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ABSTRACT

The present investigation is the first major contribution to the study of skimming
flow in large scale models to develop a better understanding of aerated flow in stepped
spillways. Most observations were performed in the developed flow region. Detailed
measurements of air concentration and velocity were made. Vortical structures were
observed visually with the aid of a high speed video camera.

Air entrainment created a highly irregular and wavy surface in which returmning
water drops ejected from the surface continuously entrained air. Stable recirculating
eddies were formed in the grooves of the steps which were maintained through the
transmission of the shear stress of the main flow. Observations revealed that the
inception of air entrainment was strongly influenced by the steps. The enhancement of the
growth of the boundary layer and the deflection of the internal flow by steps caused early
inception of air entrainment.

Photographic observations and air concentration profiles showed that two zones
within the depth of self-aerated flow existed in the developed region. In the lower zone, air
bubbles were kept in suspension by the trbulent transport. In the upper zone, water drops
ejected from the transition zone, were traveling in a stream of air. Due to the similarity of
flow over stepped spillways to the flow in steep channels, a basis for the analysis of air
concentration distribution was established. It was found that stepped spillways entrain
more air than chute spillways. This indicates that steps enhance turbulence in the flow.

The velocity distribution in the lower zone of the flow depth in the developed
region was analyzed using Prandtl-Karman universal velocity equation. Skin friction
coefficient was calculated based on the uniform flow expression for the developed
region. An empirical equation was derived to estimate the skin friction coefficient for the
skimming flow. It appeared that the recirculating eddies in the step grooves and vortical

structures at step tips were the major causes for energy dissipation. Results of the energy



loss showed that the skimming flow dissipates less energy than the jet flow where

significantly more energy dissipation occurs.
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Chapter 1
INTRODUCTION

The search for effective spillway designs has been ongoing since the very
beginning of the building of dams. Stepped spillways have been used for over 2,500
years (Chanson, 1994). The recent technological advance of Roller Compacted Concrete
(RCC) dams has increased the interest in stepped spillways (Hansen, 1986; Dunstan,
1990). Over a short period, the use of RCC dams and the associated use of stepped
spillways for the gravity dams, have gained widespread acceptance. This is partly due to
the intrinsic low-cost and speed of construction (Parker, 1992, Logie, 1985). Figure 1.1
shows basic cost comparison for conventionally constructed gravity dams and RCC
gravity dams. The RCC technique is also adopted increasingly for the rehabilitation of
earth and concrete dams. Steps have been added with the RCC technique to dam
embankments to allow safe passage of overtopping floods. Thus, the capacity of the
spillways can be increased to accommodate extreme hydrological events such as the
Probable Maximum Flood (PMF) at little cost (Frizell, 1992).

A stepped spillway consists of an open channel with a series of steps that are built
into the face of the spillway. The rough or stepped face of the spillway can dissipate a
significant portion of the energy of the flow over its surface. The dissipation of kinetic
energy reduces the scour in the natural channel below the structure and hence the cost of
the stilling basin. It also eliminates the problem of cavitation on the spillway.
Preliminary investigation on stepped spillway models revealed that two types of flow
exist that depend on the discharge:

i) Jet Flow: Atrelatively low discharges, the flow strikes the tread of the
step immediately below. The energy dissipation is mainly due to the jet
mixing in the recirculating pool formed on each step and sometimes by a
partial hydraulic jump.

ii) Skimming Flow: At higher discharges, the steps become completely
submerged. The flow skims over the steps and is retarded by the
recirculating fluid trapped on each step. One predominant feature of the
flow is the creation of large air concentrations in the flow. Self-aeration
is the natural phenomenon whereby atmospheric air is drawn into and
mixed with the water to create a white and spray-like appearance. This
creates a violently agitated and ill-defined free surface. This condition is



prevalent in high speed open channel flows and is frequently observed in
stepped spillways. Flow causing steps to be “drowned” will be described
as Skimming Flow.

These basic flow types are shown in Plates 1.1 and 1.2.

At the present time, little information is available on the flow characteristics of
stepped spillways. Previous investigations focused mainly on physical models used to
evaluate the energy dissipation resulting from specific stepped spillway designs.
Unfortunately, these investigations have considered the flow only as one-phase flow and
the effect of air entrainment was generally neglected. The basic objective of the present
investigation is to find a solution of this complex problem of flow behavior on stepped
spillways through the use of a relatively large physical model and the provision of
fundamental information for the analytical design of such structures. This study has been
limited to the Skimming Flow regime. The primary objectives of the study are therefore :

i) The observation, analysis and classification of the flow behavior.

ii) The quantitative analysis of the influence of discharge intensity, overall
spillway slope and step size on the characteristics of the flow over the
spillway.

iif) The presentation of the experimental data in a concise, dimensionless
form that readily yields the flow characteristics important in the design of
prototype structures.

iv) An examination of the validity of applying empirical and theoretical
relationships developed for water flow in relatively rough open channel
flow, thus allowing the stepped spillway to be described as a steep open
channel with large artificial roughness.

Chapter two presents a review of earlier investigations on the hydraulics of flow
over stepped spillways. This chapter focuses mainly on the experimental studies. A
major part of the project involved the construction of the physical model and
instrumentation to measure various spillway flow parameters. Part of the instrumentation
included the construction of a probe for measuring air concentration in the skimming
flow. The physical model and instrumentation are described in detail in chapter three.
An error analysis is also included in chapter three. Typical results from the experimental
program are presented in chapter four. In chapter four, the analysis of the experimental
data is also presented. On the basis of the analysis, a design method is proposed
whereby the air concentration and velocity profiles within the fully developed region may
be predicted. Chapter five completes the thesis by presenting the conclusions based on



the results of the experimental study. This chapter also incorporates suggestions for

further work.
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Chapter 2
LITERATURE REVIEW

2.1 Introduction

The published literature indicates an awareness that the design of the self-aerated
flows on stepped spillways is poorly understood. During the last decade, the demand for
a more comprehensive understanding of self-aerated flows has intensified. Although
numerous physical model studies of projects incorporating stepped spillways have been
undertaken, the effect of self-acration has been neglected in the flow parameters. Self-
aeration is an unavoidable feature of flow on stepped spillways as the high velocity flow,
disturbed by the steps, entrains air. Problems associated with the analysis of two-phase
flows have slowed progress in this area.

Most investigations of stepped spiilways have focused on an estimation of the
energy loss on the spillway. Efforts have also been made to understand the mechanism
for energy loss, mostly through the use of photographic observations. Attempts to study
the flow parameters which are responsible for the dissipation of energy, however, have
been limited.

Other researchers have studied self-aerated flow in chute spillways, mostly in the
last half century. These works were notable for their clarification of the detailed
structures of fully developed, self-acrated flow (a flow where terminal air and velocity
profiles have been reached). Analytical solutions were developed to explain the air
concentration distributions.

Results from both subjects of investigation can be combined to gain an
understanding of sclf-aerated flows on stepped spillways. The volume of published
material is considerable, so that the following survey covers mainly those publications
which have made significant contributions to the subject. Due to the nature of the present
investigation, a preference is also given to those publications that experimentally studied
the phenomenon of skimming flow on stepped spillways. The objective is to allow for a
better appreciation of the mechanisms of the flow and therefore the present investigation.

2.2, Physical Model Studi
Most investigations, presented in this section, were based upon experiments and
models studies in laboratories. The objectives of these studies were typically to evaluate



the shape of the spillway crest and/or the step geometry, and to quantify the energy
dissipation.

2.2.1 Essery and Horner (1978)

In this extensive experimental study, the flow behavior on stepped spillway
models was analyzed. A basis for predicting prototype performance from model studies
was established by determining the factors which influence flow characteristics. A wide
range of step geometry and flow conditions were studied. The results of this study were
presented in the form of dimensionless plots which were used for the design of stlling
basins.

Five models featuring thirty, twenty, ten, eight, and three steps were built. In
each model, the height, length, and inclination of steps to the horizontal were varied to
ensure a wide range of step configurations. The height of each step ranged from 1067
mm for the three step model to 29 mm for thirty step model. The step length was varied
from 1067 mm for three step model to 69 mm for thirty step model. These ranges
covered the spillway slope from 1.2H:1V to 2.4H:1V.

The experimental results for jet flow included the measurements of velocity and
flow depth. The results showed the influence of discharge, slope, step size, and step
inclination on the specific force and specific energy. A graph was presented that shows
the onset of skimming flow on thirty step model. Essery and Homer found that
skimming flow is initiated when y, /h is about 0.8, where y, is the critical depth of the

flume and h is the step height. Other observations of skimming flow on thirty step
model revealed that three zones exist as following:
1) A “clear water” zone at the upstream end of the spillway where the
velocity increases and hence the depth decreases.
ii) A *“white water” zone which forms some distance below the clear
water zone, where water drops are ejected upward into the air. The flow
in this zone is a mixture of air and water.
iii) A zone of equilibrium where the flow becomes uniform. This occurs
after a short length in the white water zone.
Other observations of skimming flow were not presented as there were problems
associated with the measurement of air concentration. Essery and Homner believed that
scale effect of the models could not be estimated since skimming flow in the larger
models used in the study of jet flow could not be created because the large discharges
required could not be provided.



2.2.2 Sorensen (1985)

The performance of a stepped spillway for the new Monksville Dam in the United
States was examined in a physical model study in the Hydraulics Laboratory of Lehigh
University. The objectives were to design the proper spillway crest and to determine the
energy dissipation as well as the height of the training wall along the stepped spillway
face. The Waterways Experiment Station (WES) standard Ogee spillway profile was
modified to ensure the effectiveness of flow transition below the crest.

The stepped spillway measured 120 ft heigh and had a 0.78H:1V slope below the
point of tangency of the spillway profile. Three models were studied, one with a scale of
1/10, another two with a 1/25 scale. The 1/10 model of the upper part of the spillway
was built to investigate the performance of the crest and the geometry of the first few
steps. The first model of 1/25 scale of the chute spillway was built to provide
comparison data for the second model of scale 1/25, a full stepped spillway profile. All
models tested had a clear Plexiglas front wall and a width of 1 ft. The first few steps had
heights equivalent to 1 and 1.5 ft in the prototype and the remaining step heights were 2 ft
in prototype scale. The step height of 2 ft was chosen because of the construction
techniques used for building the concrete dam.

Measurements included the upstream depth, which was measured with a precision
point gage. Discharges ranged from 0.056 to 2.53 cfs/ft (model values). Flow depths
were measured vertically on different step tips with a scale. Due to the air entrainment, “a
conservative” depth was recorded that includes bulking of the flow. Across the toe of the
spillway, at least six depth measurements were made at equally spaced intervals and the
averages were used.

For the 1/10 scale model, the results showed that for discharges more than 0.38
cfs/ft, there was a smooth transition of flow onto the steps. For discharges smaller than
0.38 cfs/ft, the flow deflected outward, impinging on the spillway face several steps
down the spillway. Observations showed that the deflected jet could be eliminated by
adding few smaller steps on the curved section of the WES Ogee profile. Three steps of
0.75 ft height and one step of 0.5 ft height were added upstream of the first step. Dye
injection in the second model of 1/25 scale revealed that the flow entered the recirculating
flow developed in the steps, rotated for a short time and then returned to the main flow.
In the aerated region, the air bubbles entered the recirculating flow and they were rotating
with the flow. The section of air inception moved downstream as the discharge
increased. The author presented a table that gives the step number at which the air
entrainment commenced for different discharges. Using the discharge and the depth of



flow, the continuity principle was used to calculate the velocity at the spillway toe. To
check the accuracy of this velocity calculation, a stagnation tube was used to measure the
velocity head. These measurements were within 10-15% of the values of the calculated
velocities.

A plot of the velocities at the toe versus discharge for both chute and stepped
spillways was presented (Figure 2.1). It showed that the toe velocity increased with
increasing discharge. The reduction of toe velocity in the stepped spillway from the chute
spillway was clearly indicated. For example, the toe velocity in the model was reduced
from 18 fps for the chute spillway to 6.5 fps for the stepped spillway for the probable
maximum flood discharge. Overall, the reduction of the kinetic energy at the toe of the
stepped spillway varied from 94% to 88% compared to that of the chute spillway. As the
flow progressed downstream from the crest, the depth of flow decreased up to the section
of air inception. Due to the bulking of flow by the air entrainment, the depth continually
increased toward the spillway toe. The variation of the depths along the spillway face
showed that after a certain distance from the crest of the spillway, the depth of the flow is
almost constant. An exception is the increase of the depth at the toe of the spillway.
However, this increase was less than 15% compared to the constant depth and due to the
difficulty in measuring the flow depth, it can be considered that a fully developed region
developed over the spillway.

Results from testing on the model of the chute spillway showed that no air
entrainment occurred. It was argued that there was scale effect as air entrainment in the
prototype is expected. Sorensen deduced that the scale effect for the stepped spillway
was small since the steps, which are the main roughness, are scaled down. He classified
the skimming flow as a “quasi-smooth” flow based on the work of Morris (1955 &
1961). In this type of flow, the energy dissipation is due to the generation of tip vortices
and the maintenance of the stable recirculating flow trapped on the steps.

In this investigation, “conservative depths” that included the bulking of the flow
were measured in the aerated zone. The term “conservative depths” is not clearly defined
as there is no definite upper boundary to the air-entrained flow. Measurement of
velocities with stagnation tube without the associated air concentrations is of questionable
value. As will be shown in the chapter 3 of this thesis, the error of ignoring the air
concentration in the calculation of the velocity can be significant.



2.2.3 Bayat (1991)

A model study was conducted to evaluate the energy loss in the stepped spillway
of a dam to be erected on the Karun River in Iran. The spillway height is 180 m and the
overall spillway slope was 0.8H:1V. Using the recommendation of USBR, the scale of
the model was set as 1/25. The standard Ogee profile was modified so that the tips of the
steps followed the standard profile down to the spillway toe. Tests were carried out in a
flume of 30 cm width. The transitional steps, located at the upstream end of the profile,
had smaller and variable heights. The unstepped part of the crest and the transitional
steps were kept unchanged and only the stepped part had different geometry in the
different models. Three models with step heights of 20, 24, and 30 mm were chosen.
The vertical flow depth at the spillway toe was measured by means of scale strips. No
direct velocity measurement were made due to the aerated flow conditions.

Observations included the discharge, the elevation of water surface upstream of
the crest, and the depth of flow at the toe of the spillway. The residual energy at the toe
of the spillway, based on the flow depths, showed energy dissipation to be 86% to 97%.
A relationship between the specific energy at the spillway toe and discharge was
established. It was found that the model with a step height of 20 mm was more effective
in dissipating energy.

Although the scale of the model was set to 1/25, the experimental set up showed
that the model height was only 1.05 m. Considering the dimension of the prototype, this
height should be 7.2 m. The results of energy loss calculation based entirely on average
flow depths are not reliable as the criteria used for measuring depths of the aerated flow
were not clearly defined. The effect of air entrainment was not taken into consideration.

2.2.4 Diez-Cascon, et al. (1991)

The energy dissipation characteristics of a stepped spillway was studied by a
model in the Hydraulic Laboratory of Iberduero SA and the Water Environment Sciences
and Technology Department in Spain. The prototype spillway height was 38.0 m from
the crest to the toe. The spillway crest was of the Ogee type. The control section at the
end of the stilling basin assured that the hydraulic jump occurred immediately after the
spillway toe.

The model study was carried out on a scale of 1/10 with step heights of 3 c¢m in
the first series of tests and 6 cm in the following series. The Ogee curve reached the
downstream stepped zone with 0.7SH:1V slope. At the bottom of the spillway, a curved
flip bucket with the radius of 46 cm was installed. The residual energy was to be
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dissipated in the horizontal basin located immediately after the spillway toe. Twelve
piezometric taps were placed at tips and threads of steps to measure pressures. The
discharge ranged from 0.68 to 8.85 m*/s/m (prototype values).

Two regimes of jet and skimming flows were observed with a transition state that
was gradual and continuous. In jet flow, which occurred for discharges less than 1.25
m®s/m, the flow was characterized by continuous fall, with or without the partial
hydraulic jump on each step. On each step, a vortex formed that occupied part of the
zone between the falling jet and the step. The deflection of the flow by the first step
could have been corrected by adding more and smaller steps. For discharges more than
1.25 m¥/s/m, the flow skimmed over the steps and vortices occupied the zone between
the main flow and the steps. After the few first steps, air entrainment was initiated and
there was bulking of the flow. At a certain distance from the crest, a developed region,
which was referred to as a “constant depth regime” was formed for each discharge. This
distance increased with increasing discharge.

Tests revealed that the classical hydraulic jump theory for altemnate depth did not
match the results for the stepped spillway. For step heights 30 and 60 cm (prototype),
the sequence depth of the hydraulic jump, y,, were measured. The depths of the flow at
the toe of the stepped spillway, y,, were measured for the 60 cm step height. The free
surface of the aerated flow was badly defined and oscillated around the mean value of the
flow depth. It was mentioned that the mean values were necessarily imprecise. It was
also found that values of y, were much higher than would be expected in a chute
spillway. It was argued that the difference could have resulted from the fact that air
entrainment was not taken into consideration in the formulation.

The air concentration was estimated by the ASCE (1961) formula as follows:

C =0.743 log (sin8/q"° )+0.876 2.1)

where C=mean air concentration, 6= inclination of a spillway to the horizontal and ¢=
specific discharge (cfs/ft). This formula was originally derived for chute spillways.
Using the experimental values of y,, the ASCE formula for air concentration, continuity
and momentum principles, an approach to estimate y, was presented. The experimental
values of y appeared to be higher than the predicted values (Fig 2.2). The energy
dissipation was calculated based on the theoretical results ranged from 88% to 92% for
discharges from 1.8 to 5.4 m*s/m for prototype values.
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The flow depth, y,, was later referred to as the depth of flow in the developed
region. Although the energy of the flow in the developed region can be assumed to be
equal to the energy at the toe, it can not be concluded that the flow depth would be equal.
The method of calculating y by using Eq. (2.1) for the air concentration in stepped
spillways is questionable since this formula was derived for chute spillways. There was
no measurement of air concentration to confirm the validity of applying Eq. (2.1) for the
stepped spillway. The calculated energy loss, based on the predicted values of y,, was

over estimated.

2.2.5 Bindo et al. (1993)

A summary of a model study of the stepped spillway of the M'Bali dam was
presented in this report. The dam was constructed on the M'Bali river, about 85 km
northwest of the town M'Bali in the Central African Republic. This dam allowed for
regulation of the river for hydroelectric plants (total capacity 18.8 MW) downstream of
the dam. The M’Bali dam was a composite structure with central concrete gravity section
and two lateral earthfill and rockfill sections on each side. The stepped spillway
measured 24.5 m in height from the crest to the toe and was 60 m long. The initial steps,
located from 1 to 3.5 m below the crest elevation, had variable heights. The remaining
step heights were 0.8 m and the overall slope of the spillway was 0.8H:1V. The model
test was carried out on a 1/20 scale in the Laboratoire d'Hydraulique et de Construction
Navales, at the University of Liege, Belgium. A 1/40 scale model was also prepared
with the provision of half-size steps.

The flow over the spillway was assumed to dissipate more energy by the
provision of the steps. The macro-turbulence in the flow produced by the steps aided the
growth of the boundary layer, with a thickness that increased much faster than for a chute
spillway. The flow was divided into three zones (Figure 2.3):

1) A non-aerated zone at the upstream end of the spillway where the
boundary layer was growing. Here the flow was supercritical and the
depth decreased with distance.

2) A second zone starting where the boundary layer reached the surface,
with air entering into the flow from the free surface. In this zone, the
depth gradually increased due to the bulking effect of air entrainment.

3) A zone of developed aerated flow in which the flow characteristics
such as depth, velocity, and air concentration were constant. It was

11



concluded that these characteristics could be a function of slope of the
spillway.

Tests showed that the height of the initial steps should be increased near the crest
to avoid overshooting of the flow for low discharges. The energy dissipation varied
from 50 percent (design discharge) to 90 percent (low discharge). Figure 2.4 shows the
relationship between the apparent velocity in the uniform zone (V) and height of the
spillway (H) for various discharges in dimensionless form. The apparent velocity, V,
does not consider the air concentration in the aerated zone. This graph was established
for the stepped spillway design for heights of up to 80 m, and various unit discharges
from 0 to 20 m%s/m. It was recommended that the height of the steps be chosen so that,
for the maximum discharge, the air entered the flow 5 to 10 m higher than the toe
elevation. Some observations of flow characteristics on the prototype such as the section
of air inception and downstream hydraulic jump, showed good agreement with those of
the model. No deterioration of the concrete surface was observed during the inspection
of the steps and the stilling basin in March 1991.

