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Investigation of Flow Energy Dissipation over Different Stepped Spillways
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Abstract: In this study, to investigate energy dissipatidrflow overstepped spillways of different
step shapes, a physical wooden model has beenimiiie Shahid Bahonar University’s hydraulics
lab. This model with 41.41° slope has 84 cm heaid 21 steps. Each step has 4 cm height, 4.5 cm
width and 30 cm length. Experiments have beeneadhmut for different types of step shapes (plain
steps, end sill steps with thickness of 1, 2, 34wedh and steps with a bottom adverse slope 0285,

36 and 45°). Overall, 131 experiments were done,hydraulic parameters of flow over the model
were measured and the energy dissipation of flow waculated. Results show that the energy
dissipation of flow on end sill and inclined stedpspillways are more than the plain one, it is
increased by increasing the thickness of end silhe adverse slope size. Comparison of flow energy
dissipation over end sills stepped spillway andimed type show that the inclined type has been
dissipated more energy than the equivalent endygifl. Also for stepping spillway of different step
shapes, flow energy dissipation decreases witle@sing the flow rate. It is concluded that for igéa
stepped spillway with high flow rate the inclinggh¢ spillway is more effective than the other forms
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INTRODUCTION depth and h is the height of the st8psStepped
spillways allow continuously dissipating a consalse

The spillway is a major part of a dam, which is@mount of the flow kinetic energy, such that the
built to release the flood flow. Design and conige ~ downstream stilling basin, where the residual epésg
of spillways are very expensive and include a majo#lissipated by hydraulic jump, can be largely reduice

part of the darm contraction cost. For large dams it isd|r_nen5|ons. Also, the cavitations risk along the
about 20 % of total dasnconstruction cost, and for spillway decreases significantly due to smallenflo

small dams about 80  Depend on the hydraulic velocities and the large air entertainment fate
0 Stepped spillways have regained popularity over the
conditions of flow and the geologic characteristifs PP b y d pop y

g last two decades, thanks to financial benefits Itiegu
the dans site Spillways can be built with different types mainly from the simple economic and the rapid
and shapes. Due to the high flow discharge over thgonstruction procedure especially with the Roller
spillways, their design and construction is veryCompacted Concrete (RCC) construction mefhod
Complicated and usuaIIy faced with difficulties buas Experiments on a moderate|y sized stepped
cavitations and high flow kinetic energy. For exdnp spillway indicate that the energy loss due to teps
the amount of energy which should be dissipatetiet depends primarily on the ratio of critical depth o
toe of the Tarbella dah spillway is about 40000 MW the height of the step (h) as well as on the nunatber
which is about 20 times of the constructed powersteps (N). For small values of/ly near unity, or near
station capaciff). It becomes usual to protect the the limit of skimming flow, the stepped surfacevery
spillway surface from cavitations erosion Dby effective in dissipating energy. For higher valuss
introducing air next to the spillway surface usingy/h, the effect of N becomes appreciable, at a icerta
aeration devices located on the spillway bottom and/h the relative energy loss increases witA.NBased
sometimes on the side wélls on the observation of velocity and air concentratio
It is known that flow in a stepped channel coutd b profiles in the skimming flow on a large model of a
in either a jet (nape) flow or skimming fl#v In a  stepped spillway for two slopes, a range of disgésr
stepped spillway, jet flow would occur at relativel and wh of 0.7-4.4, it was concluded that the relative
smaller discharges and skimming flow occurs atdarg energy loss in the stepped spillway was in the raing
discharges. It also appears that for a wide rarfge 018-63%. Stepped spillways can be also designed as
slopes, the transition from the (lower) jet flow ttee  multipurpose systems, as examples, river training,
(higher) skimming flow occurs when Ji is  water quality systems, and beautiful landscape of
approximately equal to 0.8, where is the critical dan®.
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Fig. 2: Details of steps spillway physical model
(stepped spillway plain view)

"1 The minimum width of spillway recommended by
USBR for two-dimensional models is 15 &t so for
this model it was selected 30 cm. The vertical hieaf

the model (difference between the crest and toe

Experiments on two sets of physical models 0felevatlons) is 0.84 cm. The maximum flow passingrov

; : ; 3 Al
steps spillways of slope upon 0.6 with the samstere unite width of the model is 0.0487msec-m , as a

) . result, the maximum flow passing the model equals
shape, 30 m height and a range of step sizes @hR5- <1 - .
on the 1:10 scale and 0.5-2r@ on the 1:20 scale 0.0144 isec” (14.4 L sec). The optimum slope and

: o .step height of the model obtained using the feasibl
models) showed that the residual specific energy ISlirection method are 41.41° and 4 cm respectitély
independent of these step sizes. But this energlpeat i

