K-1)*MULT +1] 
END; 

ETALIPOLD:= ETALIP; 
EfAOLD:= ETA[LIMIT + 1]; 
RESULTS; 
VSFILL:=O; 
VSVOID:=O 

END 
ELSE 

BEGIN 
I:= I - 1; 
IF I < 7 THEN XEND:= TRUE 

END 
UNTIL DELTA ORXEND 
END; 

PROCEDURE DDMPR; (* ADJUST BED ELEVATIONS *) 

VAR 

I,IEND: INTEGER; 

BEGIN 
IF SHOCK = TRUE THEN 
IF ((DXIEND > 0) AND (DELTA = FALSE» THEN 
IF N > 22 THEN CHECKDELTA; 
IF «(DXIEND > 0) AND (DELTA = TRUE» THEN lEND::;::: LIMIT + 1 
ELSE IEND:= 1; 
QUP:=QSIN; 
FOR I:= N + 1 DOWNTO IEND DO 

BEGIN 
TAUG:= TAU[I]; 
LOADR; 
QDOWN:=QS; 
IF I = N+ 1 THEN ETA[1]:= ETA [I] + DT/DX/(1-POR)*CQUP
QDOWN) 
ELSE 

BEGIN 

END; 

DETA:= DTIDx/(l - POR)/B[I]* 
(B[I+1]*QUP - B[I]*QDOWN); 

ETA[I]:= ETA[1] + DETA 

QUP:=QDOWN 
END; 

QSLIMIT:= QUP; 
IF ((DELTA = TRUE) AND (FIRSTDELTA=FALSE» THEN 
IF LOCDELTA > 0 THEN DELTAMOVE; 
IF ((DELTA = TRUE) AND (FIRSTDELTA = TRUE» THEN 

FIRSTDELTA:=FALSE 
END; 

BEGIN 
INPUTDATA; 
INITIALIZATION; 
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HEADER; 
RESULTS; 
WHILE TIME < TOTTIME DO 

END. 

BEGIN 
J:::= J + 1; 
TIME:;:::: TIME + DT; 
FIRSTTIME:;:::: TRUE; 
NEARNORMAL:;:::: FALSE; 
REPEAT 

BACKWATER; 
IF ((ABS((H[N+1] - HIN)/HIN) <;:::: 0.02) AND (N MOD MULT 
;:::: 0» 
THEN NEARNORMAL:;:::: TRUE 
ELSE 

BEGIN 
IF N < TOTX* 1000*LMULT/DX THEN 

BEGIN 
N:;::::N + 1; 
FIRSTTIMB:= FALSE; 
SBTBBD 

END 
ELSENEARNORMAL:;:::: TRUE 

END 
UNTILNEARNORMAL; 
TP:;::::TP+DT; 
IF TP >= TPRINT THEN 

BEGIN 

END-, 
DUMPR 

END 

RESULTS; 
TP:=O 
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Procedure Name 

Backwater 

Calch 

Checkdelta 

Correct 

Deltaht 

Deltamove 

Depth 

Dumpr 

Extendbw 

Fd 

Freynolds 

Header 

Initialization 

Inputdata 

Table A3.2 }lrocedure names and descriptions 

Function 

Controls options for computing backwater curves. Checks for rate of 
draw down for sluicing, forces depths to remain one per cent above 
critical at all nodes. 

Calculates depth at next upstream node using the standard step backwater 
equation (Chapter 4). 

Computes bed slope for all nodes and checks to see if slope exceeds five 
times the equilibrium slope. If it does, a shock is fit (see Deltaht). 

Finds normal depth in an open channel or flume and corrects for sidewall 
and bedform influences. 

Computes the elevation of the top and bottom of the vertical shock face the 
first time it is fit to the bed (simulates a delta). 

Computes new elevations of top and bottom of the vertical shock face and 
the distance the shock is moved forward for each time step. 

Computes the normal depth in an open channel or flume. 

Adjusts all bed elevations using the sediment continuity equation for each 
time step. 