The apparent velocities were calculated from depth measurement in the developed
region. Bindo et al. mentioned that the air entrainment effect was neglected and may
result in an underestimation of the velocity (up to 60%). There was no information about
the definition of the characteristic depth that was measured; depth at specific air
concentration. There was also no report of the characteristics of the aerated and non-
aerated region, defined in Figure 2.4. Figure 2.4 shows that for a specific spillway
height (H) and discharge, the regime will change from aerated to non-aerated (probably
jet flow) if the step height increases. The authors also did not present information about
the energy loss, an important design criteria. Finally, the experimental data were not
included in the report, therefore the accuracy of data interpolation in Figure 2.4 is
undetermined.

2.2.6 Christodoulou (1993)

Experimental studies was carried out to find a solution for the energy loss in a
stepped spillway in the Applied Hydraulics Laboratory of the National Technical
University of Athens. The standard WES profile was used to envelope the tip of the
seven steps with variable step height to width ratio in the curved part of the spillway.
The remaining eight steps with height equal to 2.5 cm were located on the straight part of

the spillway with a slope 0.7H:1V (55°). The spillway was placed in a 0.5 m wide
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laboratory flume which was connected to the supply reservoir through an elliptical
transition.

The discharge, model values, ranged from 10 L/s to 45 L/s. A total of eight
runs were conducted with the incremental rate of 5 L/s. The discharge was measured by
a differential manometer and the vertical depth of the flow was measured at the tips of
step numbers 10 and 13 by a point gage. The average of three depth readings across the
width of the spillway was used as the flow depth.

Based on the depth measurements, mean velocities were calculated and the values
of energy dissipation and friction factor were presented. The coefficient of skin friction,
cy, was calculated using the assumption of uniform flow, as (similar to Eg. (2.5)):

s =2_yg_g_suzt_0_ 2.2)
%)
B,
where y, = (uniform) normal depth, Q = discharge and B, = the width of the flume.
The relative energy loss for step number 13, close to the spillway toe, was higher. The
results of energy dissipation were compared with those of Sorensen (1985). It was seen
that the values of energy dissipation were considerably less than those of Sorensen.

Christodoulou proposed an approximate but practical method of estimating the
energy loss. He suggested that the number of the steps has an apparent effect on the
energy loss. Evidence for this hypothesis was provided from the observation that for
increasing the number of the steps, the energy loss was higher for the Sorensen
experiment. Figure 2.5 shows a plot of non-dimensional parameters based on
Christodoulou’s experimental data along with the Sorensen’s observations. A mean
curve drawn through the experimental data was introduced as a relatively good measure,
for design practice, for a preliminary estimate of the energy loss.

Due to the small height of the model (36.0 cm), it is doubtful that developed flow
occurred and therefore air entrainment may not even have been initiated in the model.
The measurements may represent the region in which the flow accelerated, known as the
non-acrated region. Figure 2.5 suggests that for certain discharges, the energy
dissipation decreases with increasing the total height of the spillway. This conclusion is
contradictory to the previous observations which showed that the formation of the
developed region, in which the flow characteristics remain steady, would result in more
energy dissipation with increasing the spillway height.
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2.2.7 Tozzi (1994)

To evaluate the performance of a stepped spillway, an experimental study was
carried out at CEHPAR's Hydraulic Laboratory, University of Parana, Brazil. The
results on the energy dissipation on a stepped spillway with 0.75H:1V slope with
different step heights were compared to those of a chute spillway with the same slope.
An expression for the growth of the turbulent boundary layer thickness was introduced to
define the section of the air entrainment inception. Tests were carried out on a 1/15 scale
model of the 35 m high spillway. The discharge ranged from 86.1 to 201.4 L/s‘m
(model values). For each run, five step heights of 5, 10, 20, 30, and 60 mm as well as
unstepped model were tested to cover a wide range of flow roughness.

The friction factor was investigated in a closed conduit model instead over the
stepped spillway to by-pass the problem associated with the measurement of flow depth
in the highly aerated flow. Based on the experimental data, a general expression for the
Darcy friction factor, f, was established as follows:

—1-=2.16+1.24log(%) (2.3)

NG

where y = flow depth and k = height of the step. The expression is valid for A%> 1.80
and for lower values, f becomes constant and equal to 0.163. Figure 2.6 shows similar
relations established for the 2H:1V and 6.69H:1V slopes as well as experimental data.
The depth of the flow in the non-aerated region was measured and then compared
to the theoretical values. Using the friction factor and the assumption of gradually varied
flow, the non-acrated depth of the flow was computed through the application of the
Standard Step Method. The difference between the experimental and theoretical depth of
the flow was 7% for all step heights. The velocity profile was measured in the aerated
zone of the flow. The representative depth of the flow associated to the maximum
velocity point above which the velocity was found to be essentially constant (Figure 2.7).
However, it is not clear that how the velocity profile was measured.
The residual specific energy values were calculated using three methods:
i) Use of analytically computed non-aerated flow depth at the toe of the
spillway and a kinetic energy factor equal to 1.10
ii) Integrate the velocity profile measured at the end of the spillway
iii) Measure the sequent depth of the hydraulic jump established downstream
of the spillway toe
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The calculated results of residual energy showed a maximum difference of 15% which
corresponds to the 7% difference in the flow depth. The energy loss for the stepped
spillway ranged from 47% to 74% while for the chute spillway the values of energy loss
ranged from 13% to 24%. This showed that stepped spillways could dissipate three to
four times more energy than chute spillways.

No justification was given for extending the friction factor analysis for a closed
conduit to a stepped spillway. The assumption of constant velocity profile in the upper
region of the flow is contradictory to the findings of the present investigation. It is also
not clear if the measured velocity corresponded to the air-water mixture or the water

velocity.

2.3 Fl Ct eristics - Analytical Studi

Investigations which present methods to predict flow patterns in stepped
spillways are presented in this section. Reviews of recent developments in stepped
spillway design are also presented. Model and prototype data were used to evaluate the
validity of established relationships or to drive empirical equations to estimate flow

characteristics.

2.3.1 Rajaratnam (1990)

This investigation presents a method to predict the shear stress coefficient and the
energy loss in stepped spillways. Rajaratnam was the first to present the idea of a fully
developed region in the skimming flow. He assumed that in a spillway with a large
number of steps, the flow becomes fully developed after the first few steps. The shear
stress between the slowing stream and the recirculating fluid on the step, T, was defined

by the relation

V2
r=c, £ (2.4)

where p = mass density of the flow and V= the mean velocity. He then applied the
momentum equation for uniform flow to derive the following equation:

2yagsin8
g:L;’z—- (2.5)

The observations of Sorensen (1985) were used to evaluate ¢, for skimming flow. The

values of ¢, for relatively larger discharges were found to vary from 0.11 to 0.2 while

15



for the last two smaller discharges ¢, was found to be 0.25 and 0.28. Rajaramam
argued that the larger values of ¢, might result from the transition state of flow between
jet and skimming regimes. The average value of 0.18 was chosen for c,. Rajaratnam
further proposed a method to estimate the energy loss using the analysis of c,. The

residual energy at the toe of the stepped spillway, E,, was given by the following
equation:

c qz v qgsin6 »
Eb:(_L—zgsine) +(cf Jz—g) (2.6)

A similar equation was written for the residual energy at the toe of a chute spillway, E,,
with the assumption of no energy loss. Finally, an equation was derived for the energy

loss, AE:

2 (Cc% -1
(I—CD)+£—( 2 )
AE 2
E, F? @D
“ 1+—
2

where Cp =(cf / c})m, ¢’ p= skin friction coefficient for the smooth spillway, and F=
the Froude number at the toe of the chute spillway. He further used a value of 0.0065 for
c}. For a relatively large value of F, it was found that AF/E, is equal to 8/9. This large

amount of energy loss would be normally expected in the skimming flow regime.

Eq. (2.7) was derived with the assumption that the flow at the toe of the stepped
spillway is not aerated. Observations of the present investigation, which will be
presented in chapter 4, show that the flow is highly aerated. Although Rajaratham’s
investigation presented a simple solution for estimating the energy loss, the derived
equations are of limited design use because, at the present state of the art, the terms ¢

and c'f can be predicted only from experimental observations. Experimental studies have
shown a wide range for the variation of ¢, with the flow roughness (Figure 2.8). This

makes it difficult to find an average value for ;.
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2.3.2 Chanson (1993, 1994)

In these investigations, the hydraulic characteristics of stepped spillways were
reviewed. It was reported that the oldest stepped spillways were built on the Khosr River
around 694 B.C. in Iraq. A table was presented that contained a list of the old dams
which used the stepped spillways.

Chanson assumed that the onset of skimming flow is a function of the discharge
and the slope. The experimental data of Essery and Horner (1978), Peyras et al. (1992),
and Beitz and Lawless (1992) were used to establish the following equations for the
occurrence of skimming flow:

(’—C) =1.01-0.372 (2.82)

h onset l

(E) =1.057-0.465% (2.8b)
h onset l

where y = the critical depth / = the length of the step tread.

He further assumed that vortices developed on the steps were maintained through
the transfer of turbulent shear stress between the main flow and the recirculating flow. A
balance between the shear force and the gravity force in the developed region was used as
the uniform flow condition was expected. The Darcy friction factor, f, was found from
the force balance (similar to Eq. (2.5)):

2 .
f=8g Y, sma(pﬂ) 29)

q2 4

where g,= the water unit discharge and D,= the hydraulic diameter. In his dimensional
analysis, he showed that f can be a function of the Reynolds number, roughness height
and the spillway slope. His analysis of the model and prototype data using Eq. (2.9)

showed that f is independent of the Reynolds number. For steep slope (8> 25°), the
results showed a considerable scatter that covered two logarithmic cycles (Figure 2.8-a).
He also showed that f for flatter slopes (< 12°) was independent of the channel slope
and could be described by the equation (Figure 2.8-b):

D
——r_=1 4211'1( ”) -1.25 (2.10)
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where k is the step height normal to the bed. The effect of air entrainment was neglected
as no information was available on the air concentration values. The author believed that
the values of the friction factor could be overestimated because of potential errors in the
flow depth measurements.

Chanson further derived an expression for the energy loss, AE, based on the

condition that uniform flow was reached at the end of the spillway:

f l/:‘cos9+£‘- f i
AE_, \Bsind 2| 8sin6 @11
E, Haom 415
Ye

where E, =H 4,,, +1.5y.= the upstream energy and a= the kinetic energy correction

factor. He later corrected the above expression by replacing the friction factor by the
friction factor for the air-water mixture.

The most notable value of these investigations was the derivation of empirical
expressions based on model and prototype data. However, some data were extracted
from the experiments on gabions and rockfill dams and could not be representative of
stepped spillways as, in gabions and rockfill dams, part of the flow moves through the
structures as well. Expressions for the friction factor were based on using the flow depth
without the effect of air entrainment. Although Chanson further corrected this problem
by considering the air-water friction factor, the empirical expression was derived using
the data of chute and rockfill spillways. The large scatter of data in Figure 2.8-a showed
the inaccuracy of measurement and lacking of a proper definition of flow depth in the
case of air entrainment flow.

2.4 _Flow in Steep Channels

As mentioned earlier, comprehensive studies of flow in steep channels have been
carried out. The flow in a steep channels is, in many aspects, similar to skimming flow
on stepped spillways. This section reviews the results of steep channel investigations
which pertain to the analysis of stepped spillways.

18



2.4.1 Straub et al. (1953 & 1958)

This classical experimental study of flow in steep channels was carried out at the
St. Anthony Falls Hydraulic Laboratory. These investigations were notable for the
clarification of the detailed structure of fully developed, self-acrated flow. The
experiments were undertaken in a 50 ft long channel that was 1.5 ft wide with a slope
ranging from 7.5° to 75°. By installing an artificial roughness on the channel bed, the air
entrainment process was intensified to lessen the scale effect. The non-slip fabric coating
had granular particles with a mean size of 0.028 in. and a mean spacing of 0.039 in.
Discharge varied from 2.2 to 15 cfs. The measurements of air concentrations and
velocities were taken in the developed region where the air concentration profiles were the
same at two sections 10 ft apart along the channel. The air concentration was measured
by an electrical probe which will be fully described in chapter 3 of this thesis. The results
of the air concentration were compared with the results obtained by means of a
mechanical sampler. The velocities were also measured in some of the experimental runs
by a device which timed the travel of salt-water cloudlets between two electrodes placed 3
in. apart in the air-water flow. Timing accuracy in the neighborhood of 1/100,000
second as well as appropriate pickup and amplifying stages were incorporated into a unit
electronic circuit. This direct measurement of mixture velocity doesn’t depend on the
knowledge of the fluid density or the condition of fluid homogeneity.

Since there is no definite upper boundary for air-water flow, a number of
definitions for depths and concentrations were presented, each having particular

application. The mean air concentration, C , was defined as

Yu
C=L [cay 2.12)
yll 0

where y, = the upper depth of flow, and y = the normal distance from the bed. The
upper depth of the flow was arbitrarily defined as that value of y where air concentration
has some prescribed value. Straub et al. chose two prescribed air concentration values
for the definition of y, . In the 1958 work, for some purposes and because of the
asymptotic nature of the air concentration profile, an air concentration of 99% was
chosen. In the 1953 work, a prescribed value of C= 95% was also chosen, because at
the corresponding depth, C could be reliably measured and the accumulated discharge

was about 98% t0 99%. A mean depth, y, was used to represent the depth of flow equal
to the total column of water in the air-water mixture and was defined as
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y=[(1-C)dy 2.13)
0

Plots of the variation of C and velocity, u, with the depth and C, y,, and y with
discharge and slope were presented. Typical plots for the variation of these flow
characteristics are shown in Figures. 2.9 to 2.13. These results showed that a for a given
discharge, y, decreased at first and increased as the slope increased. The upper depth of
the flow was basically the same over considerable range of slopes (15 to 30 degrees) and

depended only on the discharge. The mean depth, y, increased with the discharge and
decreased with the slope. It was interesting to note the increment of the mean air

concentration for a wide range of discharges was not considerable. However, C
increased considerably with the slope. The velocity profile in Figure 2.10 shows a sharp
reduction in the velocity in the upper portion of the flow.
The authors assumed that aeration started in a region where the boundary layer
reached the water surface and it depended on the turbulence intensity of the flow.
Apparently, aeration occurred when the turbulence of the transverse velocities were
sufficient to cause water droplets to break through the surface into the air and fall back
into the streaming flow. Observations indicated that the flow can be divided into two
distinct regions:
i) a lower region in which air bubbles are suspended in the flow by
turbulent fluctuations; and
ii) an upper region consisting of droplets and larger agglomerations of
water ejected from the flowing stream into the atmosphere.

The boundary which separates these two regions was referred to as the transition depth.

In the upper region, it was assumed that the turbulent velocity fluctuations normal
to the bed were randomly distributed with a mean value of zero. Therefore, for
fluctuations that ejected water upwards above the transition depth, the water drops
followed one-half of a Gaussian probability distribution. The height of the projection
distance may be considered proportional to the square of the transverse velocities
fluctuations, so that this height also is randomly distributed about zero and can be
represented by one-half of a Gaussian distribution. The projected particles therefore

travel a distance y above the transition depth with a distribution frequency that can be
described as

20



y 2
(r)==2 "‘J (2.18)

where y,, is a measure of the mean distance of y . The proportion of all particles at a

distance y that left the flow at the transition depth can then be expressed by the
probability of such a distribution:

2 y- ]2

P.= Te [y" dy' 2.15

y ¥m .\’n I y ( )
Straub and Anderson (1958) argued that the concentration of water particles at any

distance y may be assumed to be proportional to the probability as:

RV
-c__2 J’”e{’y—"] dy 2.16)

where C; is the air concentration at the transition depth.

The air bubble distribution in the lower region was analyzed by a theory that is
commonly used to describe the distribution of suspended sediment in streamflow. The
two phenomenon are similar, although air bubbles tend to rise and sediments tend to fall.
The equilibrium between the buoyancy of air bubbles and the concentration gradient was
described by

dC
-CV, +¢g,—=0 (2.17)
b b !y

where V,= the rising velocity of air bubbles, and &,= a mixing parameter of the air bubble

transfer. Straub and Anderson stated that the value of &, is not known in aerated flow,
but assumed that it is proportional to the momentum mixing parameter in a non-aerated

flow. Therefore, £, was taken to have a parabolic distribution in the lower region.

Substituting the value of ¢, in Eq. (2.17) and integrating results in the following

expression for air concentration in the lower region:
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C=q( Y ) (2.18)
yr=y

in which

z=ﬁ:bu. (2.19)

where = a proportionality factor, x= the von Karman universal constant, .= the bed

shear velocity, y= the transition depth, and C,= the air concentration at a depth equal to
¥#/2. The constants in the derived equations for both regions depend on the intensity of
turbulent fluctuations and could not be evaluated analytically, but were estimated from
experimental data.

The authors later developed empirical equations that gave the variation of air
concentration and depth parameters with the channel slope and discharge. To compare
the results of aerated flow with non-aerated flow, they performed experiments on flatter
slopes to create the non-aerated flows. They then showed that the Chezy formula can be
used for the acrated flow and that the Chezy resistance coefficient is essentially the same
as that for non-aerated flow. The results also indicated that the mean velocity of an
aerated flow is greater than that of a corresponding non-aerated flow.

Questions arise on the validity of Eq.(2.16) since a proportionality factor is
missing in this equation. The result of C published in the Straub and Lamb (1953)
investigation does not match with those of the 1958 work by Straub and Anderson. For

a slope of 37.5° and discharge of 6.4 cfs, in 1953 study C was 0.445 while in the 1958

work (Figure 2.11), C was reported about 0.63. Although the upper flow depth for the

calculation of C in Eq. (2.12) were different, this slight difference cannot be the cause
for such a considerable difference in the mean air concentration calculation.

2.4.2 Knight and Macdonald (1979)

This particular investigation describes an experimental study in a channel with
artificial roughness elements fixed at regular intervals across a laboratory flume. The
different flow patterns over the roughness elements and the variation of the bed resistance
factor were observed. The experiments were carried out in a channel 15.25 m long and
0.46 m wide. The flow rate ranged from O to 180 L/s. The slope of the channel was

0.958x1073. The artificial roughness elements were perspex strips with a square cross
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section of 3.0 mm by 3.0 mm and occupied the whole width of the channel. These were
placed at a spacing that ranged from 10.4 mm to 1,000 mm to provide eleven roughness.

The variation of the ratio Ak ranged from 3.57 to 333, where A is the roughness

spacing and k is the roughness height. The aspect ratio, B, /y, varied from 1.5 to 15,
where B, is the channel width and y is the flow depth. This provided a relative
roughness ratio that varied from 10.25 to 102.5. At the beginning of each test, the water
surface slope was checked to ensure that the flow was uniform.

Based on the nature of flow at the boundary, six flow patterns for flow over
roughness elements were observed by dye injection techniques (Figure 2.14). Morris
(1959) had already recognized four flow patterns within this classification. The six types
of flow patterns were classified as follows:

i) Smooth turbulent flow (A/k=o): The roughness elements are
completely submerged in the viscous sublayer.

ii) Semi-smooth turbulent flow (A% = 333 to 13.9): In this case, which

is also classified as “isolated roughness”, the form drag on the roughness
elements makes up only a part of the overall friction factor. The wake
produced by the roughness elements extended about 30 mm downstream.

iii) Non-uniform hyperturbulent flow (A/k = 10.4): In this type of flow,

the wake from one roughness element just reaches the upstream edge of
the next downstream element.

iv) Uniform hyperturbulent flow (A = 6.95): Here the roughness

elements are sufficiently close to one another so that the wake from one
element joins with that from the next element to produce a uniform layer
of turbulence above the bed. In this case, which is also referred to as
“wake-interference” flow, there is no part of the bed over which the
viscous sublayer exists.

v) Semi-quasi smooth flow (A% = 5.21): For this flow, the recirculating

flow trapped in the groove between roughness elements does not quite fill
the entire groove. The recirculating flow is not stable and is able to
separate and combine with the main stream.

vi) Quasi-smooth flow (Ak= 3.47): In this type of flow, which is
referred to as “skimming flow”, the roughness elements are spaced so
closely as to form a smooth “pseudo-wall”. Stable recirculating flows are
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maintained through transmission of shear stress from the main stream past
the tips of the roughness elements. In addition, small-scale vorticity will
be generated continuously along the pseudo wall. Energy is expended to
generate these vortices and to maintain the stable recirculating flow.
Knight and Macdonald further concluded that the maximum bed resistance

occurred at about A%k = 8, the wake interference flow, and was equal to about £=0.028.
In a series of plots, Knight and Macdonald presented the variation of Darcy friction factor
with Reynolds Number and A/%k. They also showed that the ratio of Nikuradse
roughness to the element roughness could reach as high as 10 for lower values of
discharge and A% (Figure 2.15).

