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Figure 6 Relationship between energy dissipation on gabion stepped spillways

and modified spillway drop number
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Abstract

Stepped chute is the important hydraulic structure for
drainage system of mountainous roads. It increases the efficiency of
energy dissipation and reduces outflow velocity causing a smaller
energy dissipation basin before water is released to the natural streams.
This paper presents the resulis of the experimental studies on the
hydraulics of flow on gabion stepped chutes. Gabions consist of rockfill
material enlaced by a mesh. They are local available, high stability and
low cost. The results of the study include type of flow on the structure,
pressure on step, and flow depth on the structure. It was found that the
pressure on step was less to 27 percent. Due to base flow through the
filled stones, the flow depth on gabion stepped chute was less than that

of horizontat stepped chutes. These result data are useful for the future

research and fundamentst design of gabion stepped chutes.
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Abstract

This paper presents the results of the cxperimental study on
the energy dissipation and outlet velocity on stepped channels with end
sills. The channels are 0.40 m wide and 3.0 m long with the slopes of
30", 45° and 60°, respectively. The step height is 5% of the channel
height.
respectively. It was found that the imporant variables affecting the

The heights of the end sill are 0.0, 0.5, 1.0 and 1.5 cm,

energy dissipation and outlet velocity were channel slope, Drop
number, and end sill. The energy dissipation decreased when Drop
number and the slope of the channel increased but increased when the

height of end sill increased. In contrast, the outlet velocity increased

when Drop number and the siope of channel increased. From these
results, the relations of energy dissipation and outlet velocity on stepped
channel and the important variables were formed with the R’ in the

ranges of 0.895 and 0.996.
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Flow through Gabion Stepped Spillways
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Abstract

This paper presents the results of the exberimenta! studies on the flow through the gabion stepped
spillways. The width of the gabion stepped spiliways is 0.40 m and the slopes of the gabion stepped spillways are
30°. 45", and 60° with total spillway drop height 1.50. 2.12. and 2,60 m. respectively. The step height is 5 percent
of the total spillway drop height. The discharge through the gabion stepped spiliwavs was varied from 4 10 68 /5. It
was found that nappe flow occurred at low flow rates, transition flow at intermediate discharges and skimming
flow at larger flow rates. The regimes of flow could be identified by the ratio of critical flow depth and step
height. The energy loss varied inversely with the modified drop number, i.e. energy loss increased when ﬁmdiﬁed
drop number decreased. As the energy loss of flow increased, the velocity of low at the spillway outlet decreased.
The energy of flow was dissipated more in the gabion stepped spillways than in the horizontal stepped spillways
about 10 percent. The velocity of flow at the outlet of the gabion stepped spillways was less than that of the

horizontal stepped spillways by about 14 percent.

Keywords : Stepped spillways / Gabions / Energy loss / Outlet velocity
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ABSTRACT

This paper presents the results of the experimental studies on the energy loss through
the stepped spillways with end sill. The slopes of the spillways are 30°, 45°, and 60°, with
total drop height 1.50, 2.12, and 2.60 m, respectively. The height of the end sill varies Tom
0 — 20% of the height of the step. As observed, the flow regime on a stepped spillway cun be
either a nappe flow or skimming flow regime. Nappe flow occurs at relatively small discharge
whereas at larger discharge skimming flow is found. Based on dimensional analysis, the
important parameters are analyzed and the relevant dimensionless parameters are formed. It
is found that the energy loss is strongly influenced by the spillway drop number and the slope
of the stepped spillways. As the spillway drop number increases the energy loss decreascs. In
addition, at the same spillway drop number the.energy loss in the milder stope is greater than
that in the steeper one.

KEYWORDS: Energy dissipation, stepped spillways, end sill

INTRODUCTION

Stepped spillway is an energy dissipator having profile made up of steps. These steps
significantly increase the rate of energy dissipation of the flow on the spillway face.
Therefore, the size of the energy dissipation basin at the spillway toe can greatly be reduced.

The first comprehensive work on stepped channels was made by Essery and H.ymor
(1978) and a numerous graphs useful for design were provided. A number of experinentai
studies on energy dissipation by stepped spillways were made (Sorensen, 1985, Rajaratnam,
1990, Diez-Cascon et al., 1991, Stephenson, 1991, Peyras et al., 1992, Christodoulou, 993,
Israngkura and Chinnarasri, 1994, and Pegram et al., 1999.)