Extends the backwater profile upstream by one node. Used when the 
water depth at the current upstream limit of the backwater zone is not 
within 1 per cent of normal 

Finds the value of X in the Einstein-Barbarossaequation (Equation 4.5) 
when flow is not fully turbulent rough. 

Finds the friction coefficient for a smooth wall; explicit function of 
Reynolds number (Equation A1.9) 

Prints out header of results file; lists initial geometric, hydraulic, and 
sediment transport values and control variables. 

Computes normal depth and sediment discharge and initial backwater 
profile showing effects of changing the water surface elevation at the 
downstream boundary. 

Receives input data for the program 
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Loadr 

Results 

Setbed 

Slophead 

Computes sediment transport per unit width using the Parker equation 
(Equation 4.4). 

Prints results at designated times. Includes bed and water surface 
elevation, depth, and sediment transport value for each node and the 
location and elevations of the shock face (if modeled). 

Computes the elevation and width associated with the distance nodes for a 
new run. 

Calculates the Froude number, energy slope, and total energy head for a 
node. Using Correct, computes the dimensionless grain shear stress for 
each node. 
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Table A3.3 Listing of vada bles 

Variable ~ Global or in what Definition 
procedure 

ANSWER INTEGER GLOBAL Response to input question 
B VECTOR GLOBAL Width, m 
BO REAL GLOBAL Uniform width, m 
BBOMB BOOLEAN GLOBAL Warning message ~ iteration 

scheme failed 
BEND REAL GLOBAL Width at most downstream 

node, m 
BLIP REAL GLOBAL Width of shock, m 
BOMB BOOLEAN CORRECT,CALCH Warning message. Iteration 

, DELTM10VE scheme failed 
BWIM INTEGER GLOBAL Initial backwater zone length 

is lengthened BWlM times 
CB REAL CORRECT Bed friction coefficient 
CBK INTEGER CORRECT Convergence check for Cb 
CBT REAL GLOBAL Trial value for Cb 
CBUSTAR REAL CORRECT CbU* 
CCONV BOOLEAN DEPTH If true, iteration scheme 

converges 
CD REAL CORRECT Bedform drag coefficient 
CDT REAL GLOBAL Trial value for Cd 
CF REAL GLOBAL Friction coefficient 
CG REAL CORRECT Grain friction coefficient 
CGINV REAL CORRECT Inverse of grain friction factor 
CGK REAL CORRECT Convergence check for Cg 

CGT INTEGER GLOBAL Trial value for Cg 

CGUSTAR REAL CORRECT C * 
COEFF REAL GLOBAL C~~fficient in Equation (4.4) 
CONY BOOLEAN CORRECT,CALCH Convergence flag 

,DELTAMOVE 
CRIT REAL BACKWATER Critical depth, m 
CF1TICAL REAL GLOBAL Critical depth, m 
CTEST REAL CORRECT Sum of CBT, CGT,CWT, 

andHK 
CW REAL CORRECT Wall friction coeffiecient 

CWK INTEGER CORRECT Convergence check for Cw 

CWT REAL GLOBAL Trial value for Cw 

D1 REAL DELTM10VE Height of shock, m 
D50 REAL GLOBAL Median sediment diameter, m 
D50DEL REAL FD dso/5 in determination of X in 

Einstein-Barbarossa equation 
DDT REAL DELTAMOVE Function describing how far 

the shock moves, m 
DELT REAL DELTAMOVE Guess of how far shock 

moves, m 
DELTA BOOLEAN GLOBAL If true, a shock exists 
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DN REAL DELTAMOVE Next guess of how far shock 
moves, m 

DNODE INTEGER GWBAL Node number at which shock 
is fIrst located 

DPDT REAL DELTAMOVE Derivative of function 
describing how far the shock 
moves 

DT REAL GWBAL Time step, seconds 
DX REAL GWBAL Distance step, m 
DXIEND REAL GWBAL Total change in downstream 

water surface, m 
DXX REAL BACKWATER Distance step for backwater 

calculations, m 
ER REAL CORRECT,CALCH Difference between successive 

,DELTAMOVE guesses in iteration schemes 
BrA VECTOR GWBAL Bed elevation, m 
EfALIP REAL GWBAL Elevation of top of shock, m 
ETALIPOID REAL GWBAL Elevation of top of shock for 