The ratio A% provides a good basis for recognizing skimming flow. However,

skimming flow occurs in stepped spillways that possess steep slopes. The writer
believes that the dominant gravity force and roughness projection in stepped spillway
flows may result in different flow patterns.

2.5 In ion Section of the Air Entrainment
Self-aeration is a typical characteristic of flow in steep open channels. In a high
velocity flow, the section of inception of air entrainment is one of the most important
characteristics. Knowledge of the physics governing air inception is of great importance
to the design of stepped spillways. If the section of inception is located near the upstream
end of the spillway, the uniform region length is longer, thereby resulting in greater
energy dissipation. This results in a reduced cost for the stilling basin below the
spillway. This section provides a summary of investigations on chute and stepped
spillways that discuss the air entrainment phenomenon and the inception section of the air
entrainment.
Michels and Lovely (1953) classified the various types of air entrainment in terms
of the associated characteristics of the turbulent flow:
i) Rippled flow: a smooth undulating water surface. This occurs in the
upper non-aerated region of the spillway.
ii) Choppy flow: an agitated water surface where small portions of water
envelop and then release air upon subsiding. This occurs in a channel of
medium slope.
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ili) Scarified flow: a thin layer of an air-water mixture forms near the

water surface. This occurs for a flow in long chutes of narrow width

and/or with wall surface having an uneven shape.

iv) Emulsified flow: a continuous even concentration of air through the

flow depth. This flow has an uneven surface and is found in steep, wide

chutes.

v) Ebullient flow: a boiling air-water mixture that extends irregularly

through a portion of the flow. This occurs when a high-velocity jet

discharges into an energy dissipator.

vi) Spraying flow: a water jet that discharges into the atmosphere. An

example is flow from a needle outlet discharging into the air.

vii) Separation flow: a high-velocity flow which separates from a solid

boundary. This can occur in high-velocity flow around baffles in an

energy dissipator.
Michels and Lovely then discussed three necessary conditions that are prerequisites for
the occurrence and continuation of air entrainment. First, the momentum associated with
the turbulent velocity component normal to the surface must be greater than the surface
tension forces to allow the water particle to leave the surface. Second, the particle speed
relative to the surrounding atmosphere must exceed some value for air to be enveloped by
fluid particles. Third, the turbulent velocities must remain constant or increase to allow
the continuation of air entrainment downstream of the inception section. The authors
designated the flow on steep channels as emulsified flow and discussed the conditions for
air entrainment in this type of flow. They concluded that the turbulent boundary layer
must extend to the surface for air entrainment to commence. Moreover, the slope of the
energy gradient could define a lower limit of turbulence necessary to cause air
entrainment.

The section at which the air entrainment starts is called the “section of inception”.

Early observations on chute spillways by Lane (1939), Hickox (1945), Halbronn (1954),
Rao Govinda and Rajaratnam (1961), Hino (1961), Campbell et al. (1965),
Gangadharaiah and Nagar (1970), and Wood (1991) revealed that a turbulent free surface
is a prerequisite for the inception of air entrainment. The boundary layer thickness
should equal the flow depth to meet this requirement. In addition, the energy of the
turbulent component of the velocity normal to the bed should exceed the energy of the
surface tension to entrain air into the flow.
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Lane (1939) argued that the inception section on prototype spillways depends on
at least four factors: 1) the turbulence setup on the spillway crest or upstream of it 2) the
roughness of the spillway surface 3) the flow depth and 4) the height of the spillway.
He then used observations of prototype spillways to show the effect of above factors on
the location of the inception section. Lane further compiled observations of the velocity
and distance at sections where appreciable entrainment appeared to begin in prototype
chute spillways (Table 2.1). The velocities were calculated using the free fall theory.

Hickox (1945) used prototype observations to show that the section of inception
moves downstream of the crest as the discharge increases. For this reason, he argued
that at the inception section the turbulence of the flow should reach the surface. Based on
observations, Hickox developed a plot that shows the distance at which air entrainment
begins on chute spillways (Figure 2.16). He also showed that the ratio of this distance to
water depth is almost constant for all discharges and equal to about 100/1.

Rao Govinda and Rajaratnam (1961) and Hino (1961) concluded that the section
of inception for a smooth spillway occurred at a section where the bed boundary layer
reaches the free surface where the turbulent intensities of the flow are sufficiently high.
They argued that masses of fluid or eddies project into the atmosphere if their kinetic
energy exceeds the surface tension energy, causing air entrainment to occur. Rao
Govinda and Rajaramam and Hino have computed the kinetic energies of eddies and
surface tension and showed that the inception number should have a critical value for
inception to occur. Gangadharaiah and Nagar (1970) calculated the inception number
based on the results of several investigations on chute spillways and argued that it should
be more than 56. It is not clear how they chose this value as the inception number varied
from 24 to 40,000. The higher values represent the inception number for prototype
spillways. However, Wood (1991) argued that once the boundary layer turbulence
reached the surface on a prototype spillway, the energy of the turbulent eddies is
sufficient for air entrainment.

Horner (1969) confirmed that the section of inception occurred at the location
where the boundary layer intersects the surface for skimming flow on a stepped spillway
model by determining the velocity profiles at the step tips in the non-aerated region. He
observed the growth of the boundary layer in the non-aerated region and determined its
proximity to the surface at the section of inception (Figure 2.17). Horner (1969) argued
that the ejection of the water slugs at the section of inception occurred when the turbulent
component of velocity normal to the bed are strong enough to cause slugs of water to
break through the surface. He also argued that the piercing of the surface by turbulence
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cells and the subsequent splash on return to the main flow caused air pockets to become
engulfed near the surface of the stream.

A general expression for the growth of boundary layer is presented in the
following form:

S=aKl [ F* (2.20)

where K= some kind of roughness, L= distance from the crest, s= sin 8= the slope of the

spillway, F*=gq,, / \/gK3 = the Froude number defined in terms of the roughness
height, and a, b, c, d, e are coefficients. Table 2.2 presents the empirical values of these
parameters developed for chute and stepped spillways by several investigators.
Parameters used in these equations are defined in Figure 2.18. Gangadharaiah and Nagar
(1970) also presented a graph that showed the distance, L,, at which the boundary layer
thickness equals the depth of the flow for limited range of an average roughness, K, and
design discharge head, h,.

Although the idea of wrbulent boundary layer has appeared for a long time in the
literature, the lack of an analytical solution for the inception section is evident. The
empirical relations for the growth of the boundary layer are mostly based on observations
on chute spillways. The extension of these relations to stepped spillways is questionable,
since the dominant projections (steps) certainly influence the flow characteristics in the
non-aerated region. As it will be seen in chapter four, provision of steps enhances the
boundary layer growth and the flow patterns are considerably different from those in
chute spillways.

2.6__General Comments

Most investigators have experienced difficulty in fitting their experimental data to
a generally acceptable relationship. The empirical approach used in most of the studies
reported rendered varying relationships among slope, flow depth, velocity, and air
concentration which appear to define the data from that particular study, but do not
always agree well with results of other investigations. Consequently, even in the most
comprehensive investigations, qualifying limits have been placed on the proposed
relationships.

It is also known that the high velocity flows in stepped spillways were not well
presented in most investigations, mainly due to the size of the model. In some
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investigations, the model size was too small to allow the flow to attain the developed flow
regime. In some cases, aeration was not initiated due to an inadequacy of the length of
the spillway face. Thus, the application of the research to practical design problems
depends on detailed corroborative information from large scale models. Despite this
dependence, such information has not yet been obtained.

The initiation of air entrainment was also not studied systematically to find the
flow characteristics that influence this phenomenon. It was reported that aeration
commenced when the boundary layer thickness equals flow depth and the turbulent
components of velocity normal to the surface are sufficiently strong to cause slugs of
water to break through the surface. However, no observations were made to validate
these assumptions. The section of inception of air entrainment was estimated empirically
using the formulation of smooth spillways. The coefficients in the formulac were later
corrected for stepped spillways using limited experimental data.

Questions of the measurement of flow depths arise as there is no definite surface
in the air-water flow. Most studies reported measurements of a “conservative * or a
“mean value” flow depth. These definitions of flow depth, based on the judgment of the
observers, will influence the accuracy of these measurements and thus the resulting
characteristics derived from the flow depth. It is necessary to assess the flow depth by
arbitrarily defining the surface as that position in the flow at which air concentration has a
prescribed value. However, this task was impossible as no air concentration profiles
were previously available.

The analysis for the shear stress friction factor was limited to the uniform region
where the balance of force between gravity and the shear exists. The Darcy friction
factor, f, or the coefficient of skin friction, c, was estimated using Eq. (2.9) or Eq. (2.5)
and evaluated using the depth of flow measurements. Figure 2.8 is a typical plot of such
a calculation which shows a considerable scatter for some discharges. Here again, the
inaccuracy of the depth measurement could be the main reason for the discrepancy of
these results. An exception was the results of Tozzi (1994), who studied the friction
factor in a stepped closed conduit to avoid the problem with the measurement of flow
depth. However, extending the results to the stepped spillways was not at all justified.

Although stepped spillways have become popular for their significant energy
loss, observations of flow characteristics that affect the mechanism of energy dissipation
have been limited. Skimming flow was classified as a quasi-smooth flow in which the
roughness elements are spaced so close that the flow skims over the vortices which form
on the steps. Small scale vortices are also developed at the tips of the steps. Some
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investigators calculated the energy loss based on the depth measurements in the
developed region or at the toe of spillways. Others presented formulations that depended
on the value of the friction factors. Considering the error in the depth measurement or the
friction factor estimation, the calculated energy loss is of questionable value. Again an
exception is the work of Tozzi (1994), in which the measured velocity profile was
integrated and compared with two other methods. However, it is not clear whether the
density of the mixture was considered in Tozzi’s work.

Although the flow over stepped spillways is a mixture of air and water flow, no
measurements of air concentration have been made. After a certain distance from the
crest, the air entrainment starts and the bulking of the flow commences. Further
downstream, a developed region forms where the flow characteristics such as flow
depth, velocity, and air concentration become constant. In large spillways, the developed
region includes most of the spillway face. Knowledge of the air concentration is essential
to analyze the flow characteristics such as depth, velocity, and friction factor.

The above paragraphs show the complexity of the flow over stepped spillways
and the problems that investigators have faced to analyze the flow parameters. It also
gives us a clear picture of the progress of the works that have been carried out. It is
necessary to conduct more studies to investigate the mechanism of air entrainment and its
effect on flow parameters. More fruitful researches should also be done to develop and
optimize design procedures for the construction of stepped spillways.
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Dam Distance of Inception Corresponding
Section from the crest | Velocity of Free Fall

(ft) (ft/s)

F\Torﬁs 120 3
[Madden 135 96
Gatun 65+ 65
riunfo Creek 40+ 51
#chuyferviﬂe 25+ 40
Enfeprostroy 100+ 80
Lﬁassano 40+ 51
Grand Lake 50+ 57
Chute a Caron 140+ 95

Table 2.1 Distance of the inception section of air entrainment from the
crest (adapted from Lane, 1939)
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Parameters

Investigator K a b c d e
Halbronn (1954) ———- 0.0104] 0 [0.8515]-0.048: 0
(smooth)
Halbronn (1954) | Nikuradse 0.0447] 0.154] 0.846 0 0
(rough) equivalent sand
roughness
Campbell et al. absolute 0.830 | 0.233( 0.767 0 0
(1965) roughness
Gangadharaiah et |  average 70 | -0.79| 1.79 0 0
al. (1970) roughness
Wood (1991) Nikuradse 0.223| 1.0 0 -0.04 1 0.643
equivalent sand
roughness
Chanson (1994) h*cos 0 0.40 1.0 0 -0.041 0.64
(stepped
spillways)

Table 2.2 Values of Parameters defined in Eq. (2.20)
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Figure 2.1 Velocity measurements at the toe of the chute spillway and the
stepped spillway (adapted from Sorensen, 1985)
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Figure 2.2 Comparison of the theoretical and experimental results
(adapted from Diez-Cascon et al., 1991)
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Figure 2.3 A schematic sketch for the flow state in the stepped spillways
(adapted from Bindo et al., 1993)
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Figure 2.4 A graph for the design of stepped spillways (adapted from
Bindo et al., 1993)
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Figure 2.8 Variation of Darcy friction factor for skimming flow:
(a) steep slopes; (b) flat slopes (adapted from Chanson, 1994)

38



1.0
/Y s
0.8
0.6
0.
Surface: Pointed Steel
Woter Discharge: 6.4 cfs
0.2 Water Temperoture: 33.5 F —
© Q.2 0.6 tfa o
. ) I
C

Figure 2.9 Variation of the air concentration with channel slopes
(adapted from Straub and Lamb, 1953)
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Figure 2.11 Variation of the mean air concentration with discharge at
various channel slopes (adapted from Straub and Anderson, 1958)
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various channel slopes (adapted from Straub and Anderson, 1958)
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Figure 2.18 Definition sketch for parameters in Eq. (2.20)
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Chapter 3
EXPERIMENTAL PROGRAM

3.1 Introduction

This chapter describes the experimental arrangement used for this study that was
built in the T. Blench Hydraulics Laboratory at University of Alberta. The chapter is
divided into four sections which describes:

i) the aim of the experimental program

ii) the instrumentation used

iii) the experimental setup and procedure used

iv) experimental errors and uncertainties in measurement.

It was necessary to build a device to measure the air concentration in the flow of
the air-water mixture. The observations were limited to the skimming flow regime.
Although most observations are carried out in the developed region, observations were
also made in the non-aerated and the developing region of the flow.

3.2, _Aim of the Experimental Program

As discussed in the previous chapter, there are several aspects of the design of
stepped spillways that are in need of clarification. Skimming flow over stepped
spillways is not displayed well in small scale models. A full understanding of the
phenomenon of the self-aerated flow requires a series of tests on large scale models of
stepped spillways. As well, former experimental works made no provision for defining
the distribution of the air in the flow. The experiments reported herein were initiated to
measure flow characteristics, including air concentrations, and represents the first known
attempt to obtain detailed information from large scale models.

The aims of the experimental program were:
1) to construct large scale models with various step heights and slopes;
2) to obtain air concentration and velocity profiles along the length of the
models; and
3) to observe the flow profiles to obtain information regarding the
complex flow structures.
The results from the experimental program are presented in the next chapter.
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3.3 Instrumentation

The experimental program necessitated the development and use of some
specialized equipment. This included the development and construction of a device that
could easily measure the air concentration at any point in the flow. The Prandtl tube was
used to measure pressure heads in the flow and in combination with the air concentration
profile, velocities could be determined. Flow visualization was achieved with the aid of
both normal and high speed videos. The following provides a detailed explanation of

each part of the equipment.

3.3.1 Air concentration Probe
3.3.1.1 Introduction

The measurement of the air concentration requires that portion of the cross section
included in a single measurement must be small in relation to the entire cross section.
However, the volume of the individual measurement must also be large enough to
accommodate several air bubbles of various sizes. Itis also important that the instrument
has only a small dependence on external calibration to reduce the work load.
Unfortunately, there are no absolute standards for comparison that may be used as a
control on the experimental work.

The air concentration probe should be sturdy to withstand the force of the high
velocity flow in the self-aerated region. The shape of the probe element should disturb
the stream as little as possible. Any disturbance may cause the air bubbles to separate
from the water because of the density difference. Simplicity of operation, a potential for
less observational errors, and time conservation are desirable assets to any method of
measurement. An electrical method appeared to offer the best choice of fulfilling these

requirements.

3.3.1.2 Theory

The electrical method of measuring air concentration in an air-water mixture relies
on the measurement of the electrical conductivity of the air-water mixture. The electrical
conductivity of a fluid with suspended particles varies with the volume of the particles in
afluid. An expression for the conductivity of suspended homogeneous, nonpolarizable
spheres was expressed by Maxwell (1873) as

r=n R=h
=C 3.1
2r+n 2np+n G-D
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where C is the volume concentration of the suspended spheres and r,, r,, and r are the
specific resistivities of the fluid, suspended spheres, and suspension, respectively. If the
spheres are considered to be nonconducting, then , — = and Eq. (3.1) is the solution
for the volume concentration of the suspended spheres:

c="_14. (3.2)
2r+n

If the specific resistivities are taken over the same volume, electrical resistance may be
substituted in for the resistivity values, therefore:

c=R—% (3.3)
2R +R

where R, and R, are respectively the electrical resistances of the suspension and the
liquid.

Next it is assumed that air bubbles in the air-water flow are spherical and
nonconducting. The validity of this assumption was discussed by Lamb and Killen
(1950). To apply Eq.(3.3) as a function of the concentration and the resistance, consider
the following equivalent electrical circuit:

where v,= the supply voltage, R,= the resistance of the probe, R,= an arbitrary series
resistance, v,= the voltage across the R,, and v,= the voltage across the probe. If 7 is the
current in the circuit and C is the volumetric concentration of the air, Eq. (3.3) can be
written as follows:
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L v —IR
C=Ll—="2" 1 (3.4)
Vp IR
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w53

It must be noted that R, is the resistance of the water with no air present. In the pure

water condition, C has a zero value:

=1 Vo;
vor=I(R,+R)—u=hl Yo g R, (3.6)
Vsi R:

where x= the factor described above, v,= the initial supply voltage, and v, = the initial
voltage across the arbitrary resistance when the probe is placed in pure water.
Substitution of Eq. (3.6) into Eq. (3.5) will give:

C= VS (3.7)

If we set x=3 when the probe is calibrated in the pure water, Eq. (3.7) is converted into

c= 1_3Vv, (3.8)
0

It is seen from Eq. (3.6) if the ratio of v,; to v, is equal to 3 at the initial condition, the
relation between v, and C is linear.

Lamb and Killen (1950) suggested the upper limit of 60 or 70 percent of air
concentration for the application of the electrical probe. However, a comparison of the
results of the air concentration above 60 percent obtained with an electrical probe with
those of a mechanical sampler showed good agreement. They devised a simple test to
obtain a picture of the flow structure and found that the flow near the surface is composed
of alternate slugs of nonconducting air and conducting air-water mixture. If the electrical
probe follows the rapid change of concentration, its mean reading over a period of time
would yield the true value of the mean concentration. In their experiments, the electrical
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probe was used to evaluate the air concentration as high as 90 per cent with good
accuracy. Above this, measurements were not expected to be reliable. For details, the
reader is referred to Lamb and Killen (1950).

3.3.1.3 Electrical Probe and Circuit Design

A cell having electrodes in the wall envelops the air-water mixture being tested
and leads are fumished to connect the electrodes to the bridge. Shunt capacity,
polarization, and the ability to maintain the system at a constant temperature are the main
factors to obtain accurate results. Two plates were attached to the end of a strut,
projecting forward from the strut into the flow. Requirements are that the plates must
cause minimum disturbance to the flow and possess sufficient rigidity to prevent
excessive vibration. The plates must also be insulated except at the end on the inner
surface where the electrodes are located. The plates have waterproof leads to them from
the electrical circuit  Although a baked-on enamel might be excellent for this purpose, the
use of conformal coating was satisfactory for the insulation of the plate.

The next step was to determine the spacing and the size of the electrodes. The
size and the spacing between the two electrodes must satisfy the following requirements:

i) the space must be small enough to maintain the vertical resolution of the
measurements and to avoid the shunt capacity; and

ii) The space has to be large enough to include several bubbles and to
reduce the polarization effect.

Lamb and Killen (1950) suggested that the shunt and polarization effects could be
reduced by choosing frequencies of 3500 to 4000 Hz. It was also proposed that the
effects of polarization could be reduced by using platinized electrodes, although stainless
steel also proved satisfactory. Lamb and Killen (1950) chose an electrode spacing of
6.33 mm. There was no information regarding the order of the bubble sizes in their
experiments. Observations of the present experiments by high speed video did not
produce a clear picture for the bubble size. However, the photographic pictures from the
recirculating flow trapped on the steps showed that a wide range of bubble size exists,
varying from 1 to S mm (Plate 3.1). Considering this and the above factors, the plates
were set 10 mm apart and the size of the electrode was chosen as 10 mm by 10 mm.