For a given chute geometry, the flow pattern may be either nappe flow at low flow
rates, transition for intermediate discharge or skimming flow at larger flow rates. In the nappe
flow regime, the flow from each step hits the step below as a falling jet. The energy
dissipation is caused by the impact of the nappe on the step surface and by the turbu ence
created by dispersal of the nappe. A comparative study of energy dissipation between r appe
and skimmimg flow regimes on stepped chutes was made by Chanson (1994) and equstions
for estimating the energy loss of both nappe and skimming flow were introduced.

In the skimming flow regime, the water flow down the stepped face as a coherent
stream skimming over the step lips and cushioned by the recirculating fluid trapped between
them. Air entrainment generally occurs and enhances the flow turbulence. The energy
dissipation appears to be resulted mainly from the momentum transfer from the air entriined
stream to the recirculating fluid trapped undemneath.
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It was reported by Chinnarasri (2002) that the nappe flow would occur when

d L]
T" < 0.98(0.55)! (1)
and the skimming flow would occur when
Q.22
9 5 0.80(2 (2)
h I

*

where d, is the critical depth, 4 is the step height, and / is the step length. Generally, re ative
energy loss may be calculated based on the flow depths or flow velocities and it was not less
than about 40%. This information may be applied to determine the proper dimensions of a
stepped spillway and its energy dissipator to accommodate the design flow rate.

An experimental study on the energy dissipation comparison among the steped
channel, drop, and block ramp structures was reported by Peruginelli and Pagliara (2000). For
the case of stepped channels different step types were used: plain steel steps, rough step:, and
plain step with end sills of 0.025x0.025 m. The total drop height was 1.574 m with channel
slope of 1V:2H. It was found that the presence of the end sill increases the energy dissipation
process about 0 — 4 % for the case of nappe flow but the rate of cnergy dissipation of both
nappe and skimming flow was not mentioned.

As the knowledge of how much the stepped spillway with end sill increases the eiergy
dissipation is still limited, therefore, it is the objective of this study to investigate thrugh
experiments on the rate of energy dissipation of flow through the stepped spillways with
varied height of end sill.

DIMENSIONAL ANALYSIS
In any flow regime, the energy loss through a stepped spillway E; depends on the
discharge per unit width of spillway g, the spillway drop height Ay, the step height A, the end

sifl height a, the slope of the spillway ?, and the gravitation acceleration g. These variables
are shown in Fig. 1. They could be expressed functionally as:

E = flq.H; ha,a,g] ) 3)

Erengy he

Fig. 1 Variables in dimensional analysis
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Using Buckingham Pi theory, the variables in Equation (3) can be expressed in non
dimensional form as:

E, qz H,

a
- T ooar T, 1 s 44 4
H, g’ h Tk | )

Similarly, the remaining kinetic energy at the spillway outlet can be expressed in
dimensionless velocity ratio as:

=j;[

Vr q H,
gH, gH?  h

, % o] (5)

where Vr is the flow velocity at the spillway outlet. The dimensionless term ¢° /(gH;) is
named as “Spiilway Drop Number”, the ratio H,/h is actually the number of steps in the
spillway, and the ratio a/ 4 is the relative height of end sill.

EXPERIMENTS

The experimental setup is as shown in Fig. 2 Water was pumped from a laboratory
sump to the V-Notched weir tank from which water entered the stepped spillway through an
approach channel. At the bottom of the stepped channel, a horizontal outlet conveyed the
water back to the sump. The discharge, measured by the V-Notched weir tank, was varied
from 4 — 68 Vs.

\V-Notched Approach Outtet
weir tank channel channel

I | | \faried

Stepped spilvay

" l
Q =
a | _/ I
See detxils Tatal drap height(H)
Varied
|
9?]) Spilway slape, & =~
Fromsump
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e

ool

Fig. 3 Step dimension in millimeters

The measurements of depth and velocities in the spillway outlet were made at about 3-
4 times of the step length away from the lowest step face where turbulence and air
entrainment effect became less violent. The depths across the chute width were measured by a
vernier-depth gauge. The velocities were measured by two methods, first by a pitot tube and
second by dividing the flow rate by the-measured flow area. The values obtained were within
10% differences. In calculating the energy loss the velocity obtained from the first method
was used.

The depths in the chute were measured vertically from the step tips to the water
surface by a vernier-depth gauge and by a scale attached on the side wall at each step. For
conditions where skimming flow occurred, these depth included air entrainment effects. For
nappe flow condition, the flow normally appeared as a free jet falling from upper step to hit
on the adjacent lower step successively but at some locations the jet went far beyond the
adjacent lower step. The depths as measured by this method thus indicated the upper nappe
profiles or the apparent water surface profiles instead of the true depth of flow.