BrAOill REAL GWBAL 
previous time step, m 
Bed elevation one node 
upstream of shock for 
previous time step, m 

BrAmE REAL GWBAL Elevation of bottom of shock, 
m 

ETC REAL BACKWATER Bed elevation used in 
backwater scheme m 

EXTENDRUN BOOLEAN GWBAL If true, this is a continuation 
run 

FC REAL CORRECf Equation A1.18 
FCG REAL CORRECT CGTIFC 
FCW REAL CORRECT CWTIFC 
FDELTA REAL CORRECT Equation A1.l3 
FIRSTfIME BOOLEAN GWBAL If true, new run or frrst time to 

calculate backwater proftle for 
a time step 

FLUME BOOLEAN GWBAL If true, run is for a flume 
FR2 REAL GWBAL Square of Froude number 
FRE REAL CORRECT Darcy-Weisbach friction 

coefficient 
FX REAL DELTAHf Bed elevation 6 nodes 

upstream or downstream of 
initial shock location, m 

FXl REAL DELTAHT Bed elevation 16 nodes 
upstream or 5 nodes 
downstream of initial shock 
location, m 

G CONSTANT GLOBAL Gravitational constant, mfsec2 
H VECTOR GWBAL Water depth, m 
HBEND REAL GLOBAL Water depth at dowllstream 

boundary, m 
HFLUME REAL lNITIALIZATION Normal depth in flume, m 
HGUESS REAL INITIALIZATION Guess of normal depth in 

flume, m 
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HIN REAL GLOBAL Normal depth, m 
HK INTEGER CORRECT Convergence check for depth 
HLIP REAL GLOBAL Water depth above shock, m 
HN REAL BACKWATER,CO Next guess for water depth, m 

R~RECT 
HT REAL BACKWATER Trial guess of water depth, m 
HIT REAL CORRECT Trial value of water depth in 

normal depth iteration, m' 
HYRADIUS REAL CORRECT Hydrauic radius, m 
I INTEGER RESULTS,SETBED Counter 

,BACKWA TBR, 
EXTENDBACKWA 
TER, INPUTDATA, 
DUMPR,CHECK~ 
DELTA 

IB INTEGER BACKWATER,EX~ Counter 
TENDBW 

lEND INTEGER DUMPR Most downstream node for 
adjusting bed elevations 

lNITIAL BOOLEAN GLOBAL If true, compute normal depth 
INITIAL DEPTH REAL GLOBAL Initial depth at downstream 

boundary before raising or 
lowering occurs, m 

J INTEGER GLOBAL Time step counter 
K INTEGER CORRECT,CALCH Counter in iteration schemes 

, DELTAMOVE, I: 
CHECKDELTA i 

KK INTEGER DEP1H Counter \ 

KS REAL GLOBAL Roughness height, m 
LIMIT INTEGER GLOBAL Node beyond which 

LM:DLT INTEGER GLOBAL 
conditions do not change 
Largest number of 
computational reach lengths 
allowed 

LOCDELTA REAL GLOBAL Location of shock, m 
M REAL GLOBAL Rate of divergence in flume 
MULT INTEGER GLOBAL Number by which distance 

and time steps are multiplied 
after a shock has been fit 

N INTEGER GLOBAL Total number of distance 
increments 

Nl REAL DELTAMOVE Elevation of top of shock, m 
N3 REAL DELTAMOVE Elevation of bottom of shock, 

m 
NB INTEGER BACKWATBR,EX- Number of distance 

TENDBW increments in diverging 
portion of flume 

NEARNORMAL BOOLEAN GLOBAL If true, water depth is within 
one percent of normal 

p REAL CORREcr Wetted perimeter, m 
POR REAL GLOBAL Porosity 
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QDOWN REAL GLOBAL Sediment transport per unit 
width at downstream end of 
reach, m2/sec 