The final design is shown in Plate 3.2. A stainless stee! plate of 1.0 mm
thickness was used to give the structural strength and to minimize the disturbance to the
flow. The plates and the leads were supported by a Teflon rod which was made of a
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nonconductive material. This measure was taken to insure that any leak between the
plates and their respective electrical leads is prevented.

The circuit consists of a wave generator, two voltmeters, and a variable resistance
box (Plate 3.3(a-b)). A sine wave generator was used to give a frequency of 5,000
cycles and an output of 3 volts. One of the voltmeters showed the voltage across the
probe and the other read the input voltage. The resistance box was only used for the
initial calibration.

3.3.1.4 Testing Procedure

The procedure basically involved obtaining a mean concentration across the
electrodes. The mean air concentration was measured with the electrical probe as
follows:

i) The probe was calibrated by placing it into a sample of water taken
from the flow. The variable resistance was adjusted until the value of the
factor x (defined in Eq. (3.6)) was equal to 3.
ii) The probe was lowered to the desired position in the air-water mixture;
the mean values of v, and v, were noted and the air concentration was
calculated from Eq. (3.8). The probe could be moved across a section of
the flow to obtain the air concentration profile.
The time between the initial and final reading must be limited to a period which does not
include a temperature change large enough to affect the ratio of the resistance.

A series of experiments showed that the calibration could be improved by placing
the probe in the flowing stream. After calibrating in a sample of water (setting x= 3), the
probe was placed in the non-aerated region of the flow. The new reading showed a
maximum difference of 20% in the lower region of the air-water flow compared to the
reading of x when the probe was placed in a sample of still water. There is no clear
explanation for such difference, although there could be a dynamic effect when the probe
was inserted into the flow. Despite this discrepancy, it was decided to calibrate the probe
in the non-aerated region of the flow.

3.3.2 Velocity Meter ,
3.3.2.1 Introduction

A satisfactory method of measuring point velocities in high speed air-water flow
has proved particularly elusive in the past. Viparelli (1953) used a form of Prandtl tube
incorporating a three way tapping where the high velocity flow was passed through the
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tube until the time a reading was taken. In this way, air bubbles were kept out of the
manometer lines. Straub et al (1954) developed a “salt-water” velocity meter to measure
the velocities in model studies. The instrumentation consisted basically of a device that
recorded the travel time of a salt-water slug injected into the air-water mixture. The
passage of the ionized slug was detected by electrodes at distance fixed 76.2 mm apart in
the flow stream. The speed of injection was about 20 slugs per second with individual

slugs of about 0.03 cm® of 6% saline solution injected in about 1/600 second. Absolute
control of the size of the salt slug and the frequency of the injection was of critical
importance.

The writer chose a method whereby velocities were obtained by measuring
stagnation pressures with a Prandtl tube. Observations of Straub et al (1954) and the
present investigation revealed that the flow stream in the developed region of the air-water
mixture was parallel to the slope of the spillway. Therefore, the tip of Prandil tube was
set parallel to the slope to measure the streamwise velocity. Details of the device will be
described in the remainder of this section.

3.3.2.2 Theory
The basic relation linking stagnation pressure and velocity may be expressed in

the form

1
Pstag = Pstar +§ Pm “3. (3.9

where p,,, = the stagnation pressure, p,,= the static pressure, p,,= the density of the
mixture, and u,= the time average velocity of the mixture. The above equation is
generally applied to homogeneous fluids. Viparelli (1953) suggested that the above
formula as applied for air-water mixtures in the development of his Prandd tube
technique. His checks on the meter accuracy validated the assumption.

The mixture density may be expressed in terms of the air concentration by the
relation (neglecting the density of the air)

Pm=Pw (I—C) (3.10)

where p,, is the water density. Substitution of Eq. (3.10) into Eq. (3.9) yields

1 2\Pstag —P
p:tag=ps1a:+'2'Pw(1"C)u31 - um=‘/ (pza(gl-ér;M) (3.11)
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In the present investigation, manometer lines were used to read the pressure heads.

Therefore, Eq. (3.11) in terms of pressure head, i.e. p= ¥h, is converted to:

_ 2g (hstag "hsxa:)
-‘/ (1-0) (3.12)

Um

where A, = the stagnation pressure head and A, = the static pressure head.

3.3.2.3 Velocity Meter

The apparatus for measuring velocity consisted of a Prandtl tube, a manometer,
and a flushing system (Plate 3.4). The Pranddl tube had an external diameter of 3.2 mm
and internal diameter of 1.1 mm. The internal and the external wbes show the stagnation
and static pressure head, respectively. The manometer consisted of two glass tubes
mounted on a vertical wooden plate. The wooden plate was scaled to show the reading
of the pressure heads.

Early experiments showed that the high velocity air-water mixture pushes air
bubbles into the Prandtl tube. Because of the small internal diameter of the tube, the air
bubbles obstructed flow into the tube, thus making the manometer readings inaccurate.
To avoid this problem, a flushing system was designed to evacuate the air bubbles that
entered the system (Plate 3.5). The flushing system consists of a small reservoir of water
installed at high elevation. When obstruction of the tube by air bubbles was noted, the
flushing tank was connected to the manometer tube and a reverse flow moved the trapped
air out of the system.

3.3.3 Flow Visualization

Flow visualization is very useful for developing an understanding of the flow
patterns. Some flow characteristics in the air-water mixture cannot be measured by
currently available instrumentation. However, the macroscopic structures of the flow,
which include the organized and non-organized large-scale vortical structures, play an
important role in the dynamics of the flow. The purpose of flow visualization was to
characterize these large scale eddy features of the flow. It was also attempted to use these
observations to obtain some velocity measurements to compare with the results of Prandtl
tube measurements.

The photographic work involved the use of a Kodak-Spin Physics (SP2000)
high-speed video camera system. The pictures were taken from the side of the channel at
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a rate of 2000 frames per second. The camera was focused on a plane very close to the
Plexiglas wall, so that the pictures show only the flow near the side wall. The camera
was focused on a different length of the channel depending on the size of the roughness.
The time interval for each run was from one to six seconds. The footage was recorded
on a normal video tape at different speeds and could be viewed one frame at a time. The
frames were studied to observe the vortical flow structures in the recirculating flow on
steps or at the tips of the steps. The entrained air in the flow is the reflecting medium for
the light focused on the flow and made the vortices traceable. The videos are also useful
to investigate the manner in which the air is entrained and mixed with the flow. A normal
video recorder and a 35 mm camera were also used to obtain information regarding the
point of air inception and bubble diameter in the recirculating area. A more detailed
explanation of this photographic analysis is presented in the next chapter.

im n r
3.4.1 General description of the Model

The model was built in the T. Blench Hydraulics Laboratory at University of
Alberta. This apparatus included a supply reservoir, a water supply line, a magnetic flow
meter, a stilling tank, a short upstream channel, a stepped channel, and a downstream
horizontal channel. A diagrammatic sketch of the model is shown in Figure 3.1.

The water flowed from the supply reservoir through a 0.20 m diameter circular
pipe. The pipe contained a magnetic flow meter near the supply reservoir to measure the
discharge. A butterfly valve was located near the inlet of the stilling tank to control the
flow. The stilling tank was installed to calm the high velocity flow from the supply line
so that a steady low velocity flow approached the upstream channel. The operation of the
stilling tank was improved by installing a hogs hair screen at the inlet. The upstream
channel was 0.30 m wide and the channel sides were constructed of Plexiglas. The
elevation of the upstream channel bed was 2.50 m above the downstream channel bed.
The upstream channel was connected to the stepped channel with a WES Ogee standard
spillway profile. The unstepped profile zone reached tangency with the downstream face
at a constant slope. Two different slopes of the stepped channel were used for testing.
The width of the channel was chosen so that side wall effects due to the growth of the
side wall boundary layer and air entrainment along the sides could be avoided in the
central portion of the cross section. That the width was adequate to make the flow two-
dimensional in the center portion was demonstrated by earlier measurements of air
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concentration and velocity in a transverse section by Straub et al (1953). The stepped
channel was 0.30 m wide. The criteria for choosing the slopes of the channel was
prototype stepped spillways. Frizell (1992) listed the recent dams that used stepped
spillways either for regular or emergency overflow (Table 3.1). The best range of the
slopes in most dams due to economic, constructability, and stability criteria was chosen
as from 0.6H:1V to 0.8H:1V. For the first set of experiments, the channel slope was set
to [/h= 0.6, where [ is the length of the step tread and 4 is the height of the step. In the
first series of tests, the step height was fixed at 125 mm in the stepped face of the
channel. For the following series, the step height was changed with the interposition of
half-size steps to obtain 62.5 and 31.25 mm height. For the second set, the slope was set
at 0.8 and two different step height of 125 and 31.25 mm were chosen. The bottom of
the last step joined the bed of the horizontal downstream channel which directed the water
to the supply reservoir. Plate 3.6 shows part of the experimental setup.

3.4.2 Measurements

The measurements included the discharge, the point of air inception and vortical
structures, air concentration and velocity profiles, and depth. A magnetic flow meter,
photographs, an electrical probe, a Prandtl tube, and a point gauge were respectively used
to obtain these measurements. Most measurements were made in a vertical centerline
plane in the developed region, unless otherwise noted.

The flow in the model was measured by means of a magnetic flow meter installed
in the supply line. The principle of the magnetic meter is that when a moving conductor
crosses the lines of a magnetic field, a voltage is induced. If the dimensions of the
conductor are constant, the voltage is proportional to the velocity. The flowing liquid
itself is the moving conductor, therefore, the voltage varies directly with the variation in
the velocity or discharge of the flowing flow. The range of the discharge varied from 21
L/s to 62 L/s, the maximum limit of the stilling tank.

The normal video camera was used to study the point of air inception. From the
frames of the high-speed video camera, it was possible to study the mechanism of the air
entrainment. The high-speed pictures were also used to obtain information regarding the
initiation, termination, and size of the vortex tubes formed on the steps. By measuring
the time travel of two fixed points in the flow, the 1/2000 second frame enabled the
measurement of approximate velocities of the air-water mixture.

The air concentration was measured by the electrical probe described in section
3.2.1. Velocities were measured using the Prandtl tube described in section 3.3.2. The
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carriage holding the probe or the tube was designed so that it was possible to traverse the
flow section both vertically and horizontally. Readings were taken at 3 mm intervals on a
line normal to the channel slope with the lowest point 6 mm from the tip of the steps.
The uppermost reading was taken where the probe was almost out of the flow and the
meter registered about 96 percent air concentration. The air concentration and velocity
profiles were obtained for each slope and each water discharge. The depth of the flow at
the upstream channel was measured with a point gauge that could be moved over the
frame at the top of the channel.

35 _E . tal E 1 U tainti
3.5.1 Definitions

Bendat and Piersol (1971) discussed that any observation can be classified as
deterministic or nondeterministic data. Deterministic data are those that can be determined
by an explicit mathematical relationship. For example, consider the second law of
Newton, W=mg, where W is the weight of a body, m is the mass of a body, and g is
the acceleration. This relationship defines the exact weight of a body at any time. Hence
the physical data representing the weight of the body are deterministic. However, there
are certain physical phenomena that produce data which are not deterministic because
each observation of the phenomenon will be unique. For example, the electrical output of
a noise generator cannot be described by an explicit mathematical relationship. These
data are nondeterministic (random) in nature and can be described in terms of probability
statements and statistical averages.

There are always debates over the classification of various physical data as being
either deterministic or random. It might be argued that no physical data are deterministic,
as there is always a possibility that some unforeseen factors that might influence the
phenomenon are not considered in the mathematical expression. On the other hand, it
might be argued that no data are random as mathematical expression might be developed
if sufficient knowledge of the mechanism producing the data was available. In practical
terms, if experimental data can be repeated many times with identical results (within the
limits of experimental error), then the data can be considered deterministic. Otherwise,
the data are random in nature.

From the analysis viewpoint, deterministic phenomena can be categorized as
being either periodic or nonperiodic. Periodic data can be classified as being sinusoidal
or complex periodic. Nonperiodic data can categorized as being either “almost-periodic”
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or transient. Of course, any combination of these forms may occur. A random
phenomenon is represented by a single time history which is called a “sample function”.
A collection of all possible sample functions is called a random process. Random
processes can be categorized as being either stationary or nonstationary. Stationary
random processes can be further classified as being either ergodic or nonergodic.

From the reliability viewpoint, Kline and McClintock (1953) -classified
experiments as being either single-sample or multi-sample experiments. If the
experiments are repeated using different observers and instruments so that the reliability
of the results can be analyzed through the use of statistics, the experiments are called
multi-sample. In most engineering experiments, it is not practical to evaluate the
reliability of the results by repetition. The type of experiments where the reliability of the
results not analyzed by repetition are called single-sample. A practical way to estimate the
reliability of the results in a single-sample experiment was presented by Kline and
McClintock (1953) and will be described briefly in this section.

The difference between the true and measured values is called an “error”, but the
“uncertainty”, which may vary with each observation, is what the observer thinks the
error may be. A “data point” is the recorded value of a variable which is the quantity
observed directly in an experiment. A “result” is produced by calculations or making
corrections to the data. Errors can be classified as accidental, fixed, and mistakes. For
details, the reader is referred to Kline and McClintock (1953).

3.5.2 Theory

Kline and McClintock (1953) suggested that a satisfactory way to analyze
uncertainties in a single-sample experiment is to describe a distribution for the
uncertainties. A data point will then be presented by a mean value and an uncertainty
interval based on a certain confidence. If D, represents the mean value and w represents
the uncertainty interval with a confidence level of cl, then the data, D, can be expressed
as

D=D,, tw(cl%) (3.13)

For example, suppose that the stagnation pressure head, hs1ag. is given by
P5iag =970£10 mm(95%) (3.14)
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This means that the observer believes that under the circumstances of the experimental
procedure, 95% of the h,,, measurements fall within +10 mm of the mean value 970

mm.

The observer should determine the uncertainty interval on a given confidence for
each data. Some of these intervals are based on an estimates rather than experiment and
the confidence level may not be better than 50%. Of course, such estimates are not
guesses but are based on factors such as sensitivity, fluctuation, and the accuracy of
instruments.

Assume that a result, R, is a function of n independent data (or variables),
D,,D;,,........ D,, R=R(D,,D,,......... D,). The data have the uncertainty intervals

WM. W;.,......... W, with the same confidence levels. The uncertainty interval, Wy, for the
result with the same confidence level can be expressed by

Y2
we=|[ 2R w 2+ OR 2+....+ IR y 2 (3.15)
BI\ep, ™) "\8D, *) " \oD, "

3.5.3 Uncertainty Evaluation

Because of the nature of the experiment, it was difficult to collect enough data to
construct a distribution to find the uncertainty confidence. Uncertainties were estimated
with a confidence level of 50%. Kline and McClintock (1953) suggested that 50%
confidence levels might be satisfactory if the uncertainty is of the order of a few percent
or less of the original data.

The depth at the upstream channel was measured with a point gauge that could be
read to the nearest thousandth of a meter. Because of the fluctuation of the water surface,
the uncertainty interval was estimated as +2 mm. The position of the Prandtl tube and
the air concentration probe in the flow were measured by a scale calibrated to the 0.5 mm,
so the uncertainty level was set at £0.25 mm. The manometer board was scaled to 2
mm. The agitated nature of the flow in the air-water region caused fluctuations in the
pressure heads readings. Considering the complexity of the flow, it is reasonable to
make an estimate of the accuracy. The interval uncertainty for the pressure heads was set

at £15 mm.

The accuracy of the air concentration depends on both the initial calibration and
the variability in measurements because of the turbulent structure of the air entrainment
phenomenon. The insertion of the air concentration probe in the non-aerated region for
the initial calibration showed a little fluctuation in the voltmeter readings. The voltmeter
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was accurate to an uncertainty interval of £0.01 volt. However, when the probe was
inserted in the aerated region, completely different situation arise. Due to the nature of
the air-water mixture, the readings had considerable variability, especially in the mid-
lower region of the flow. Because of the tedious nature of the experimental work in
measuring the air concentration, it was not practical to obtain a large number of the air
concentration readings. Considering the discussion that will be presented in section
4.3.3.2, the uncertainty interval for the air concentration was set at 2%.

The uncertainty in velocity measurements was estimated based on Eq. (3.15)
since velocity is classified as a “result” calculated from Eq. (3.12). Applying Eq. (3.12)
to Eq. (3.15) yields

v, 2 oy V°
va =[(§_A—;;WA,') +(§E‘Wc) ] (3.16)

where Ah=hg,, —hy,, and Wy, , Wy, W, are the uncertainty intervals for velocity,
g~ *star . A (o

pressure head, and air concentration, respectively. The partial derivatives in Eq. (3.16)

are
av, 1 2g
Emwy == |26 _w
dAn A* 2\/Ah(1—c) Ak
(3.17)

A 2gAh
aC ¢ 211-0) Y (1-0)

We

It is more useful to express the velocity uncertainty in term of the relative from, Wy [Vin-
Thus, Eq. (3.17) is converted in
v, W 1 Was

= V2
V. dak APT2 AR W War VP :
i M _ (l_%) -1 W (3.18)
3, 1 W Va |\2 AR 2 (1-0)

V,dC ¢ 2(1-0)

Eq. (3.18) shows that the relative uncertainty of velocity not only depends on the
uncertainties of the air concentration and pressure head but on the air concentration value
as well. The pressure head readings varies from about 200 mm for lowest point in the
section to about 1100 mm for the maximum velocity. Figure (3.2) shows the variation of
the relative velocity uncertainty with the air concentration based on the average estimation
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of the relative uncertainties of pressure head of 2% and air concentration of 2%. Figure
3.2 shows that the relative velocity uncertainty increases with increasing air
concentration. For example, at C=90% and 95%, the relative velocity uncertzinty are 9%
and 19%, respectively. The writer believes that beyond C=90%, the results are not
reliable considering the high uncertainty and limitations of the air concentration probe.
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Dam and location Design unit Hydraulic | Downstream
(Reference, date) discharge Height Slope
(m3/s/m) (m) (H:V)
Upper Stillwater, U.S.A 11.5 61.6 0.32:1 top
(Houston, 1987) 0.60:1 toe
Monksville, US.A 9.3 36.6 0.78:1
(Sorensen, 1985)
Stagecoach, U.S.A (Stevens) 3.6 42.7 0.80:1
De Mist Kraal, South Africa 10.2 18 0.60:1
(Jordaan, 1986)
Zaaihoek, South Africa 5.1 36.6 0.62:1
Lower Chase Creek, U.S.A 3.3 18 0.70:1
Milltown Hill, US.A 14.3 54.9 0.75:1
(Frizell, 1990)
Middle Fork. U.S.A overtops for 37.8 0.80:1
events
>500 yrs.
Knellport, South Africa 8.4 43.1 0.60:1
Santa Cruz, U.S.A 4 36.6 0.65:1
Bucca Weir, Australia 55.6 11.9 0.50:1
Jequitai, Brazil 9.2 36.2 0.80:1
Junction Falls Dam, U.S.A 11.4 9 0.875:1
Les Olivettes, France 7.2 31.5 0.75:1
Cedar Falls, U.S.A 2.8 7.6 0.80:1

Table 3.1 RCC or Rehabilitated Concrete dams with stepped spillways
(adapted from Frizell, 1992)
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Figure 3.1 The stepped spillway model
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Plate 3.1 A close-up view of the air bubbles trapped in the recirculating
flow on a step
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Plate 3.2 The electrical air concentration probe
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Plate 3.3 (a-b) The electrical circuit for the air concentration probe
(a) the circuit
(b) the wave generator
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Plate 3.3 (a-b) The electrical circuit for the air concentration probe
(a) the circuit
(b) the wave generator
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Plate 3.4 The experimental setup for the velocity measurements
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Plate 3.5 The flushing system designed to evacuate the air bubbles from
the Prandtl tube
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Plate 3.6 The stepped spillway model
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Chapter 4
EXPERIMENTAL RESULTS AND ANALYSIS

4.1 Introduction

In this chapter, the main objectives of this study are realized, that is to provide a
detailed description of skimming flow and to investigate the validity of applying the
theoretical relationships developed for flows in open channels with a roughness less
severe than that of a stepped spillway. Although most observations had been made in the
uniform region of the flow, detailed photographic observations show some flow patterns
in the non-aerated region. The flow behavior and classification are first described.
Results and analysis are then separately presented for each region of the flow.