RESULTS AND DISCUSSION

The appearances of nappe flow (NF) and skimming flow (SF) in the experiments are
as shown in Fig. 4. The relationships between the energy loss ratio E;/Hr and the spiliway
drop number g*/gHy’ at different spillway slope o and different end sill height ratios a/ are
shown in Fig. 5.

Fig.4 Nappe fiow (feft) and skimming flow (right} on stepped spillway with end sitl
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It could be seen that in every case the energy loss ratio decreases as the spillway drop
number increases. According to the criteria for nappe flow and skimming flow regimes on
plain bed stepped spillways as proposed by Chinnarasri (2002), it could be observed th:t the
variations of £;/Hr with ¢°/gHy’ in different flow regimes are distinctively different.

In the nappe flow regime where the spillway -drop number is very low, Fy/Hr
decreases rapidly as ¢’/gHy’ increases and the ratio a/ has very little effects upon F1/Hr
especially for the spillway of milder slope. The presence of the end sill increases the erergy
dissipation less than 3 %. As most of the flow energy is dissipated due to jet breakup ard jel
mixing on the step and the formation of hydraulic jump on the step. However, it is obsurved
that the appearance of end sill is not much influence to the characteristics of jet and hydraulic
jump on the step.

In the skimming flow regime, E;/Hr gradually decreases toward a constant value as
q"/gHrj increases. In this regime the effect of a/h on E;/Hr can evidently be observed th:t the
higher a/h produced the greater E/Hr. The presence of the end sill increases the ensigy
dissipation about 8 %. It is due to the fact that as a/h increases, the recirculation vortices are
well trapped on the spillway steps. They are more stable than those in the smaller a/h ratio.
More energy is therefore required to maintain these stable recirculation vortices.

As for the effect of spillway slope, it could be observed that at the same value of a/h
and the same ¢*/gHy’, the milder slope spillway produced greater energy loss. At the hishest
g*/gHy’ being observed which skimming flow was fully established, the value of Ey/Hr for
a/h = 0 (no sill) to a/k = 0.20 for 30° slope varied from 0.67 to 0.7G while at 45° anc. 60°
slopes this ratio varied from 0.66 to 0.74 and from 0.68 to 0.77 respectively.

The relationships between the kinetic energy at the spillway outlet V;/(gHr)o‘j and the
spillway drop number g’/gH;’ are as shown in Fig. 6. The region of nappe flow and
skimming flow regimes are presented based on the spillway drop number correspondirg to
Fig. 5. The kinetic encrgy ratio increases almost linearly with ¢’/gHy’ and agrees reasorably
well with the variation of £,/Hr with ¢”/gHy’. As the energy loss decreases when ¢”/gHy
increases, the remaining kinetic energy at the spillway outlet increases.

In the nappe flow regime, the kinetic energy at the spillway outlet for all case:. are
small and they are almost the same because most of the flow erergy are dissipated alon;; the
stepped spillway. In the skimming flow regime, the kinetic energy at the spillway outlet for
the presence of the end sill is less than that for the plain stepped spillway because more flow
energy is dissipated.
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CONCLUSIONS

The conclusions from this investigation can be made as follows:

1) Flow occurrences on stepped spillway with end sill, as well as the plain bed stepped
spillway, can be categorized into two main flow regimes, i.e., the nappe flow and
the skimming flow regimes.

2} Under the same flow conditions and the same step geometry, the stepped spillway
with end sill could produce more energy loss than the plain bed one especially in
the skimming flow regime. As the end sill height increases, the energy loss
increases.

3) Stepped spillway with end sill which laid at a milder slope yields the energy loss
greater than the steeper one.

4) The spillway drop number ¢°/gHy’ has a very strong influence on the energy loss.
In the nappe flow regime, the energy loss decreases rapidly when drop number
increases. However, this decreasing rate is less and approaches a constant value
when the flow is in the skimming flow regime.
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Abstract

This paper presents the results of the experimental studies on the energy loss
through the stepped gabion spillways. The slopes of the gabion spillways are of
30°, 45°, and 60° with total drop heights 1.50, 2.12, and 2.60 m, respectively.
Based on dimensional analysis, the important parameters are analyzed and the
relevant dimensionless parameters are formed. It is found that the energy of flow
is more dissipated in the stepped gabion spillways than in the plain stepped
spillways. The energy loss is influenced by the spillway drop number, the slope of
the stepped spillways, and the size of filled stones. At the same spillway drop
number, the energy loss in the milder slope is greater than that in the steeper one.