. . . 7~ So, the total head above the model crest, modghhei
:ﬁe of & 50;“ ?lghh(qrr?tlgft'lerz Zte_ppled smllwmt and length are 4 cm, 84 cm and 95 cm respectiVéily.
€ range ot step heights tested, 1S 1ess than e gt of the steps based on the model slope iscth5
residual specific energy at the same level on alaim (Fig. 2)

;Tl%?th spillway experiencing flows up to 2 sec- A 53° V-notch weir, which installed on the canal

In the present study, the physical wooden model OEownstream of the model, was used to measuredte fl
Manksvill dam spillway with 1:25 scale has beenltbui ate passing the stepped spillway, Fig. 3b. Antegs

Fig. 1. Three sets of experiments were carriedoout concrete storage tank of 7.2’ mapacity was used to
thi% mbdel the first set ofpplain steps, the seloom end supply water for the model. Two electro pumps each
sill steps and the last one on the steps with botto one with 5 L Set capacity was used to supply energy

L " for transfer of water from the concrete storagektan
adverse slope (hereafter for simplicity called imedt) . .
steps. The hydraulic parameters of flow over theleho 170Ugh @ 2 inches pipe to the ? (@x1x1m) storage
were measured, the dissipated energy of flow wa&eServoir tank located upstream of the model, Ba.
calculated, and the related equations were driveh a TO reduce the turbulence of the flow, 11 m plate
introduced. contains 25 holes ¢ holes each hole with 3 cm
diameter), installed vertically inside the modedeesoir
Physical model: A physical model of the Manksvill tank at 25 cm distance from its beginning. Theivakt
dam spillway has been built from wood. The toeand horizontal distances between two adjacent laokes
elevation of this dam is 85.3 m, crest elevatiof.205 14 cm and from the plate edges is 14.5 cm for thtero
m, width of the spillway is 61 m, the maximum flow holes, Fig. 3c. An eighty-two cm canal with 30 cm
per unit width of the spillway (q) is 6 T8ec-m", the  width and 15 cm height connects the reservoir tank
maximum flow passing over the spillway (Q) equal tothe step spillway, a series of metal network irestait
366 nisec* and the hydraulic head above the spillwaythe beginning of this canal to dissipate flow eyerit
is 2.6 m. the toe of model, a 40 cm canal with 30 cm widtd an
The minimum scale for physical models, which is15 cm height connects the stepped spillways to the
recommended by USBR, is 1'6) so the scale of this concrete storage tank.
physical model was selected 1:25. Five sets of wooden pieces (each set 21 pieces)
This model was built from wood and painted suchwith 30 cm length, 1.5 cm width and thicknesseq ,of
that its roughness coefficient becomes very low, in1.5, 2, 3 and 4 cm were put at the edge of thesstep
agreement with the concrete roughness coefficient. ~ convert them to the end sill types.
110z

Fig. 1: Plan view of stepped spillway physical mode
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Plan view Plain steps inclined steps end sill steps

(a) 1-Storage tank, 2-Pump, 3-Valve, 4-Outlet canalgig 4. petails of steps spillway physical modelain

5-stepped spillway model, 6-Inlet canal, 7-Stilling steps, inclined steps, and end sill step
storage, 8-Pipes, 9-Hole-plate, 10-Extra pump, 11-
Canal

General equation: Energy dissipation on a stepped
spillway is affected by several parameters suclhas
head of water above the spillway crest (H), depth o
flow over the steps (D), step height perpendictdahe
model slope (), flow mean velocity (V), density of
water 0), general slope of the model ¢)g dynamic
viscosity of flow (1) and gravity acceleration (g) or:

F(E, B, B, H, D, h,V, p, tga, i, g )=0 (1)

Which B and E are flow kinetic energy at
upstream and downstream of the stepped spillway
respectively, and [Eis the flow energy dissipation
(E=Es-Ep). The percentage of dissipated energy using

WV-notch weir dimensional analysis and egﬁgrimental data of steps
(b) spillways models was introducet! as:

. %E, =104. 33 (H/R) 01,00 )
eeeoee .
oo ol Where:
L L Twhbulence reducer ’..—

lm N N N N 3 cm Cp=3. 285 Fgo,01:1:r-2,021(D/h1) 0'015(tga) 0.547 (3)

eeoe o@,

il In which R, and F represent Reynolds and Froude

Tm numbers respectively and pCis the form drag
© coefficient.