4.2.1 Introduction

The behavior of flow over a stepped spillway is both complex and varied. To
describe flow conditions concisely, it is convenient to classify flow patterns by a visual
comparison of the flow and step geometry. This procedure enables two basic types of
flow to be distinguished: jet flow, where the flow hits the tread of the step immediately
below; and skimming flow, where a coherent stream proceeds down the spillway. The
flow in the skimming regime is evaluated based on the variation of flow characteristics
from one step to the next. Three flow regions were observed: (1) a non-aerated region in
which the flow patterns differ on every step, (2) a developing region where bulking of
the flow due to air entrainment is initiated, and (3) an aerated, developed (or uniform)
region in which the flow characteristics remain approximately constant from section to
section. This classification is similar to that used for chute spillways to recognize
different flow regions. Using the above method of classification, the flow behavior
observed on the experimental models will be described in this section and analyzed in
subsequent sections.

4.2.2 Types of Flow

A preliminary investigation using the stepped spillway models confirmed that,
depending on the discharge, two main types of the flow can exist on stepped spillways.
At smaller discharges, the flow impinges on the tread of the lower step. This type of
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flow has been distinguished as jet flow. In this regime, two main features contribute to
the flow energy loss: the recirculating flow formed in the pool beneath the main flow and
a partial hydraulic jump that may be formed downstream of the point of jet impact. As
the discharge increases, the impact point of the jet flow moves towards the end of the
step. At higher discharges, the steps become completely submerged and a relatively
smooth flow skims them. For this case, the spillway can be described as a steep open
channel with large roughness elements. Flows causing steps to be drowned are referred
to as skimming flows. Between these two regimes, a transition state exists where the
upper portion of the flow overshoots the tips of the steps and disperses with considerable
turbulence. Since this investigation is primarily concemed with skimming flow, a
detailed description of this phenomenon will be presented next.

4.2.3 State of Skimming Flow Regime

As discussed earlier, when the discharge intensity becomes sufficiently high, the
steps become completely submerged and skimming flow sets in. An added feature of this
type of flow is the occurrence of air entrainment. It is a common characteristic of high
velocity flows in spillways. Self-acration is the entrainment by the flow of air from
above the stream and the diffusion of this air through the depth of the flow to create a
violently agitated stream with an ill-defined free surface. The formation and
characteristics of the air-water mixture in the models tested agreed with the patterns
observed in chutes spillways by Straub and Anderson (1958).

Flow characteristics were observed at various sections along the length of the
spillway length for several skimming flows in the model. A non-aerated region was
formed at the upstream end of the spillway, where the flow contained little or no
entrained air (Plate 4.1). This type of flow can be classified as “rippled flow” as
described by Michels and Lovely (1953). Any air entrainment in this region is due to
disturbances caused by surface longitudinal surface vortices or side wall generated
turbulence. As the flow begins to accelerate down the spillway, the velocity increases
with an associated reduction in flow depth. Early investigators showed that the boundary
layer on the bed develops in the initial reach in smooth spillways. In the present
investigation, the boundary layer was generated by both the bed and the walls of the
channel. The large bed roughness projections (steps) resulted in a dominant bed
generated boundary layer. Photographs of the flow showed that the air entrainment was
initiated along the side walls sooner than in the central part of the spillway (Plate 4.2).
Alr at the sides was entrained by the turbulence from the side wall boundary layer near
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the water surface. For entrainment resulting from the wall generated boundary layer, the
location where self-aeration begins was a function of the distance from the wall. Outside
the boundary layer, potential flow exists. The boundary layer which grows from the
spillway floor has important effects on the entire behavior of the flow. The most
important point is that when the boundary layer thickness equals the depth of the flow,
the free surface would be turbulent. Since a turbulent free surface is a prerequisite for air
entrainment and the boundary layer is the primary source of that turbulence, the
significance of the development of the boundary layer lies in its connection with the air
entrainment process.

High-speed photographs of the flow in the model revealed that the roughness
elements (steps) that projected into the flow influenced the position of the inception of the
air entrainment in two ways. Since the size of the roughness relative to the flow depth in
a stepped spillway is much greater than that of a chute spiliway, the growth of the
boundary layer is enhanced by the wakes and eddies formed on the steps. The second
factor is the deflection of the internal jet caused by the steps. As the flow approaches the
steps, part of the internal flow diverts towards the tread of the steps and is then deflected
towards the surface where air entrainment is initiated. In general, observations confirmed
that for a specific discharge, the inception sections for two models with different step
sizes could occur at different locations. The greater the relative size of the step, the earlier
the inception of the air entrainment occurred along the flow.

Below the inception section, an aerated reach extends to the base of the model. A
layer containing a mixture of air and water gradually extended through the depth of flow.
The air concentration increases continuously from the bed. For this section of the
spillway where there is bulking of the flow caused by air entrainment, the flow
characteristics vary with distance along the channel and is referred to as the developing
region (Plate 4.3). Observations showed that the air-water mixture in this region had a
highly irregular, wavy surface in which the returning water droplets ejected from the
surface continuously entrained air (Plate 4.4). This air formed bubbles which were
diffused through the stream by the turbulent motion normal to the direction of flow. The
ejected water traveled through the air in a curved path, returning to the main stream some
distance downstream.

After an initial length of flow in the developing region where the concentration of
air is obviously increasing, the flow collects more and more air until a condition of
equilibrium is reached. In this region, the amount of air escaping from the water equals
the amount being mixed into it. Air concentration, along with the other flow properties,
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does not vary with distance in this region. This section of the aerated zone where the
reach appeared to be uniform is referred to as the developed (uniform) region (Plate 4.5).
The penetration of air into the flow depends on the turbulence intensity. Transport of air
bubbles into the flow by turbulence is counteracted by the buoyant force on each bubble.
This process is similar to suspended load in rivers, with the difference being that the air
bubbles are lighter than water. A balance is reached wherein as much air is expelled from
the flow as is being entrained into it. This balance can be compared to the suspended
load balance on a reach of a sediment carrying river where neither degradation or
aggradation occurs. When the flow envelops as much air as it can retain and the surface
topography becomes similar at every section, the flow reaches a condition of uniform
flow for the given slope, roughness, and discharge. The concentration of air increases
from the bed to the surface, contrary to the suspended load which is heavier than water.

Photographs revealed that two zones within the depth of self-aerated flow exist
(Plate 4.6). First, there is a lower zone in the air-water mixture where air bubbles are
kept in suspensions by the turbulent transport through the section. The turbulent
fluctuations are responsible for the diffusion and suspension of air bubbles. The second
zone is in the upper part of the depth in which water drops, ejected from the lower zone,
are projected upwards. Water drops are detached from the main stream and thrown
upwards due to their momentum. The ejected drops follow a path that reaches a
maximum height and, since there is no mechanism to keep them in the air, then fall back
into the flow. The trajectory of the water droplets is long and flat because of the
dominant longitudinal flow velocity. The boundary which separates the two zones is
referred to as the transition depth. The air concentration in the developed region increases
continuously from the bed toward the surface. In the lower zone, the velocity increases
continuously up to the transition depth. The rough surface and the high flow velocity of
air-water mixture tend to drag a considerable volume of air into motion above the flow.
A velocity deficiency can be expected in the air-water mixture in the upper zone because
of the drag necessary to sustain the air motion.

As discussed, in a quasi-smooth or skimming flow, small-scale vorticities are
generated continuously along the pseudo wall. In the present investigation, photographic
works revealed that macro-scale vorticities are generated at the tips of steps. These
vortical structures appear in the form of vortex tubes. Plates 4.7(a-d) show the high-
speed images of the evolution and termination of such structures in the developed region.
A segment of the vortex tube is located on the tread of the step while the remaining part
penetrates into the main flow (Plate 4.7(b)). Table 4.1 shows the dimensions of vortex
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tubes extracted from high-speed images. Plate 4.7(c) shows that the high velocity flow
pinches the vortex tube at the tip of the step and the vortex tube is divided into two parts.
The upper part of the vortex tube is carried out by the main flow to downstream. The
lower part is then elongated and circulate with the recirculating flow into the step groove
until it is terminated (Plate 4.7(d)). This vortex tube possibly contributes to the energy
loss.

4.3 Results and Analysis
4.3.1 Introduction

Experimental results described herein are largely restricted to the velocity and air
concentration measurements traversing the depth of flow where normal aeration had been
attained in the developed region. Observations showed that the flow surface was highly
turbulent and unstable in relation to the surface aeration pattern. Plates 4.8(a-b) show
two pictures taken by a high-speed video camera. The unstable nature of flow at the
surface implies that the assumption of one-dimensional flow (parallel to the channel
slope) is not justifiable in the upper zone of the developed region. Thus, considerable
care has to be exercised in the interpretation of results near the flow surface.

Another factor that is to be considered in the interpretation of the results is the
limitation of the instrumentation. The air concentration probe described in section 3.3.1
can measure air concentration up to 90% with good accuracy. Above this concentration,
measurement was not expected to be reliable. The accuracy of velocity measurements
was limited to, rather than independent of, the accuracy of the air concentration probe.
Figure 3.2 provides a good basis for the accuracy of velocity measurements. The error
of velocity values increase with air concentration value or depth. Thus, the results of
velocity measurements in the upper zone of the flow in the developed region is not as
reliable as those in the lower zone.

In the following sections, the results of photographic works involving the
inception section phenomenon are presented first. The air concentration and velocity
profiles in the developed region are then presented. Analysis of the universal velocity
profile and coefficient of skin friction concludes this chapter. In each section,
presentation of experimental observations is accompanied by appropriate analysis.
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4.3.2. Inception of Air Entrainment

As discussed earlier, the point at which the air entrainment begins is the inception
section. The location of inception section is measured by taking the mean distance from
the crest of the spillway. Identification of factors that influence this distance is important
in hydraulic design. The shorter this distance, the sooner the developed region is
established, which contributes to increased dissipation of flow energy, thus reducing the
cost of the stilling basins built downstream of spillways. A theoretical basis for this
phenomenon is not discussed as some flow patterns around the inception section are not
easy to predict analytically. A brief description of early findings by other investigations
was presented in chapter two.

Results were obtained by flow visualization using either a high-speed video
camera or normal video camera. Table 4.2 lists the step number at which air entrainment
commenced for different step heights and discharges. For each step height, the section of
inception moves downstream as the discharge increases. This is because the flow depth
increases with increasing discharge and the boundary layer reaches the free surface
further downstream. For any given discharge, the section of inception is closer to the
crest for larger step heights. This is due to the contribution of the internal jet that is
deflected by the steps. This particular phenomenon which happens in stepped spillways
can be described in detail with the aid of high-speed photographs.

Measurements of the distance of the inception section from the crest, L, are
shown in Figure 4.1. The definition for L, is shown in Figure 2.18 and

F '=q/ \/gsin 6k* is a Froude number where q is the discharge per unit width, 8 is the
spillway angle and k is the roughness height normal to the bed. Wood (1983) used
dimensional analysis to show that L, can be approximated by a simple power formula.
This is illustrated in Figure 4.1. Wood used observations of laboratory model studies
and prototypes of chute spillways to establish this formula. The value of k,, the
Nikuradse equivalent sand roughness, was replaced by k. Later, Chanson (1994)
developed a similar relation by using observations of some model studies on stepped
spillways. These observations were obtained from models with spillway slopes ranging

from 27° to 52°. For a given F", Figure 4.1 shows that L; for a stepped spillway is

smaller than that for a standard spillway. This indicates the flow roughness in stepped
spillways enhance the flow turbulence and early air entrainment is expected. Figure 4.1
shows that Chanson’s relation agrees well with the writer’s experimental observations.
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The writer modified Chanson’s relation by introducing the section of inception

Froude number, F,=¢q ,/g (A/1)K3 , as follows:
L_g0 F085¢ @.1)
k

Figure 4.2 shows the relationship between L/k and F, as well as the experimental
observations. The proposed relation agrees well with the experimental observations for a
wide range of F,

After viewing video images at slower speeds, it was possible to observe the flow
structures at the inception section. Results for step height, A= 125 mm and discharge,
Q=41.53 L/s are shown in Plate 4.9(a-d) at different ime frames. These images were
constructed after repeatedly watching the video images. The arrows in these figures
show the direction of the flow. In Plate 4.9(a), the 2-D flow over the crest length
approaches the first step. In this region, the velocity increases while the flow depth
decreases. As the flow leaves the solid boundary of the crest, part of the flow close to
the bottom is diverted into the groove of the step (Plate 4.9(b)). This part of the flow is
referred to as the “internal jet”. The upper part of the flow, which is referred to as the
“outer jet”, continues accelerating downstream. As it is shown in Plate 4.9(c), the
internal jet hits the tread of the step and is deflected. Then, the internal jet curves upward
and collides with the outer jet. The collision of these two jets provides for the formation
of vortices and consequently enhances the turbulence intensities. After the collision, part
of the jet ejects out of the flow and air entrainment starts (Plate 4.9(d)). The air is
entrained into the flow in a curved path and the entrained air is carried into the
recirculating area. This phenomenon, which was more visible in tests with large step
sizes, is defined as a “rooster tail” (Plate 4.3). The rooster tail may extend a considerable
height above the main flow. The maximum height of the rooster tail depended on the step
size and the discharge.

The phenomenon of the rooster tail, as described earlier, is the result of the
deflection of the internal jet. Table 4.3 presents the height of the rooster tail, y,,
extracted from the high-speed and normal video images. y,, is measured as the maximum
height above the water surface at the inception section. For each step height, y,
increases as the discharge increases. This may be due to the fact that the flow has higher
velocity. For any given discharge, y,, increases with increasing height of the step. The

results show that the ratio y, /h can be determined by a mean line passing through the
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data (Figure 4.3). This ratio is a factor in determining the height of the training required
for the spillways.

4.3.3 Air Concentration and Characteristic Depths
4.3.3.1 Introduction

Observations from testing of air concentration consisted of a large number of
voltage readings which subsequently required translation into air concentrations. Air
concentration was measured by using an electrical probe, calibrated at the beginning of
each run as described in section 3.3.1.4. The air concentration is defined as the volume
of air per unit volume of air-water mixture. It was assumed that the measured
concentration represented the average value of the concentration in the probe area which
measures 10 mm by 10 mm and that this measurement was applicable at the midpoint of
this area. For each run, measurements of air concentration were taken along a section
normal to the bed. Readings were taken at 3 mm intervals with the lowest point 6 mm
from the tip of a step. The lowest point of measurement in a region between two steps
was chosen as an imaginary line connecting the tips of the steps.

4.3.3.2 Data Processing
For each reading, the air concentration was obtained by:

C=1- 3v"‘ (3.8)
0

Readings of air concentration at any point varied considerably in the lower zone of the
flow. Figure 4.4 shows the mean range of air concentration profile in the developed
region. The amplitude of the air concentration range in the lower part of the flow is larger
than that for the upper part of the flow. For each point, the maximum and minimum
readings were recorded. Since there was no computerized data processing available, two
methods of averaging were used. First, readings were sampled at consecutive time
intervals of 2 seconds for a period of 20 seconds and an average was calculated. To
evaluate the accuracy of this type of averaging, an alternative method was used with the
aid of photographic work for a few points. For each point, a video camera recorded the
readings for 20 seconds. Then, the video frames were viewed at a time interval of 1/30
second and a total of 600 readings were averaged for each point. The results showed a
maximum 2% difference between the two types of averaging. The first method of
averaging was chosen for its simplicity.
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At the beginning of testing, it was thought that the considerable variation of air
concentration at each point resulted from the flow disturbance due to the air concentration
probe or by the vibration of the probe itself. However, photographic works showed that
this variation was not induced by the presence of the air concentration probe, but is part
of the self-aeration phenomenon. Plates 4.10(a-b) show typical high-speed images of the
flow in the developed region at different times. The reflection of the camera lights on the
air-water mixture helps to distinguish the variation in air concentration. The images show
the existence of dark and white cloudlets in the air-water mixture. Normally, a darker
cloudlet possesses less air concentration than a lighter one. In this set of high-speed
pictures of the flow, the passage of dark and white cloudlets can be observed at any point
in the flow. This shows that the air concentration at any point in the flow varies with

time.

4.3.3.3 Characteristic Depth and Concentration Definitions
Since no definite free surface exists, definitions for depth and concentration are

required to describe the aerated condition. The mean air concentration, C, in the vertical

plane is defined as (similar to Eq. 2.12):

_ 1 Yu
C=—[Cay (4.2)
u g

The upper depth of flow, y,, is a characteristic depth for the self-aerated flow and
defined as a depth where air concentration reaches a specific value. Straub and Lamb
(1953) used a value of y, where the air concentration is 0.95. Straub and Anderson
(1958) used the depth at a point where the concentration is 0.99. Recently, Wood (1991)
used of a value of 0.90. The determination of this characteristic depth, however,
depends on the particular application where y, is used. For different purposes, ¥, may
be defined by different air concentrations. The following guidelines were used in
determining y,:

i) A considerable percentage of accumulated water discharge can be

obtained at y,.

i) A reliable air concentration can be measured at y, .

A typical plot of the relative total water discharge ratio, dQ/Q, and the
corresponding air concentration for /4= 0.6 and h= 125 mm is presented in Figure 4.5,
where dQ is the integrated water discharge. For any given value of C, dQ/Q is larger
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for higher discharges. For C= 0.20, dQ/Q decreases from a value of 0.49 for Ye/h=
1.3 to about 0.18 fory./h = 0.7, where y, is the critical depth. This indicates that air
penetration in the air-water mixture is less for higher discharges. This difference in dQ/Q
for different discharges is reduced for higher values of air concentrations. A close
inspection of Figure 4.5 shows that for C= 0.90, dQ/Q is in the range of 0.96 to 0.98
for different discharges. As mentioned in section 3.3.1.2, the measurement of air
concentration is not reliable beyond C=0.90. In addition, the resulting error in the
velocity calculation is considerable (section 3.5.2). Therefore, it seems reasonable to
define y, as yg where air concentration equals to 0.90. Eq. (4.2) can be then rearranged

as follows:

_ 1 b 4]
C=— [Cay (4.3)
Y9 o

The total water column in each section can be represented by a mean depth, y, as
(similar to Eq. (2.13)):

Yo
y=[(1-C)ay (4.4)
0

Again the upper limit for the above integration is chosen as yg. Using the definition of
mean air concentration (Eq. 4.3) and substituting it into Eq. (4.4), a relationship between

C and y can be determined:
Y=Ys (1"6) (4.5)

Another characteristic depth is the transition depth, yr, which is equal to the
depth of the transition level. This level is the boundary between the two zones in the
developed region as described in section 4.2.3.

4.3.3.4 Analysis of Data

As discussed, the output reading from the air concentration probe represents the
mean air concentration over the area of the probe. For each experiment, a continuous air
concentration curve, with respect to distance normal to the bed, was obtained. Figure 4.6
shows a typical air concentration profile in the developed region, taken in the center of the
width of the flow. The air concentration increases gradually from the bed and more
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rapidly in the central region. It can be seen that, except very near the bed, the profile
gradient, dC/dy, increases from the bed until 2 maximum is reached. Beyond this point,
dC/dy decreases towards the surface. It appears that the air concentration profile is
comprised of two parts which possess basically different characteristics. Although there
is no sharp boundary between the two parts, this curve tends to support the idea of lower
and upper zones. Straub and Anderson (1958) noted the same observations in their
experimental profiles. Air concentration profiles for each slope and discharge for the
present experiments are given in Appendix A.

Air concentration profiles at various distances form the crest were used to
determine the uniformity of the flow for each slope and step height. Figure 4.7 shows
such profiles taken at 4 step intervals for /h= 0.8 and h= 31.25 mm. The profiles at
steps 64 and 56 exhibit small differences in the figure and they are definitely closely
grouped. On the other hand, the profiles at step 48 or earlier are definitely different from
the other two to a degree which is a typical profile of section where normal aeration has
not been established. For the data reported here, a condition of normal aeration was
reached at step 64 or 56 but not at step 48. For this set of flow conditions, the
concentration profiles were taken at step 64 where fully developed flow was established.

Also as discussed, the flow of the air-water mixture in the developed region can
be divided into distinct zones: a lower zone which consists of air bubbles suspended in
the water, and an upper zone where water drops are ejected from the stream into the
atmosphere. Because of the similarity of flow on stepped spillways to the flow in steep
channels, the method described by Straub and Anderson (1958) is used as a basis for
analysis. This leads to the development of a procedure whereby the air concentration
profile within the region of developed flow may be derived.