Keywords: Energy loss, stepped spillways, gabion.

Introduction

Stepped spillway is a steep channel, which its floor is built up of a series of steps.
Besides the ease of construction and maintenance, one of its advantages over the
plain bed spillway is that more of the flow energy could be dissipate through it.
As a result the flow leaves the stepped spillway at a lower velocity and a smaller
size of energy dissipator could be used. The first comprehensive work on plain
stepped channels was made by Essery and Hornor [1] and a numerous graphs
useful for design were provided. A number of experimental studies on energy
dissipation stepped spillways were made [2-8].

Recently, new construction materials e.g. gabions and design techniques
have increased the interest in stepped chutes and spillways. Generally, gabions are
used for building small retaining structures such as small gabion weirs, channel
linings, and supporting parts of small earth dams.

Although a lot of research has been conducted on hydraulics of flow
through stepped chutes and spillways, the hydraulics of flow through gabions has
received less attention. Few research works on energy dissipation over stepped
gabion structures was made by [9-10] and simple relationships of energy loss and
drop number were provided. However, no comparison between plain stepped
spillways and stepped gabion spillways was reported.

Therefore, the objective of the study is to conduct a new experimental test
on the stepped gabion spillways in order to investigate the rate of energy
dissipation of flow and to compare the energy loss between the plain stepped
spillways and steppe 1 gabion spillways.
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Data Reduction

Gabions are hexagonal mesh boxes filled with small sizes of stones. Their
advantages as construction materials are: 1) their stability, 2) low cost, 3)
flexibility, and 4) porosity. The porosity of gabions is an important characteristic
preventing the building up of uplift pressures.

When water flows over a gabion structure, the flowing water can be divided
into two parts, i.e. base flow through the void between the filled stones and
overflow on the gabion structure. The amount of base flow depends on the
dimensions of gabions, the porosity, and the type of flow regime. Typically the
step height equals the height of the gabion. The stone size of the rockfill is equal
at least 1 to 1.5 times the mesh size but should not be larger than 2/3 of the
minimum dimension of the gabion. With these dimensions, the flow pattern may
be either nappe flow at low flow rates, transition for intermediate discharge or
skimming flow at larger flow rates.

In any flow regime and by neglecting the effect of base flow, the energy loss
through a stepped spillway £; depends on the total discharge per unit width of
spillway ¢, the spillway drop height Hr, the step or gabion height /4, the stone
diameter D, the slope of the spillway «, and the gravitation acceleration g. These
variables are shown in Figure 1. They could be expressed functionally as:

EL=.f1[q5HT=h’Dalsg] (1)
Energy line
_'——"‘7'-"-'_:________ ________________ g——="
\-.
\\
\~G’Js,

fillag stones

dr —»q, VT

Impervious layer - T

Figure 1. Variables in dimensional analysis

Using Buckingham Pi theory, the variables in Equation (1) can be expressed in
non-dimensional form as:

2

E
'_L=f2 [L

H. D
3 Ts_sa] (2)
H, gH, h h

in which a is the tan™ (4/)
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Similarly, the flow velocity at the spillway outlet ¥r could be expressed as:
Vy gt H, D

= T, T, s &
gh; fs{gHJ:1 h " h

] €)

2
q
3
T

The dimensionless term is named as “Spillway Drop Number”, the ratio

H . . . .
TT is actually the number of steps in the spillway, and the ratio % 1s the relative

stone height. °

Experiments

An outline of the experimental arrangement is shown in Figure 2. Water was
pumped from a laboratory sump to the V-notched weir tank from which water
entered the stepped spillway through an approach channel. At the bottom of the
stepped channel, a horizontal outlet carried the water back to the sump. The
discharge was measured by the V-notched weir tank. The discharge was varied
from 4 — 68 I/s.

V-Notched Approach Stepped gabion Outlet
weir tank  channel spillway channel
’ I Varied » l < .l
Q —-

T

Total drop height (H 1)
Varied

> L

; T S
See details

( P ) Spiliway slope, o

From sump

Figure 2. Experimental set-up

The stepped spillways are made of plexiglass having widths of 0.40 m and
consist of 20 steps. The slope of the stepped channel, «, are 30°, 45°, and 60°. The
total drop height of the stepped channel, Hy, are 1.5, 2.12, and 2.60, respectively.
The dimensions of the step can be defined as 4/, where 4 is the step height and /
is its horizontal length. Each step, gabion boxes filled with stones are placed on
the step face. The volume of the gabion boxes are (A} x ({} x (spillway width).