QS REAL GLOBAL Sediment transport, m2/sec 
QSIN REAL GLOBAL Steady sediment input rate, 

m2/sec 
QSLIMIT REAL GLOBAL Sediment transport per unit 

width past the last node for 
computations, m2/sec 

QT REAL GLOBAL Total water discharge, m3/sec 
QUP REAL GLOBAL Sediment transport per unit 

width at upstream end of 
reach, m2/sec 

QW REAL BACKWATER' Water discharge per unit 
width, m2/sec 

R REAL GLOBAL Submerged specific gravity 
RE REAL CORRECT Reynolds number 
Sl REAL DELTAMOVE Channel slope immediately 

upstream of shock 
S2 REAL DELTAMOVE Channel slope immediately 

downstream of shock 
SD REAL BACKWATR~ Energy slope at downstream 

end of reach 
SDUMMY REAL INITIALIZATION Channel slope 
SF REAL GLOBAL Energy slope 
SG REAL GLOBAL Specific gravity of sediment 
SHOCK BOOLEAN GLOBAL If true, a shock will be fit to 

the bed if appropriate 
SINIT REAL GLOBAL Normal slope 
SU REAL BACKWATER Energy slope at upstream end 

of reach 
TAU VECTOR GLOBAL Tip, m2/sec2 

TAUG REAL GLOBAL TIp, m2/sec2 

TAUMIN CONSTANT GLOBAL Value ofTAUG below which 
there is no transport 

TAUSR REAL GLOBAL Critical bed shear stress in 
Equation (4.4) 

TEMP REAL GLOBAL Water temperature, degrees 
Celsius 

THD REAL BACKWATER Total energy head at 
downstream end of reach, m 

THU REAL BACKWATER Total energy head at upstream 
end of reach, m 

TIME REAL GLOBAL Accumulated simulation time, 
sec 

TOITIME REAL GLOBAL Total simulation time, sec 
TOTX REAL GLOBAL Length of backwater zone, m 
TP REAL GLOBAL Accumulated time between 

printing results, sec 
TPRINT REAL GLOBAL Time between printing results, 

sec 
TSTART REAL GLOBAL Time at start of simulation, sec 
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~ 
I, 

U REAL CORRECT Mean cross-sectional velocity, 
mlsec 

UNODB REAL GLOBAL 

VISC REAL GLOBAL Kinematic viscosity of water, 
m2/sec 

VMOVE REAL DBLTAMOVE Volume of sediment available ,-

for moving the shock, m3 

VSFILL REAL GLOBAL How much the layer upstream 
of shock has been filled, m3 

VSIN REAL DBLTAMOVE Volume of sediment passing 
last node upstream of shock, 
m3 

VSVOID REAL GLOBAL Volume oflayer upstream of 
shock resulting from raising 
node immediately upstream, 
m3 

W REAL CORRECT Channel width, m 
WI REAL DBLTAMOVE Width of shock, m 
WARNING BOOLEAN GLOBAL If true, flow conditions are in 

,J_, upper regime flat bed 
'\ X VECrOR GLOBAL Distance associated with , 

nodes, m 
XB REAL GLOBAL Distance at which flume 

begins to diverge, m 
XDAM REAL GLOBAL Location of dam, m 

~ XDUMMY REAL SLOPHEAD Normal depth, m 
XEND BOOLEAN CHBCKDBLTA If true, counter is less than 6 
XEfA REAL SLOPHEAJ) Bed elevation, m 
XH REAL SLOPHEAD Water depth, m 
XIEND REAL GLOBAL Water surface elevation at 

downstream boundary of 
model, m 

XIENDF REAL GLOBAL Final elevation of water 
surface at downstream 
boundary, m 

XL REAL GLOBAL Length of backwater zone 
input by user, m 

XM REAL DBLTAMOVE Rate at which flume diverges 
XQ REAL SLOPHEAD Water discharge per unit 

width, m2/sec 
XS REAL SLOPHEAD Energy slope 
XSLOPB REAL CHECKDBLTA Channel slope between 2 

nodes 
XT REAL lOADR Dimensionless grain shear 

stress 
XTH REAL SLOPHBAD Total energy head, m 
XW REAL SLOPHBAD Channel width, m 
XX REAL LOADR Dimensionless sediment 

transport 
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