The air concentration distribution in the lower region is obtained on the basis of
the equilibrium between the air bubble buoyancy and the turbulent transport. The
resulting air concentration can be described by (similar to Eq. 2.18):

b4
c=q (l) (4.6)
y

where y =yr—y, with the other parameters described in section 2.4.1 and C,is a

constant is equal to the air concentration at y= y,/2.
In the upper region, turbulent fluctuations of the air-water mixture eject water

drops into the air. The analysis is based on the assumption of a random distribution of
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turbulent fluctuations of the velocity normal to the bed. The resultant air concentration
can be described by (section 2.4.1):

G “

where all parameters were described earlier in section 2.4.1. The gradient of the
concentration is then equal to:

1 CT—ym ;

ac 2(1 C ) 'y_)z
&y «/’T @8
m
When y =0 (transition level), dC/dy reaches its maximum value which is equal to:
dC 2(1-Cy)
= ==\ T 4.9

At this location, the air concentration is Cy and the depth is yy.

The applicability of Eqs. (4.6) and (4.7) to describe air concentration in the
developed region obviously depends on the degree to which they can fit the experimental
observations. The constants in these equations depend on the turbulence characteristics
of the air-water mixture. At the present time, it is not possible to determine these
constants analytically. These coefficients must be evaluated empirically from
experimental observations. This can be achieved by examining the derived equations for
the upper zone. Eq. (4.7), which represents the air concentration distribution in the
upper zone, has two unknown parameters C; and y,. The transition concentration, Cy,
and the mean value of the projection height, y,,, can be determined graphically and by the
aid of Eq. (4.9). Using a plot of air concentration versus the normal distance from the
bed, the point where the air concentration gradient, dC/dy, reaches its maximum was
located graphically. This is shown in Figure 4.6. The air concentration and depth at the
point of maximum concentration are the transition concentration, C,, and depth, yr. The
value of y,, can be determined by inserting the value of C, and (dC/dy)_,. into Eq.
4.9).

For the lower zone, Eq. (4.6) indicates that the air concentration distribution is a
function of y/(yr~y). Knowing the value of yr, air concentration can thus be plotted
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as a function of y/(y;- -y) (Figure 4.8 shows a typical plot of experimental

observations). The coefficient C, is the value of air concentration at y/(yr—y)= 1. The
exponent Z is equal to the slope of a line fitting to the data if Figure 4.8 is plotted in a
logarithmic graph. Alternately, the coefficient C, and exponent Z can be determined
directly from the data by fitting a power law curve to the data, as shown in Figure 4.8.
Egs. (4.6) and (4.7) are plotted in Figure 4.6 and show the fit to the experimental
observations. These equations are also plotied along with the observations for various
values of discharge, step height and spillway slope in Appendix A.

In the lower zone, Eq. (4.6) departs from the experimental observations in the
vicinity of yr. Asy approaches yr, air concentration approaches infinity and the

experimental observations depart from the curve for larger values of y/ (yT - y). In most

cases, the experimental observations agree well with the fitted curve up to y/yr= 0.9.
Eq. (4.7), which represents the air concentration distribution in the upper zone, departs

from the experimental observations as y =y— yr increases. The difference of predicted
air concentration with experimental observations is less than 4%. It appears from the plot
that air concentration can be represented by a cumulative Gaussian distribution.

The variation of the mean air concentration with discharge for various values of
spillway slope and step height is presented in Figure 4.9. For any given value of
discharge, the mean air concentration does not vary considerably with step height for the
range of spillway slopes, U/h, equal to 0.6-0.8 . This suggests that the bulking of flows
is not particularly sensitive to slope or step height changes. Observations of Straub and
Lamb (1953) in steep channels showed the same tendency. They showed that the
variation of the air concentration with channel slope is quite small. Except for //h= 0.8
and A= 125 mm, the mean air concentration decreases gradually as the discharge
increases. For /A= 0.8 and h= 125 mm , the mean air concentration shows a tendency to
first increase and then to decrease gradually with increasing discharge. Figure 4.10
shows the concentration at the transition depth, C,. For most cases, C; increases first
with increasing discharge and then decreases as discharge increases. For /h= 0.6 and h=
62.5 mm, the plot of C; has the opposite trend, decreasing first and then increasing as
discharge increases. The air concentration at y;/2, C,, is presented in Figure 4.11. For
all values of spillway slope and step height, C, decreases regularly with the discharge.
An opposite trend exists in regard to the exponent z, as shown in Figure 4.12 for various
values of discharge, step height and slope.
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A number of characteristic depths and air concentration were developed based on
the analysis of the self-acration phenomenon. These flow characteristics vary with the
flow conditions which influence the strength and scale of the generated turbulence. The
urbulence is generated by the vortical structures formed over the roughness elements
which are then diffused upward into the stream. Unfortunately, there is no information
available in regard to the intensity and scale of this turbulence. However, the intensity of
turbulence is related to the shear stress at the bed. As an approximation, the total shear
stress or the shear velocity may be used as a measure of turbulence intensity. Straub and
Anderson (1958) tested this hypothesis by plotting the mean concentration versus

u./ y,"’-ﬂ where u. is defined as u.=J§y7-—sin§ . The expression u./ y%ﬁ was chosen
empirically to correlate the data. Figure 4.13 shows the variation of the mean air
concentration with u./ y12-/3 . However, the tem u. / y12/3 is not a good parameter
because:
i) The characteristic depth y; represents only the lower zone of the
developed region and thus is not an appropriate characteristic depth for the

mean air concentration of the entire depth.
i) The effect of the slope and step height is not taken into account.

The term (I/h)*!! n007 / ( ys ¥ ud 1 ) is therefore chosen empirically to correlate the mean
air concentration data (Figure 4.14). The results show a better correlation with the term
(l/h)a'll r%97 / (yg'44 w1 ) . It should be noted that the air concentration is averaged over

the whole depth of flow which consists of two zones of different characteristics. A
single curve passing through the data is a representation of mean air concentration for
various values of discharge, slope and step height.

The term (I/n)*!! n07 / (yg"‘4 uets ) includes the depth yg which is a function of

air concentration distribution and is difficult to determine explicitly. However, it is
related to the flow conditions such as the discharge and slope. Straub and Anderson used

the term sine/ q°’2to correlate the air concentration data. This relationship is shown in
Figure 4.15, where the mean air concentration is plotted as a function of sin 6/¢°? for the

present experimental results. For each spillway slope, the results for different step
heights fall reasonably well on a single curve. The plot also shows the mean air
concentration predicted by ASCE formula for chute spillways as given by (section 2.2.4):
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C=0.743 log(sin 6/q%%)+0.721 (4.10)

Eq. (4.10) is in metric units. Figure 4.15 shows that the mean air concentration for
stepped spillways is more than that for standard spillways for a given value of sin 6/g%2.

This shows that the roughness elements in stepped spillways allow for more air
entrainment into the flow. This indicates that steps enhance the turbulence intensity of the

air-water mixture.

The term sin &g is not a good expression for a dimensional plot. However, no
parameter consisting of terms that describe the flow characteristics can be determined
explicitly to normalize sin 8/¢°?. For a stepped spillway, this term does not include the
effect of flow roughness as it was developed for smooth spillways. The present
experimental observations are correlated by adding the step height as a parameter to the
term sin6/q®?. Such calculation, however, shows a negligible correlation in regards to
step height. The best correlation is found as the mean air concentration is plotted in terms
of (sin 9)0'1 / q°‘3 (Figure 4.16). A single curve passing through the experimental

observations can be described by the expression

. (191
C=0.93 log(-(im—gg——J+l.05 @4.11)
q

It appears that for stepped spillways, the mean air concentration is less sensitive to
changes in spillway slope. The above relationship provides a means of estimating the
mean air concentration to be expected in a stepped spillway flow. However, this relation
is deduced from data with a limited range of flow conditions. Great care thus must be
taken when using this equation for flow conditions outside this range.

Characteristic depths yg, yr and y,, for various values of discharge, slope and
step height are presented in Figures 4.17 to 4.19. In Figure 4.17, the upper depth, y,,
varies in the same manner as in chute spillways, yq increases regularly with discharge
for given values of slope and step height. The value of yq is less sensitive to the
spillway slope. For lower discharges, all observations fall in a2 narrow band for all
values of slope and step height. As discharge increases, the results for higher values of
step height depart from other data.

88



IR

Figure 4.18 shows that the transition depth, y,, increases regularly with
increasing discharge and decreases with decreasing slope. For any given slope, variation
of y, is relatively little over the entire range of discharge. For VA = 0.6, the results fall
together on a single curve, independent of the variation in step height. However, for /h=
0.8, the data for a higher step height (h= 125 mm) depart considerably from those for h=
31.25 mm and joins the data of /A= 0.6.

Figure 4.19 shows the mean projection height, y,. Observations of this
characteristic depth which depend on the turbulence intensity at the transition depth do not
show a regular trend (Figure 4.18). The data are scattered over a considerable range of
depth. In most cases, for a given discharge, y,, is larger for larger step heights than that

for smaller steps. The data of y,, are not sensitive to spillway slope.

All of these characteristic depths are representative of different zones of the flow.
The transition depth, yy, is a characteristic depth which separates the lower zone from the
upper zone of flow. This transition depth represents the depth of flow of the lower zone
and it is related to the gradient of the air concentration gradient. The projection height,
Ym» 15 @ measure of the distance that water particles can travel above the transition depth.
It is a representative of upper zone of the flow and depends on the intensity of turbulence
fluctuations at the transition depth. The upper depth of flow, y,, is a measure of the
whole flow depth and is related to the air concentration profile. Therefore, it seems
reasonable to assume that the value of y , can be related to the sum of y, and y,. Such

relation is tested by plotting the experimental observations in the form of (yr+y, )/ys
as a function of discharge in Figure 4.20. The data cluster in a narrow band about
(¥r+¥m )/y9=1. Althoughy, is an arbitrary depth obtained from the air concentration

distribution, its correlation with other characteristic depths shows that y, is a good
representation of the flow depth in stepped spillways.

4.3.4 Air-Water Mixture Velocity
4.3.4.1 Introduction

There was no information available about the velocity distribution of the air-water
flow on stepped spillways that could be used in a detailed analysis of shear stress or
energy loss. Since the air concentration distribution was measured directly by
independent means, it was decided to use a Prandd tube to obtain applicable velocity
measurements in conjunction with the data on air content. It was assumed that the air-
water mixture at any point can be replaced by a homogeneous fluid with a density equal
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to the bulk density of the mixture. The use of the Prandd tube involves the concept of a
point or region of stagnation in the flow. There is a possible difference between the
behavior of homogeneous and mixed flows in the vicinity of this stagnation point. If the
air content in the flow is small, the curvature at the nose of a Prandtl tube separates the air
from the water. At higher value of air concentration, a succession of impingement occurs
against the nose of the Prandtl tube. This dynamic effect may increase the rise of the
water column in the manometer lines and velocity readings may be overestimated.
However, other methods of velocity measurements have showed little success in
obtaining velocity distributions. An attempt by the writer to use a Laser Doppler
Anemometer failed because air bubbles refract the laser beams and therefore data
acquisition was not possible. The salt-velocity method developed by Straub and Killen
(1953) requires precise control of the size of the salt slug and the frequency of the
injection. The stagnation method was therefore chosen for its availability and simplicity.
All measurements were obtained in the developed region of flow. It is assumed that the
flow stream in the developed region is parallel to the slope and the Prandtl tube thus was
set parallel to the streamline direction.

4.3.4.2 Velocity Profile Distribution
The velocity measurements of the air-water mixture involved observing the

stagnation head, h,,,,, and static head, h,,. Manometer readings of the stagnation head
varied little. Figure 4.21 shows a typical plot of the range of the stagnation head in the
developed region. For each point, the maximum and minimum readings were recorded.
The average between the maximum and minimum was used for the stagnation head. The
relative amplitude of the stagnation head was almost constant. The maximum relative
range was about 3%. Due to high velocities and small depths of flow, values of Ay,

were very much smaller than hg,,.
The velocity of air-water mixture, u,,, at any point was obtained by:

_ 2g (h:tag —hﬂat)
u,,,—\/ (I—C) (3.12)

Because of the dependency of velocity calculation on air concentration, the manometer
readings were taken at the same points along the depth of flow where air concentration
was measured. Figure 4.22 shows a typical velocity profile in the developed region,
taken in the center of the channel. The velocity profile is comprised of three sections. In
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the first section, the velocity increases gradually from the bed. It can be seen that the
profile gradient decreases from the bed until it reaches a value of zero. At this point, the
velocity reaches its maximum value. Beyond this point, the second section exists where
the velocity and velocity gradient remain almost constant for a some depth. The extent of
this section is larger for higher discharges. In the third section, a sharp velocity decrease
occurs towards the surface. This velocity deficiency is expected in the air-water mixture
in the upper portion of the stream because of the drag necessary to sustain the air motion
above the flow. In addition, the water content of the flow decreases with depth in this
section because of increasing air concentration. Since the momentum of water is large as
compared to air, the momentum of the air-water mixture decreases. Observations of
Straub and Lamb in steep channels noted the same tendency. The velocity gradient
normally increases towards the surface in this section. As discussed, the error of velocity
estimation increases sharply in this section (Figure 3.2). Because of the dependency of
velocity results on the air concentration measurements, velocity profiles corresponding to
air concentrations greater than 0.90 are not reliable in this section. The results of
experiments in the form of velocity profiles for each slope and discharge are presented in
Appendix B.

The sharp decrease of the velocity at the upper section of the profile indicates that
flow characteristics in this zone are different from the lower part. As discussed, the flow
depth consists of lower and upper zones which are separated by the transition depth. In
the upper zone, the concentration of water drops which are ejected from the transition
depth decreasing towards the surface. As a result, the momentum of the flow decreases
towards the surface. Itis, therefore, deduced that the velocity may decrease in the upper
zone of the flow. To test this hypothesis, the variation of y,,,/y; against the discharge
is plotted in Figure 4.23, where y,, is the depth at which velocity profile starts to
decline. The depth ratio y,,,/yr varies from 1 to 1.7 for various values of the discharge,

slope and step height. The range of y,,/yr for various values of slope and step heights
decreases for higher values of discharge. Figure 4.23 shows that the velocity decline
happens in the upper zone of the flow depth.

An alternative method was used with the aid of photographic work to obtain
approximate velocity profile to compare with those of the Prandtl tube measurements. As
discussed, dark cloudlets in high-speed video images possess less air concentration than
the surrounding mixture. These cloudlets can easily be tracked for a certain distance in
the air-water mixture. The basic concept of velocity, which is the distance divided by
time, provides the direct measurement for determining velocities for this method. It

91



consists of timing the travel of dark cloudlets into the air-water mixture. The operating
principle consists basically of marking a dark cloudlet and then recording the time interval
required for this marked element to traverse a fixed distance. Plate 4.11(a-d) show
typical high-speed images of the flow in the developed region at different times. The
passage of a dark cloudlet, marked as A, is detected between two consecutive step tips on
each streamline. The velocity is then calculated by dividing the distance between two
consecutive steps by the travel time. This measurement was repeated four times for each
set of flow condition and the average was recorded. The photographic measurements for
four sets of flow conditions are presented in Figures 4.24 to 4.27 along with the results
of Prandtl tube measurements. In the region near the bed, velocities of photographic
measurements are larger than those obtained by the Prandtl tube. In the rest of the flow
depth, the opposite trend exists. This apparent difference is due to the fact that the
photographic measurement is done near the side wall. At the side wall, the velocity is
less than that of the central region where the Prandtl tube was used. On the other hand,
the photographic measurement consists of an average mixture velocity between two
consecutive step tips. The velocity of the flow on the streamline connecting step tips is
larger than that on the step tip because of the existence of no-slip condition at step tips.
For streamlines near the boundary, therefore, velocities obtained by photographic
observations are higher than those obtained by Prandtl tube measurements. An
examination of Figures 4.24 to 4.27 shows a reasonable agreement between the
photographic and Prandtl tube measurements. This shows that the Prandt tube
measurements provide reliable velocity profiles.

4.3.4.3 Universal Velocity Profile

Numerous experimental and theoretical open channel investigations have been
devoted to the establishment of a relationship between the velocity, the hydraulic radius
of the flow and the size of the roughness projections on the bed. Basically, such
relationships have been obtained by deriving uniform flow expressions from boundary
layer theory and then comparing these expressions with empirical uniform flow
equations. To the writer’s knowledge, all the above mentioned studies have been
concerned with water flows having little or no entrained air. However, if the air-water
mixture is assumed to behave as a homogeneous fluid with equivalent and constant
properties, relationships similar in form to those established for flow of water alone
might be expected.
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The development of the Prandtl-Karman universal velocity distribution law was
the first proposal towards a theoretical uniforma flow expression. Briefly, the law relates
the shear stress to the gradients of velocity distribution. To prove the law, it is necessary
to develop a theory describing the interchange of fluid particles between the various
velocity layers making up the flow. Prandtl developed the momentum transport theory to
establish the law and von Karman established the similarity hypothesis. The velocity
distribution was shown to be logarithmic. The resulting equation for velocity distribution
can be described as follows:

u_ 1,y (4.12)
Us K Y

whereX is a constant found from experimental observations to be equal to 0.4,
yse<(v/us) for a smooth boundary and y. <<k for a rough boundary. This expression is

commonly known as the Prandtl-Karman universal velocity distribution law. For rough
turbulent flow in a circular pipe, Nikuradse found that y. depends solely on the

roughness height; that is y. =mk,, where m is approximately 1/30 for a completely rough
boundary andk; is the so-called Nikuradse equivalent sand roughness (roughness
measured as the diameter of the equivalent sand particle used by Nikuradse). Therefore,
Eq. (4.12) for a rough boundary can be simplified as

“=AlogZ+B (4.13)
Ue kg

where A= 5.75 and B is equal to 8.5 for fully rough boundary. Eq. (4.13) gives the
velocity distribution in a turbulent flow over rough boundaries. It should be noted that
constants used in Eq. (4.13) were derived from data on pipes. It is assumed, however,
that it is allowed to use this equation for other cases such as in open channel turbulent
flow.

The coefficients in Eq. (4.13) were derived based on Nikuradse experimental
observations where circular pipes were covered on the inside as tightly as possible with
sands of definite grain sizes glued on to the walls. The Nikuradse’s roughness can be
said of maximum density because the sand grains were as closely to each other as
possible. For other forms of roughness, the roughness density is considerably smaller
and such roughness cannot be defined by their heights. It is necessary to correlate any
given roughness with its equivalent sand roughness and define the coefficient of
resistance when inserted in Eq. (4.13). The correlation between such roughness and
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Nikuradse sand roughness can simply be done by modifying Eq. (4.13) into the general
form for any given roughness as:

L=57510g2+B (4.14)
Us k

Comparing Eq. (4.13) with Eq. (4.14), k, can be obtained from the relationship

ks _ 10(8?.;5 ) (4.15)
k

In a fully turbulent flow with Nikuradse sand roughness, B’= 8.5 and k,= k.

To determine k,, it is necessary to estimate the coefficient B’ from the
experimental observations by using Eq. (4.14). Observations should be plotted in form
of the velocity versus the flow depth on a semi-log sheet. The shear stress velocity at the
wall, u., and coefficient B’ can be found by fitting a semi-logarithmic line to the data.
To plot the velocity distribution, it is necessary to determine the origin of the plot. Perry
et al. (1969) showed that, for a skimming flow, a boundary layer on a rough boundary
behaves as if its origin is located some distance below the crest of the elements. This
distance, which is referred to as the displacement in origin, defines an origin for the
profile that gives the logarithmic distribution of velocity near the wall (Figure 4.28). The
displacement in origin, £, can be interpreted as an indication of the effect of the
roughness on the mean flow. Perry et al. showed that £ depends on the shedding of
vortical structures into the main flow. In a quasi-smooth flow, where roughness
elements are more closely spaced and stable vortices are present in the grooves, € is
small.

A typical velocity distribution, plotted in the logarithmic scale as a function of y,=

y+k-€, is shown in Figure 4.28 for different values of €. Logarithmic velocity profiles

for each slope, step height and discharge for the present experiments are given in
Appendix C. It can be seen that the experimental observations fall almost on a straight
line up to a certain depth. The value of ¢ is crucial since small changes in € results in a

considerable variation in values of B” and consequently k,. It is difficult to decide about
the value of & since there is no predicted values of & available at the present state of

knowledge. However, since u. can be predicted from the plot of the velocity

distribution, the writer compared this value with the value of u. for the wall shear stress
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predicted by the uniform flow equilibrium, as described in section 4.3.5. The
comparison enabled the determination of suitable € for the velocity distribution. Once
the value of € is decided, if the velocity distribution in Figure 4.28 is defined as u=

A"lny +B"”, values of us and B’ can be found as

us =0.4A” (4.16-a)
B'=-B—”-+2.51nk (4.16-b)
Us

Values of u., B’ and k, are shown in Figure 4.28 for A = 125 mm and /= 0.6. Tables
4.4 and 4.5 present estimations for these parameters for various values of slope and step
height.