To investigate the effect of filled stones, three types of stones are used, i.e.
i) crushed stone of 25-35 mm diameter, ii) rounded stone of 25-35 mm diameter,
and iii) crushed stone of 50-70 mm diameter, The average void ratios of gabions
are 0.27, 0.30, and 0.39, respectively. Figure 3 shows gabion dimension.
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Figure 3. Gabion dimension in millimeters

The measurements of depth and velocities in the spillway outlet were
measured at about 3-4 times of the step length away from the lowest step face
where turbulence and air entrainment effect became less violent. The depths
across the chute width were measured by a vernier-depth gauge. The velocities
were measured by two methods, first by a pitot tube and second by dividing the
measured flow area. The value obtained were within 10% differences. In
calculating the energy loss the velocity obtained from the first method was used.

Results and Discussion

The relationships between measured energy loss on stepped gabion spillways and
spillway drop number at various spillway slopes are shown in Figure 4. It is found
that the energy of flow is more dissipated in the stepped gabion spillways than in
the plain stepped spillways. As the water flows over the stepped gabion spillways,
the water is divided into two parts, i.e. flow over gabion boxes and flow through
the gabion boxes (base flow). In the base flow, the water can flow through the
void between filled stones, which results in reduction of the impact of the mass of
the water on the face of the spillway steps. Small unstable vortices behind stones
are observed, while more energy is required due to the interference of wake and
step face.

Generally, the energy loss ratios in the stepped gabion spillways are greater
than those in the corresponding plain stepped spillways by 10% approximately for
all spillway slopes.

For low flow, the nape flow regime is observed while at high flow the
skimming flow occurs. As spillway drop number approaches zero, the flow
pattern is of nappe regime and the energy loss ratio approaches unity. Most of the
flow energy is dissipated in the nappe flow regime because of jet breakup and jet
mixing on the step and the formation of hydraulic jump on the step.

The energy loss ratioc (E, /H,) varies inversely with the spillway drop

number (q2 / gH,’. ) The energy loss ratio decreases sharply at small value of the

spillway drop number. The skimming flow pattern is observed as the spillway
drop number increases further, the rate of decrease of energy loss ratio is reduced
and shows the trend to approach a constant value.

For high flow, it is found that the flow energy is more dissipated in the
spillway of milder slope than the steeper one at the same drop number. For
spillway of milder slope, the step length (/) is longer than the step height (/)
therefore the recirculating vortices can not fill the entire cavity between the step
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edges and the wake from one edge interferes with the the next step. For steep
slope, a stable recirculation in the cavities between adjacent steps is observed. The
energy loss is due to the circulation of these vortices.

Within the range of this study, it is found that the flow energy could be
more dissipated by the bigger stone size than by the smaller one. The crushed
stone could dissipate more energy than the rounded one. The gabion filled with
bigger stones has higher void ratio than the one filled with smaller stones. As
some energy of flow is dissipated in the void in the gabion, therefore the higher
void ratio, the higher rate of energy dissipation. However, the effect of stone size
and shape seems to have little influence on the energy loss as compared with
increasing effe:ct of spillway slope.

The velocity ratio (Vr /JegH T) increases directly with increasing spillway
drop number for every slopes and every gabion type as shown in Figure 5. As
compared with the plain stepped spillways, this ratio is smaller, which is the result
of higher energy loss on the gabion.
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Figure 4. Relationship between energy dissipation on stepped gabion spillways
and spillway drop number at various spillway slopes
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Figure 5. Flow Velocity at spillway outlet and spillway drop number
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Conclusions

This paper presents the new experimental data to investigate the energy loss
through stepped gabion spillways. From the study, the following conclusions are
obtained:

1. Generally, the energy loss ratios in the stepped gabion spillways are
greater than those in the corresponding plain stepped spillways by 10%
approximately for all spillway slopes. As a result, the velocity at the outlet
is less.

2. The size and shape of filled stone have small effects on the energy
dissipation, within the range of investigation.

3. The other parameters, i.e. spillway slope and spillway drop number have
been found to effect the energy dissipation in the same manner as found in
the plain stepped spillways.
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