Fig. 3: Different parts of stepped spillway mod&),(V-  Experiments: To calibrate the V-notch weir located at
notch weir (b), and turbulence-reducer plate ofihe canal downstream of the model, overall 22 dfie
the reservoir tank (c) flow rates (0.8 to 10 L s&Y have been supplied to the
model, for each flow rate the depth of water
Also, four sets of wooden triangular-shape piecegjownstream of the model (a short distance befoee th
with 30 cm length and a range of thicknesses (B 2, v-notch weir) was measured. To determine the flow
and 4 cm) were added at the bottom of plain steps s rate in each stage, change in volume of the storage
that to produce adverse bottom slope steps witf2@5, reservoir tank and its related time was measured. A
36 and 45° (Fig. 4). A water gage with 0.05 mmpiezometric tube, which was installed on the canal
accuracy was used to measure the depth of floweat t ypstream of the weir, has been used to measure the
model upstream and downstream canals, and @epth of water above the weir. Using the measuatd d
piezometric tube installed at the downstream canaland regression model, the weir equation obtained as
above the v-notch weir, to determine depth of water
(Hy) and calculate flow rate. Q=0. 81H32° (@)
110¢
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To determine the flow kinetic energy upstrean) (E 100
and downstream (at the toe) of the model after the 98-
hydraulic jump (B), a water gage with 0.05 mm gi 961
accuracy was used to measure the depth of the flo §
upstream (3) and downstream £y of the model. f: 941
Overall 131 experiments with different flow ratesda & o>
step shapes (plain steps (24 experiments), esdssps :f 90.
with five different thicknesses (53 experimentsdan 2
inclined steps with four different slopes (54 £ 88
experiments) have been carried out. Depths of flow £ s °,',2 g”a' ifd'i‘:g X
and y were measured, their related kinetic energy wa: =~ 81 igé d:z ° X
calculated, and the percentage of dissipated enerc
(%E) was determined. 823 0002 0004 0006 0008 0.1
Flow rate (m's ')
RESULTS
Fig. 6: Energy dissipation of flow over an inckhe
The dissipated energy of flow over the stepped stepped spillway for different slopes
spillway model with different step shapes, werettpld
as a function of flow rate in Fig. 5 and 6. As shoon 100 :
Fig. 5, the dissipated energy of flow over the niode 05 O, & Endsill
with end sill steps is more than the plain form and 5 o, .
increases by increasing the end sill sizes. Albe, t £ o1 D*-\D O Inclined
same behaviors can be seen in Fig. 6 for flow tlver g ~.0
model with inclined steps. Dissipated energy insesa -y 94 °--.,__ ™0
by increasing the degrees of slopes. Both, Figad & E o] b\ "‘xl_]‘_u
show that the flow energy dissipation decrease$ wit ; - .
increasing the flow rate over the model. g 901 3 D"“~-D___
Comparison of flow energy dissipation of a model g ~Q. % g
with a specific size of end sill steps and equintikize = 88 H'*QQ o
of inclined steps show higher dissipated energy for % . 1 . . .25
inclined type steps (Fig. 7 and 8 as two examples). 0 0.002 0.004 0006 0008 001 0.02
To determine equivalent equations of (2) and (3) Flow rate (m’ s )

for the present model with end sill steps, lgthHcos

(a), =h + L in which Le represents the thickness of £ 7. Energy dissipation of flow over end sitepped
end sill and h step height of the model Fig. (4). spillway (1-cm thick) and inclined stepped

spillway (15°)
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Fig. 8: Energy dissipation of flow over end sgtepped
Fig. 5: Energy dissipation of flow over end s#tepped spillway (4-cm thick) and inclined stepped
spillway for different end sill size spillway (45°)
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Using dimensional analysis, the flow measured
data over the end sill stepped spillway model and
regression method the best equation for the drag
coefficient (G1) had been obtained as: '

CD1:2 . 781671 F?.003140R60.0000778(D/hz)-0.01017%g (a)0.633887 y
R=0. 9999 (5)

Finally, the energy dissipation equation of flow
over end sills stepped spillway had been obtaised a

%E,=89. 0849 G,2°%975(H/h,) 0061883 R=() 984115 6 3

Also, by the same procedure the equations of the
form drag coefficient (g;) and energy dissipation of 4
flow over an inclined stepped spillway (99Ewere
obtained as:

5.
CD2:4250917 FP.186512Re-0.334809(D/h3)0,377224tg (a)l,403735
R2=0. 854388 @)
6.
%E,,=89. 150016, %59%(H/h,) 097164 R2=0. 877663 8)

In which h=h". Cos ¢), h"= h +Lg, andLgis the
size of the triangular shape pieces for convertimg 7.
plain steps to inclined ones, Fig. 4.

CONCLUSION

The results of 131 experiments, which were carried
out on the stepped spillway physical model with 9-
different step shapes (plain, end sill and incljngtdbw
that, the energy dissipation of flow over the stgpp
spillway model with end sill and inclined steps areqg
more than plain form. In equivalent conditions, the
inclined steps spillways dissipate more energy ftifian
end sill one. It is concluded that for small damishw
low flow rate over the spillway, stepped shapelspiy
can be dissipated most of the flow kinetic eneayyd  12.
the need for construction of stilling basin at tbe of
spillway becomes negligible. For larger dams with
higher flow rate over the spillway, the inclinedpty
stepped spillway can be more effective than thesiihd
type. Introducing equations (6) and (8) confirm the
capability of calculating the dissipated energyflofv
over the end sill and inclined types of stepped
spillways, respectively.
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