Variation of the ratio k,/k is plotted against the discharge in Figure 4.29 for the
experimental observations. &, /k varies in the range of 1 to 3.5 for various values of
slope and step height. Values of & /k for /h= 0.8 is larger than those of /A= 0.6. For
any given slope, the value of k,/k increases with decreasing step height. Eq. (4.15)
shows that the increment in the ratio k,;/k results in the reduction of the coefficient B’.
Therefore, it can be deduced that a reduction in step height or slope decreases the value of
coefficient B* and increases the ratio &, /k.

To investigate the similarity in the logarithmic velocity profile, experimental
observations are plotted for each step height and slope in Figures 4.30 to 4.34.

Consolidated results for the entire experimental observations are also shown in Figure
4.35 for comparison. For any given slope and step height, observations fall on a single

line up to a certain value of y/k,. This dimensionless distance, which is referred to as
y* =y, /K,, is normally larger for higher discharges. Itis feasible to plot the logarithmic

velocity profile for each slope and step height up to y*. Figures 4.36 to 4.40 shows
such plots which logarithmic functions are fitted to the data and Eq.(4.13) for fully
turbulent flow is also shown. Figure 4.41 shows the consolidated results for the entire

experimental observations, plotted up to y*.

4.3.5 Skin Friction Coefficient
Quasi-smooth or skimming flows occur over boundaries of recirculating water
depressions. The roughness elements should be so close that their recirculating water
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remain in the grooves separating the elements. These depressions are maintained through
the transmission of shear stress from the main flow.

As discussed, skimming flow over a stepped spillway becomes a fully developed
flow after the initial steps. This means that forces acting on a fluid element are in
balance. For such flow, the shear stress will be in equilibrium with the fluid weight.
The momentum principle therefore results in (Figure 4.42)

(t-i-g-sz)dp,-tdp,-ymAx Ay Azsin6=0 4.17)
y

where 7 = the shear stress, p, = the wetted perimeter, ¥, = the specific weight of the air-
water mixture and @ is the angle of the spillway channel with the horizontal line. The
shear stress at the side is negligible because the resistance at the side wall is much smaller
than that of the recirculating fluid at the bottom. Replacing ¥, =p, g and dp,= Az Ax

and integrating, Eq. (4.18) can be written as
Y9
T=5infg Ip,,,dy=sin€g/—3:){9 (4.18)
0

where 7= the bed shear stress that exists between the main flow and the recirculating
fluid in the step groove and p,, = the average density of the air-water mixture. The bed

shear stress can be also expressed in terms of the skin friction coefficient, ¢, as

- |7
r=cf£~42-m— (4.19)

Substituting Eq. (4.19) into Eq. (4.18) and summarizing, the skin friction coefficient can

be expressed as .
cf =——28y32s i (4.20)
m

The model observations of the present investigation are analyzed as well as
observations from previous investigations on stepped spillways, pipe and fishway
studies. The results are shown in Figure 4.43, where the skin friction coefficient is
plotted as a function of k% or k/r, where r is the radius of a pipe. Observations of the
pipe flow extracted from Nikuradse’s experiment. These pipes were artificially
roughened by gluing sand of various sizes and in varying degrees of spacing on the pipe
walls. The Sikora’s (1997) work performed on a Denil fishway channel with flat slopes
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where /h ranged from 3.33 to 20. There was lintle or negligible air entrainment in the
fishway study.

The results shows a considerable scatter that covered two logarithmic cycles at
higher values of the relative roughness. The reason for such considerable scatter may be:

i) The depth of the flow was used to calculate ¢, for all previous works

except Tozzi’s and Nikuradse’s works. As discussed, the air-water
mixture in the spillway is highly agitated and the air concentration
increases continuously towards the surface of the flow. The ejection of
the water at the transition depth affects the flow surface, make it hard to
define the free surface depth. In an aerated skimming flow, the average
depth measurements will be judgmental and can’t be accurate. One should
define a characteristic depth at which the air concentration reaches a
specific value.
ii) In all previous research, except Tozz's and Nikuradse’s works, the
apparent velocity is also calculated from the depth measurement. This
leads to more errors since the error from depth measurements contributes
to values of velocities.
iii) It was seen that flows over stepped spillways in some models were
not fully developed because of the size of the models. There are three
distinct regions for the flow over the stepped spillway and the last stage is
called the developed region. In this aerated region, flow patterns reach an
equilibrium and most flow characteristics like velocity and air
concentration become invariant. In some investigations, the total height of
models were small so that the development of the flow were never
reached. Since air entrainment is an important feature of the developed
regime, it is necessary that the velocity and depth be measured in this
region.

In the present investigation, the depth of flow at 90% air concentration is chosen as the

characteristic depth. The average velocity of the mixture is obtained by integrating the

velocity profile up to this characteristic depth. _

Figure 4.44 shows the average skin friction coefficient, ¢ r» where for each data
set, the skin friction coefficient is averaged for a specific roughness height As
discussed, observations of some investigations are not accurate enough to rely upon
them. It is deduced that a single line passing through the data of Nikuradse’s, Tozz’s
and the present results represents well the average skin friction coefficient. Such a line
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can be used w evaluate the shear stress for the skimming flow. The fitted line can be
expressed in the general form as:

! =3.8510g(l)+3.53 4.21)

The correlation factor, R?, is 0.955 for the above equation. In Figure 4.44, Eq. (2.3) of
Tozzi’s work is also presented. Tozzi established his formula based on the experimental
observations obtained in a closed stepped conduit model with /k= 0.75. Eq. (4.21) can
be used for a wide range of y/k since it was derived from the data of the pipe flow as
well as the skimming flow in stepped spillways.

4.3.6 Energy Dissipation

In quasi-smooth or skimming flow, two main features of the flow contribute to
the energy loss. Firstly, the recirculating fluids in the groove of steps retard the main
flow. These stable depressions are maintained through the transmission of shear stress
from the main flow which skims over the steps. The recirculating fluid is unable to
separate and mix with the main flow because the roughness elements are spaced so close.
Secondly, macro-scale vortical structures, described in section 4.2.3, are continuously
generated at the tips of steps. In general, the energy of the flow is expended partially to
generate these vortical structures and partly to maintain the stable recirculating fluid.

Because of the complexity of flow over stepped spillways, no general solution
has been developed for predicting the energy loss. The solution presented by Rajaratnam
(1990) requires the estimation of the friction factor for both standard and stepped
spillways. In addition, the air entrainment is neglected in his calculation. A similar
solution by Chanson (1993) depends on the estimation of friction factor for the aerated
flow. The effect of air entrainment at the base of the spillway is neglected in Chanson’s
solution. Since no information is available regarding the turbulent components of the
flow, a general solution for the energy loss is not possible at the present time. It is then
decided to estimate the energy loss for the skimming flow using the experimental
observations.

As discussed, the flow over a stepped spillway becomes uniform after certain
length. This region extends to the base of the spillway and all flow characteristics do not
change in this region. If the channel bed is chosen as the datum, the specific energy,
which is the energy of flow per unit weight of the air-water mixture, is constant along the
channel length in the developed region. The specific energy at the base is therefore equal
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to that at a section along the channel length in the developed region. The specific energy,
E,, for a streamline aty elevation can be written as (Figure 4.45):

2
Eb(y)=ycos9+;%+[-u—"‘£—)]- (4.22)

where p (y) is the pressure stress at y. The pressure distribution can be presented with a
hydrostatic distribution. Considering that the density of flow varies with y, p(y) can be
described as:

Ys
p(y)=gcos6 [ pn(y)dy (4.23)
y

where y, is the elevation of a defined water surface. Substituting Eq. (4.23) in Eq.
(4.22) and summarizing, the following relation can be deduced:

2
Eb(y)=cos9(y+y—.)+k"'?z—)]- (4.24)
where
Ys
J. Pm (y) dy
Yo =2 (4.25)
o 0)

¥« is a measure of the flow depth above the streamline y if it is replaced by a flow with a
density equal to p,,(y) and a depth of y.. Eq. (4.24) represents the specific energy at a

streamline y above the bed. The mean specific energy at the base of the spillway, E,,
can be described as:

Ys
J.pm(y) um()')Eb(y)dy

E,=4— (4.26)

[ Pm(3) tm(v) dy
0

Substituting Eq. (4.24) in Eq. (4.26) and summarizing, the following equation can be
sought:
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E_b=cos g L +a, 2—”‘g- 4.27)

Vs

[ D) () 2y
0

where

Ys
1 [ Pm3) [um )] dy

Q. =—5
m

(4.28)

T o) )
0

is the kinetic energy correction factor for the aerated flow and V_ is the average air-water
mixture velocity over the entire section. The elevation of water surface, y,, is chosen as
that value of y where the air concentration is equal to 90% (y,). The density of the air-
water mixture for a streamline y , p,(y), can be expressed in terms of the air
concentration by the relation (neglecting the density of air)

Pm(¥)=pPw (1-C(»)) (4.29)

The first term in Eq. (4.27) represents the pressure head plus the datum head
(potential energy head) while the second term represents the kinetic energy head. The
assumption of the hydrostatic pressure distribution in the upper zone of the flow is clearly
not realistic. Preliminary calculations show that the potential term in Eq. (4.27) ranges
from 1% to 3% of the mean specific energy. An acceptable approximation for Eq. (4.27)
is therefore can be described by

— V2
E,= a,s_% (4.30)

At the upstream channel, the flow is not aerated and the density of the flow is
constant over the flow depth. For such flow, the specific energy can be described as

2
Eu(y)=Zo+y+%+Lul’2(—?]- 4.31)

where u,, is the water velocity and Z, is the elevation of the channel bed above the base
of the spillway and is equal to 2.50 m for the present investigation. If the hydrostatic
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pressure is defined for the upstream flow, i.e. p(y)=gp(y;~y), Eq. (4.31) can be
summarized as

2
Eu(y)=%+ys+h;;_)l' (4.32)

Using the definition of the mean specific energy from Eq. (4.26), the mean specific

energy at the upstream can be described by the following equation:
2

E,=Zy+y,+a Yo (4.33)
2g
where
Ys
| [ dy
-0
o= T (4.34)

is the kinetic energy correction factor for a non-aerated flow. The first, second and the
third terms in Eq. (4.33) represents the datum, pressure and kinetic energy heads,
respectively. Preliminary calculations show that the kinetic energy head ranges from
0.3% to 0.6% of the mean specific energy and it can be neglected. Eq. (4.33) is then can
be approximated as

E,=Zy+y, (4.35)

The total head loss along the spillway, AE, equals to the difference between the

maximum head available, E, , and the residual energy at the base of the spillway, E,. If

the relative energy loss is defined as A E/E,, it can be shown that

AE B (4.36)

Substituting Egs. (4.30) and (4.35) in Eq. (4.36), a general relation for the energy loss
can be described as

2
AE a’%‘
=] -8 4.37)
E, Zy+y,
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Figure 4.46 shows the variation of the energy loss with the discharge for various
values of slope and step height for the present experimental observations. The energy
loss ranges from 47% for I/h= 0.6 and h= 31.25 mm to 63% for /h= 0.8 and h= 125

mm. Value of &, ranges from 1.02 to 1.15. Figure 4.46 shows that the energy loss is

less sensitive to the discharge. For a given slope, the energy loss decreases with
decreasing step height. This is confirmed by the analysis of the friction factor which
shows that the skin friction factor decreases as the roughness height reduces. The results
of Tozzi’s (1994) work are also plotted in Figure 4.46. His results were based on a
model study where the step height varied from S mm to 60 mm and the spillway slope
was 1V:0.75H.
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Table 4.1 Dimensions of vortex tubes
h (mm) Q (L7s) 24.3 | 41.
2 53
125 Penertation Depth 22 30
___ (mm)
Thickness (mm) 18 15
62.5 Penertation Depth 20 15
(mm) _
Thickness (mm) 12 7

Table 4.2 The location of inception section in terms of step numbers

Q (Is) h= 31.25 mm h= 125 mm h= 31.25 mm
I/h= 0.6 I/h= 0.8 h= 0.8
(step #) (step #) (step #)
19.30 6_7
21.76 10 9
2432 12_13 1.2 12
26.97 15 14
[ 29.71 16_17 2 17
32.54 18 19
35.46 20 2.3 21
38.45 22 23
41.53 23 3 25
4468 26 28
4791 28 34 31
51.21 30 33
54.59 )
61.55 45

Table 4.3 Values of the “rooster tail” height

Q {/s) h= 31.25 mm h= 62.5 mm h= 125 mm
I/h= 0.6 I/h= 0.6 /h= 0.6
(mm) (mm) (mm)
24.32 32 65 125
41.53 43 34 175
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Table 4.4 Values of parameters of universal velocity distributions for a

stepped spillway with I/h= 0.6

——

h Q. YF u. k, C y*
(mm) (L/s) (m/s) (mm)

) 0.7 1.02 157 6.7 0.3 |

2971 | 0.8 0.85 123 731 0.45

125 [ 4153 1 0.97 175 6.43 0.4

— 47.91 1.1 09 169 6.52 0.45

54.59 1.2 0.32 138 7.02 0.5

61.55 1.3 0.80 143 6.94 0.55

21.76 1.3 ~0.64 41 " 8.32 .

2432 1.4 0.65 46 8.03 0.95

[ 26.97 1.5 0.63 45 8.07 1.1

[ 29.71 1.6 0.7 64 7.23 0.7

32.54 1.7 0.75 73 6.89 0.65

35.46 1.8 0.76 77 6.76 0.65

62.5 41.53 2 0.71 63 7.24 0.95

44.68 2.1 0.79 89 6.39 0.65

4791 2.2 0.72 72 6.93 0.85

S1.21 2.3 0.74 75 6.82 0.9

54.59 2.4 0.75 78 6.74 0.8

53.03 2.5 0.73 74 6.84 0.85

61.55 2.6 0.73 83 6.57 0.8

21.76 2.6 ~0.73 43 6.48 0.85

24.32 2.8 0.68 40 6.67 0.95

 26.97 3.0 0.67 40 6.65 1.15

— 29.71 32 0.68 41 6.60 1.1

31.25 32.54 3.4 0.67 41 6.61 0.95
35.46 3.6 0.67 41 6.62 1.2 |

~ 38.45 3.8 0.69 35 6.39 0.95

41.53 340 0.68 45 6.39 1.1

4468 42 0.66 42 6.56 1.05

~ 47.01 44 0.65 42 6.51 1.05

104



Table 4.5 Values of parameters of universal velocity distributions for a
stepped spillway with I/h= 0.8

(ml:n) (L?s) y/h (mis) (r:ﬁu) ¢ v
24.32 0.7 ~0.95 150 7.0 0.3 |
29,71 0.8 0.95 202 6.29 0.3
35.46 0.9 091 191 6.42 0.3

125 41.53 1.0 093 [ 213 6.16 0.3
47.91 1.1 0.88 203 6.27 0.35
54.59 1.2 0.90 215 6.13 0.35
61.55 1.3 0.95 218 6.10 0.5
21.76 | 2.6 .87 66 5.62 0.55 |
2432 2.8 0.83 61 5.81 0.65
26.97 3.0 0.82 61 5.82 0.70

31.25 [ 29.71 3.2 0.82 61 5.82 0.75
32.54 34 0.80 61 5.83 0.75
35.46 3.6 0.78 61 5.83 0.75
38.45 3.8 0.80 61 S.79 0.8
41.53 4.0 0.82 66 5.63 0.8
4468 432 0.82 | 65 5.64 0.85
4791 44 0.77 60 5.84 0.9

105



0t sT 0z

oL |
St ] S

8°0 =W/ ‘uosueyd- - - -
9°0 =Y/] ‘uosuey)
8'0 =U/ ‘Poop

9°0 =U/1 ‘poOoM
gO=u1‘wwezig=y Vv
go=Yr'wwcgi=y ™

90=yn'ww gz ig=y @

skemyyids paddas jo 35915 oty wioy u

Jaquinu Ipnos g s
0Rdas uopdaouy ayy Jo duBISIP AP Jo uopeLE, [P InSig

0T

09

08

001

1741

ov1

w'

106



o€ 52 0z St o1 S 0
(€y) b — — ’
80 =Y ‘WWGTIE=y W 4 oz
$O=Wl ‘Wz =y M v o
. 4 \
90 =Y ‘WW G IE=y @ 7 ov
Y 4
%\.
— 09
» »”
4"
pe 08
Y
v
o’
> 001
P
7
~

— 0zl
ol

JaquInu 3pnosy yym spppout
Lem(gds paddass Jo ys010 aip w01y uopdas uondaduy AP Jo Rue)SIP A Jo uopeueA 7'p dandiy

107

w'



Y4

LTl 1K)
oy G¢ 0€ 6T 0c S ol

wuw 6z =y Vv
ww ¢'z9 =ym

WW gz [g =y & \

80

60

Ul

9°0 =U/1 30 33reSIP PIM JYSpPRY ,,[1e 1935001, 2 JO UoRELIRA €'p dand(q

(A Ty
£l
vl
Sl

91

108



(%)D

001 06 oL 0s or 0€ 74 ot 0
wnwixep v
| efesony m o e
] .
wnwiuiy € = o ?
v v ® .
v
v - a T N
- u "— . *
] JM

‘S0=un pym Kemjpids paddass e jo uogdas

(0" 1=uA) wu gz =y

- 01

0¢

0s

(ww) £

0L

08

06

001

011

padojaAap aup uy sanpea uopesyuadIL0d Jo a3uvt uBapy by gy

109



(%) D |
09

08

oot

paddng ® jJo uoidoy padopaaaq ur s

E1=Yoh = w= -
T =Y/ e
bi=yoh --oo-oen
0'b=Yoh = o= o=
go=yok - — —
LOo=Yyoh ——

(wd §°Z1=Y ‘9°0 =y/1) Kemudg
UL uoneUIIUO) B AJuvYISIF ANEPRY P andiy

(%) O/OP
08

0ot

110



001

(%)D

08 09 14 0c
—4
(L) bg-——— Ip \
®
9y bg—— \t\O\
eleq
rwowuadxy @ - &
\\%\* p&r\.v
>
€
P
@
%
\\0
%
/3
/! ®
N

0 1=unk)

o1

07

0€

o

0s

09

0L

08

06

W "gTT =4 ‘9"g=1yf yum Kemyyyds paddajs e uy gy dp days ye ayod uonenuaduo) Ny 9'p InSiy

(ww) £

111



(%)D

001 08 oL 09 0S 0¢ 0z 01
8C+
e a.v
9¢ X v X
Ob X avixe .
3V av  Ximw +
90 OV X W+
VX X§F
1204 al|v Xxe|+
O X 4
L.—Sn +
0 wvX|m+
O v X
n WiX &
a v X% ﬂx
0 X | +ex
XV &

O W &%

v

B

8°0 =UA UM Lem(nids paddass e uy ssaquinu dags JURIYIP ye djyoxd uopeyudUd 2y £°p danJyy

(0'v =u/f) unu gz7°1¢ =y pue

01

- 0C

0t

oy <

(ou)

0s

09

0L

08

06

112



001

] € l 1’0
I
@]
or 7o
N
£~ df i\\l =
ﬁ - um.wmuo/ |-
1€€°0 o S g S N Mgy (R
—ik
e il z
" Ll
e ﬂ
001

(01 =4pL) ww g7 =y pue 9°g =1y} Pim Aemjpyds paddas e uj uog3aa padojaaap
1) JO dU0Z Jamo] A uj s19jauresed UORNQLIISIP UONBAFUIIUGD Jf8 JO uopewipisy g'p andpy

113



Ol 1X0)

08 0L 09 0S ov o€ 0z o1 0
0
STIE ‘g X
STl ‘§°X
Al (R 4 ol
¢eoom
YA RNV 2
= . 0T
(un )y “‘yfy
o€
(%)D
¥ m v ov
X L LTI v X
v
¥ S m|Y o)
X n .
X 2 Y 0s
m ¢
m N
0

143y days pue adojs Jo sanjea snoprea
J0) skemyiids paddays uy 9318YOSIP Ay YiM UOREIUIIU0D 8 UBIW Y] JO uogelIBA ¢'p Indry

114



srno

08 0L 09 0S oy 0t 174 ot 0
0
STIE ‘g X
STI ‘g’ X or
STIEYY
WAV o
YA R 4
ww)y*
MUOVRT o€
14
(%)<
M X ¥ T X 0s
. L. 5 m v m X > 3 4
&l uB % —& = 09
] “ v
JF Ill 0L
08

133y dags pue adojs Jo sanfea snoprea 10§ skemypds
paddass uy adrewpsip M dap uopsuea) Y 18 UOPEIIUIIUOD If8 NP JO uopeLIBA Q['p andyy

115



/10

08 0L 0s oy 0c o1
STIE ‘X
6Tl ‘g X
YA C A 4
§T9‘om
sti‘oe )
T
| (waut)y ‘yfp
———1—
X v .
u X X
e
X g/ V¥
XX x
|
X X
| vy
I |
1432y days pue adojs Jo sonea snopiea 10§ skemds paddays uyg
33.18yds(p ym dap uogisuey ay Jo KeM-J[BY 18 UONBIIUIIUOD 118 A1) JO uopsvlIBA [1'p andyy

01
S1
07
ST

(%)

St

11 4

116



08 0L

0s

(sSr1 0

114

01

STIE 'R X
STl ‘g X
CTIE'YY
79 '9m
sti‘g'e

| (wu)y y g

»*

4 B | X
< -

Ba X

o<

a B X%

x—

xe

X

10 skempids paddas uy a3

133y days puw adojs jo sanjea snoprea

BYISID yHM (9°p) b uy 2atowrered samod jo uopepies Zy'p 2andyy

$0°0

o

ST'0

0

ST0

€0

Se'0

$0

A

117



m\%ﬁ\ M o

U 01
STIE ‘S X
STl ‘g X
STIE‘VY
ST99'.
YA 2
= €
(ww)y‘yfp
X ¢ xxowr-
X N
L '
* v |
X X l
LT

o

(44

€0 D

Al

<0

90

118

W3y doys pue adojs Jo sanfea snoprea 105 skemipds paddays
uy (1dap uopsue) pue £)P0[AA J8IYS AN} 0) UOPRIIUIIU0D JJ8 UB3W A Jo UOPBIAY €'y ANy



x 6f

$1'0

124)

8'€ 9¢ v wo

10) skemipids paddas ug sa

1y3pay days pue adoys Jo sanjeA snopea
swered Moy 03 UONEB.UIIUOGD JE UBIW I} JO uopeRy pI‘p 3Indyy

o1

(%)2

0s

119



[ A

FA))
ouIs

80 Lo 9'0 $0 b0 £0 0 1o 0
ISV — 0
STIE'S
YARE'S
sTIe'y
€9y
Ty

() “yfy

01

<€ X ¥

L 4

\\ @)
- -

¥
T

1431y dags pue adojs Jo sanjea snopiea Joj skemyids
paddxs uj adojs pue a31eypsp moy 03 uone.nuUadU0d If8 UBIU Y} JO UONBRY SI'p 2andyy

0s

A

120



€0 8¢°0

920

€0
rol@us)
vTo (444 0 810 I’ p1°0 (41§ 1’0

(11'p) b e

STIE'S
YARS
STIE'Y
ST’y
YA 8

¢ R 4 X X

o1

() “y |

o
(%)2

143gay days pue adogs Jo sanfea snoprea sof semppds

paddays uj adoys pue s31eipsip Moy 03 uopE.RUIOU0D Jf8 UBIW AR JO UORLRY 9°p andyy

121



0L

(D0
0s ov

07

01

o e

STIE g X
YA B
STIE'9Y
$T9'9m
ST @

(ww)y ‘yfy

X
X u
v

X

X
|

m«
x

xXe

X

v
R

X

B €%
X | Bedx

() 64

001

snoprea Joj skemiids paddays uy adxeyasyp pym moyj jo \pdap saddn ap jo uopepy £1°p 2andyy

143y dags pue adogs jo sanfea

144

122



08 0L

(t7is )Xo
0s o

01

STIE'eX
ST1 ‘8'X
STIE9Y
AR
stig e

| () y “y

lQ!(

v s

¥V W X

3

X

X

w3y dass pue adogs jo
san{eA snogrea 10§ skemipyds paddays uy a8xeysip ym pdap uogsue.n 3y jo uonvpPy §I°p 21y

01

0L



08 0L

STIE g X
cTr ‘g X
STIE9Y
AR
4 BV 4

DO
0s op

0c

o1

(i )y “y

<

X W % 4

¢ XH

X

X <aBm

m X

]

w3y das pue adojs jo
SonfeA snopieA Joj skemiids paddays uy a31eysip ynm 1ySray uogaafod a Jo uopeRy iy dndyy

01

4
0T

(utwt) YA
14

st

o

124



08 0L

/D0

0S

0z

01

STIE ‘S X
AR P
STIE'9Y
§To''m
STy e

- (w)y Yy

J”ww

1

N
~
u

W 4

13y days pus adojs Jo sangeA snoprea
Joj skemypds paddays up afaeysp pim opea pdap INSLIANIBIBYD A Jo uonBERY (7P dindyy

0

b0

90

6

mAEA..*.&A.v

(4

125



L4

008

(wwr) peay uopeude)g

009

wnuiuiA N

wnwxep ©

on

R
b

|

ol

onm

Olm

001

1741

(141

091

(wur) wingep aaoqe Y3PH

126

(0T =upk)
wu §°79 =4 pus 9°( =y \pim Lempds paddags v uy peay uoneude)s jo aSuea UBIAl [T'p dandyy



%

(€1=4pk)
WUt ST =4 ‘9'0=w1 Wim Kemiyds paddars v uy or dp doys 3 opoud Lypopps 7z 2andig

1]

0z

0s

0L

001

144
071

(wrm) £

127



0L 09

0s

D0

0¢

1]

STIE'EX
ST g X
STIE'9Y
AR
YA 4

| (unu)yy ]

—
u
®

<

LA

.(J X4

X

0

$'0

90

9l

-4 ¢

128

1319y days pue adojs jo sonfea snoprga
10j sfem(gids paddass uy a81erpsip s opea pdap opspvyoRIRYD A JO UORBlRY €T aandyy



[ 14 € (4 I 0
4 uorneAIasqo sryder3oloyd o 0
. 2Q ppuel] &
1 )
-0 01
oe |
*
e~ i 74
\s!
. oc
o =
. 5
. | 8
o o
L W)
°
® Y
°
o
09
.
.
0L

(b°1 =ypf) unu 579
=Y pue 9°0 =1 \pim Aemyyyds paddass e uy spoyraw yuasagyp Aq uaye; sdyoad (ypopRA 7'y 2andyy

129



9 S 14 € < I 0
uoneasasqo owydesdotoyga | 9
P 3qn) ppuely @
Us o1
®
®
O 0z
°
°
. ot
®
e U b=
: :
®
e O 0s =
®
®
—o——1{} 09
®
®
—® * 0L
®
®
08
o
06
(0T (yph) unu gz9

=Y pue 9°0 =Y/ YnM Lea(yds paddays e ug spoysaw Juaagyp Aq uaye; INyoad HPoPA S7'p 2an3yy

130



131

9 S L4 € (4 I
uoneAsdsqo oyderdoloyd O
. . aqm appuel] ¢
e
O e
e
‘L
*q
.
o

*
v
®n
.
¢ D

.

3
.
.
. ¢
¢

. (8°T =ypA) wiut g7'1¢
=Y pue 9°) =y/] \pIm Kempyds paddays e uy spoyraw yualayyp £q uaye; sagoxd f3p0A 97'p aandyy



I

.._oum?_umno o_amﬁwouof u]

3qm) ppueld e

(0 =upL) unu gz7'1¢

=Y pue 9°( =11 \Pim Kemqds paddars e uy spoyawr yuasagyp £q uayes sapgoad K3PORA L7 2andig

2 & & §
(urm) £

e

132



(ww) 34

0001 001 01
9'9L=3® unu 97 =s4['6 DI 3. {571 Jg0 =4n] i g9y =
wut 6 piL Y ‘W' 2.0 [SAU L6'0 =4n|wrw ¢'py =3

b9 =3 X ww 6 fpf b £.d S 9T° [ =¢n{unu ¢ps =3 1dy
vs =3 X
91 =3V

0=3¢

ok

X
v X
J X | X .
X X ®
- v X X ol
3 ] vMA x* ®
N . A x* o’
N XJ X! @
¢ K ®
2
v
(0°1=4/2A) unut 9'9f, =y ‘wrur g7 =y ‘9°g=yy]
s Kempyds paddas e uy gy dogs ye suj3pIo yua1ayyip e sayoad Kypojaa dQrunpuedo g7y aandyy

133



rmo

oL 09 0s o 0c 114 1] 1
™
L
- &
* ¢ » - X
vVvyyV
v Y v
m ¢®|v X
X X
X X X
STIE'S X
X X X
STy X X K ox x
STIEY'Y X x X
¢'z9'o'm
YAN'K 4
(uru )y ‘yfy
adoys Aemypds

pue spy3dRy das Juasayip 1oy 33 1viPSIP M opel ssouydnoa aapeea ap JouoneLiep 6zp 2andyy

S'I

St



uﬂ\m.ﬁ

1'0

g'Le

eI X

v

g'om

0@

Wb

(w1 9°p9 =3 ‘wur 9°9/, =y) unu
STI =Y pus 9°0=11 M Kemjjyds paddas & jo g14 doys 18 saqyoad Kpooaa [estaafupy o€y 23y

«0/ |

135



o1

n&\w%

9'¢cX

S'cY

vzt

g'ce

¢c—-

l'e-

z+

«0/'n
136

g'le

L X b4

9'L X X .2

S'LVY

pim Vo B e

£'Le

ypA
(W ¢°g¢ =3 ‘ww ¢*ge =¥) wnu

§°79 =U Pue 9°0=u/] pm Kemiids paddas e Jo 974 dars 18 soqyoad Aypoofaa [esavajup) [¢'p aandyy



0}

a#\m.ﬂ

ve

A8 A

8'¢c +

gce

r'ex

geEX

1A 4

g'cH

9'ce

<
0/0N
137

.
b

&,

T

0..
4

Yo

T2

(W LY =3 ‘Wit p°6Y =) unu
ST'IE =Y pue 9°0=y/] i Kempds paddass v jo poy days yu sopgoud L1pojaa [essaagun Z¢p aunSy



n&\w%

1'0

g'Le

cLX

X

v

80N

l'0e

YA

(ww §'p9 =3 ‘wwr ¢°¢g =¥)
ST =Y pue g'0=1/| Y@M Lem((yds paddass e yo 914 days ye saqgoad £3100[94 [BSIAATUN) €' NSy

0N

138



o1

L/

100

b'ye

cr—

8'c+

g'ce

bexX

ceEX

cev

g'cH

9'ce

«0/n
139

YrA

(ww g7 =3 ‘wwt g°g7 =Y) W
ST'IE =Y pue g°0=u/] yim Lemjiids paddats e Jo p9g days 16 sajgoad K310faA [BSIANIN) pep 2andyy



u&\mz.
o1 I 0

100

STIE'ROX
STI ‘80X

| szig90v
$'79'9°00

SZ1°9'09

~(uau )y ‘yfp

s1y3yY
das pue sadojs Lemjpids yuasagyp ym skempds paddays uj sopyoud £31d0jaA [esIdAmu) Sep 2andyg

£/ 0

140



p Al

0

cg+ Erd

(ww 9°9/ =Y) W SZ[ =Y pue 9g=yy} ]
pim Aemyids paddess e uy moy awp jo uog3ax somoj arp uj sagoad A)PopaA BsIdAU) 9¢'p aandy



01

u&\w.ﬂ

8.
Y n 4]
m)wAmlLusﬁ.musl: 1

(Wt §°g¢ =Y) unu §°79 =y pue 9°g=y/
ns Kemiids paddess v uy moy ays Jo uogdax zamoj auy uy s3jgoxd L3003 JeSIANIN) LE'p dandy]

«/'n
142



01

u&\w“ﬂ

o

§.
y
ol

n
801SL°S =

&/

«n/fa
143

©

(ww gy6y =Y) wnu §7°I¢ =Y pus 9°9=1y]
Pim Kemjiids padda)s v uy moy ays Jo uodaa samof atg uy saqgod A1D0[AA [BSIIA[UN gE'p xudyy



u#\w%

1'0

m.w+ﬁ

.—.&u
Erd

-
So1§L° 5 =5, —_|

P

(ww ¢°¢g =Y) W GT[ =Y pue g'0=u/

s Kemiids paddays  uy moy a3y Jo uoydax moj 3 uy sajgoad £ypoojaa [eSIAIUN) 6E°p 2an3yy

«N/ANn

144



u«\m.ﬂ
1’0

100

\

«0fn
145

-

) sy o
$'8+| 3¢ |0ISL S ==

(W g°07 =) W §Z'[€ =Y pue g'g=1y/]
s Lemids paddas e ug moyy ays Jo uoiSax xamoy a uy saqgoad K31dojaa [esIdAfup) Qp'p anByg




01

.—.&\m.ﬁ

10°0

m& QR
S8+ 3¢ usﬁ.nu._ﬂ

31ay days pue adojs Jo sanfea snoprea
M sfempids paddass uy moyy ays Jo uoySax Jamof A uy sapyoxd K1I0aA [esIAfUN) [p'p danTyy

01

«n/'n

146



‘\t: dt/dy* Ay

Figure 4.42 A schematic sketch showing the control volume for the
developed region in the skimming flow
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Figure 4.45 A schematic sketch of the flow in the developed region with
a varying density and velocity
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Plate 4.1 Side view of a stepped spillway model featuring the non-
aerated region
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Plate 4.2 Front view of the stepped spillway model showing that the air
entrainment starts earlier at side walls than the central part
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Plate 4.3 The developing region of the skimming flow over a stepped
spillway model
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Plate 4.4 A close-up view of the flow in the developing region
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Plate 4.5 Side view of the developed region in the skimming flow
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Plate 4.6 A close-up view of the flow in the developed region showing
two different zones
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(a) frame # 4622

Plate 4.7(a-d) The evolution and termination of the vortex tube at a step
tip in the developed region of a skimming flow (I/h= 0.6, h= 125 mm)
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(b) frame # 4661
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(c) frame # 4728
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(d) frame # 4742
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(a) frame # 607

Plate 4.8(a-b) The varying flow surface in the developed region of the
skimming flow (I/h= 0.6, h= 125 mm)
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(b) frame # 915
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(a) frame # 502

Plate 4.9(a-d) The process of the “rooster tail” formation (I/h= 0.6, h=
125 mm)
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(b) frame # 599
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(c) frame # 705
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(d) frame # 810
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(a) frame # 273

Plate 4.10(a-b) The existence of dark and white cloudlets in the air-water
mixture (1/h= 0.6, h= 62.5 mm)
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(b) frame # 373
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(a) frame # 166

Plate 4.11(a-d) The passage of a dark cloudlet, marked as A, between
two consecutive step tips on a streamline (/h= 0.6, h= 62.5 mm)
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(b) frame # 176
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(c) frame # 185
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(d) frame # 196
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Chapter §
CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

A systematic approach to the skimming flow over a stepped spillway is presented
in this thesis. A large scale model was constructed to avoid the significant scale effects in
the modeling of a stepped spillway. An extensive experimental program was designed to
measure the flow characteristics. Most observations were made in the developed region
of the skimming flow. The air concentration was measured by an electrical probe
constructed for this study and the velocity was measured by the Prandtl tube. Flow
visualization was performed with the aid of a high-speed video camera to provide detailed
information regarding the vortex structures. The air concentration data was analyzed
based on a method developed for the analysis of flow in steep channels.

The skimming flow over a stepped spillway is both complex and varied. The
flow is strongly influenced by the roughness elements. The self-acration phenomenon,
which is the entrainment of the air from the atmosphere and the diffusion of this air
through the flow, creates a violently agitated stream with an ill-defined free surface. The
bulking of the flow and the ejection of water drops are the common features in this type
of flow. In the groove of each step, a stable recirculating eddy is formed which is
maintained through the transmission of the shear stress of the main flow. Macro-scale
vortex structures are also formed at the tips of steps.

A non-aerated region is formed at the upstream end of the spillway where the
flow depth decreases. The large bed roughness projections result in a dominant bed
generated boundary layer. Due to the experimental limitations, the growth of the
boundary layer could not be studied. However, the inception of air entrainment was
studied visually. Downstream of the inception point, a developing region is formed
where the bulking of flow is caused by air entrainment. The flow characteristics vary
with distance along the channel in this region. The air-water mixture in this region has a
highly irregular, wavy surface in which the returning water drops ejected from the
surface continuously entrained air. After a certain length in the developing region, a
condition of equilibrium is reached where flow characteristics do not vary with distance
in this region. This region is referred to as the developed region. Two zones within the
depth of flow exist in the developed region. In the lower zone of the air-water region, air
bubbles are suspended in the water. In the upper zone, water drops are ejected from the
stream into the atmosphere.
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The point of air inception was studied visually by the aid of a high-speed video
camera. The enhancement of the growth of the boundary layer and the deflection of the
intemal flow by steps causes an early inception of air entrainment. The distance of the
inception point from the crest is estimated empirically.

Air concentration profiles in the developed region were established based on the
output readings from the electrical air concentration probe. Because of the similarity of
flow over stepped spillways to flow in steep channels, the method described by Straub
and Anderson is used as a basis for air concentration analysis. The results of the analysis
showed a satisfactory agreement with the experimental data. The variation of some
characteristic depths were also studied.

An indirect method of obtaining mixture velocity was introduced with the aid of
the Prandtl tube measurement and air concentration values. An alternative method was
used with the aid of photographic work to check the former method. A reasonable
agreement between these two measurement methods was found. The Prandtl-Karman
universal velocity distribution was examined for the experimental data. Parameters of the
universal velocity distribution were evaluated.

Since the flow in the developed region is uniform, a method was introduced to
estimate the skin friction coefficient in this region. The estimated values of the skin
friction factor were compared to those obtained by other investigations on stepped
spillways, pipe and fishways.

It was deduced that two main features contribute to the energy loss in stepped
spillways. These include the recirculating fluids in the grooves of steps and vortex
structures at the tips of steps. Values of energy loss for the present study as well as
other investigations show a considerable energy loss.

5.2 Conclusions

The present study is the first major attempt to provide detailed information
regarding flow characteristics of skimming flow over stepped spillways. A large model
was constructed to avoid scale effects and to simulate prototype condition where
significant air entrainment is expected. Such detailed observations had not been produced
before.

Parameters that influence the air inception have been identified. The distance of
the inception section of air entrainment from the crest for a stepped spillway was found to
be smaller than that for a standard spillway. This indicates that steps enhance the flow
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turbulence. An empirical equation was derived to estimate the distance of the air
inception section from the crest.

Air concentration profiles were obtained in the developed region. A method used
to analyze the air concentration distribution showed a satisfactory agreement with the
experimental data. It was found that stepped spillways entrains more air than chute
spillways. This could reduce cavitation and associated erosion.

Velocity profiles were obtained in the developed region. The results of velocity
measurements by two methods showed a reasonable agreement between these method
findings. The Prandtl-Karman universal velocity profile was examined for the
experimental data. It was shown that the logarithmic velocity profile exists for the entire
experimental data in the lower zone of the flow depth in the developed region.

A reliable correlation was established to estimate the skin friction coefficient for
the skimming flow based on the present study and results from other investigations. This
relation can be used for a wide range of flow roughnesses.

The flow characteristics that influence the energy loss in stepped spillways have
been identified. Estimations of energy loss for the present investigation showed that the
skimming flow dissipates less energy than the jet flow.

5.3 Recommendations

e The growth of the turbulent boundary layer in the non-aerated region and the
effect of roughness elements on the enhancement of this growth needs to be
studied.

¢ The flow structures around the point of air inception should be studied more
closely to identify the mechanism of air entrainment. A high-speed video
camera that can provide images of 1/5000 second is most suited for this
purpose.

* The mechanism of the self-aerated flow in the developed region should be
investigated to understand the entrainment of the air and the diffusion process
through the flow depth.

¢ A larger range of flow conditions should be examined to investigate a wider
variation of flow characteristics.
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e The wrbulence components of velocities need to be measured. Non-intrusive
methods such as LDA are most suitable for this purpose and will provide
valuable insight into the flow characteristics.

e The velocity profile in the upper zone of the flow depth in the developed
region needs to be analyzed.
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APPENDIX A

AIR CONCENTRATION PROFILES FOR VARIOUS VALUES OF FLOW
DISCHARGE, STEP HEIGHT, AND CHANNEL SLOPE
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APPENDIX B

VELOCITY PROFILES FOR VARIOUS VALUES OF FLOW DISCHARGE, STEP
HEIGHT, AND CHANNEL SLOPE
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APPENDIX C

LOGARITHMIC VELOCITY PROFILES AT DIFFERENT ORIGINS FOR VARIOUS
VALUES OF FLOW DISCHARGE, STEP HEIGHT, AND CHANNEL SLOPE
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