STEPPED SPI LLWAY MCDEL | NVESTI GATI VE STUWDY

BY

KADAI MCDU GBI O

A THESI S SUBM TTED TO THE POSTGRADUATE SCHOOL,
AHVADU BELLO UN VERSI TY,

I N PARTI AL FULFI LMENT G THE REQU REMENTS FCR THE
DEGREE OF NMASTER CF SO ENCE IN

WATER RESCURCES AND ENVI ROMENTAL ENGA NEERI NG

DEPARTMENT CF WATER RESOURCES AND ENVI RONMVENTAL ENGA NEER NG
FACLTY GF ENG NEER NG
AHVADU BELLO UN VERSI TY

ZARA NCGRA

MAY, 1990



THESIS DECLARATION

I hereby declare that this thesis has been composed
by myself and that it is a record of my own research work,
It has not been accepted in any previous publication for
a higher degree.

All the sources of information which are not my own
originals are specifically acknowledged by means of

references,

Kadai Modu Gubio



ii

CERTIFICATION

This project thesis entitled “Stepped Spillway Model

Investigative Studies"™, by Kadai Modu Gubio, meets the

regulations governing the award of the degree of Master of

Science (M.Sc) of Ahmadu Bello University, and is approved

for its contribution to Scientific and Literary presentation.

Dr. S. Mustapha Xégptf_ 4
s

Chairman, Supervisory Comgittee.

Dr. M. Sowinski

Member, Supervisory Committee

Dr. L. I. Odigie ,

SPHQNQQM}RE\H_ éﬂh_%h'r;&\__

Head of Department

Prof
/

Dean, Post—Gruduntﬁ’ggg;;l

Date: 2‘/5//40
I

Date:

Date: ') \ °\\ N9
\ \

Date: ”_3 _’C}{




iii

ACKNOWLEDGEMENTS

I wish to express my profound gratitude to my Supervisor,
Dr. Salisu Mustapha, for his guidance and suggestiors throughout
this project,

I also wish to record my thanks to the Staff of the
Hydraulics Laboratory of the Department for their assistance
in carrying out the experiments.

Great indebtedness is also due to my employer, the Borno
State Water Board, for sponsoring me for this course.

The kind suggestions and assistance of Dr. L. 0. Odigie,
Dr. C. Okufor and Dr. M. Sowinski and many others are also

highly appreciated.



RY
ABSTRACT
In this study, a physical hydraulic node

i nvestigation was conducted to evaluate the perfor-
mance of a stepped overflow spillway. The spillway
has a standard ogee profile with continuous steps
cut into the spillway weir down-stream face just
bel ow the crest to the toe. The experinent was
carried out on three nodels of the spillway weir,
two of the nodels were of the same scale ratio 1:100
of the prototype, one nodel has the stepped down —
stream face while the other is unstepped, which was
used to conpare their test results. D scharges were
allowed to pass over each of the weirs and readi ngs
were noted and conpared. The third nodel is a bigger
nodel of 1:50 which is also of the stepped face type.
The investigation denonstrated that this stepped
spillway is quite effective at dissipating energy
and snooth flow transition from the spillway crest

to the stepped face is easily achieved.
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CHAPTER ONE

INTRODUCTION

1. OBJECTIVE AND SCOPE OF STUDY

1.1 Objective of Study:

The objective of this study is to
investigate the effects of introducing steps on the
down stream face of a spillway weir. The characteris -
tics investigated are the ability of the stepped faced
weir in dissipating the energy of flowing water over
the steps, its effectiveness in flow transition from
the smooth surface profile at and below the spillway
crest to the first few steps on the spillway face and
training wall heights to contain the flow along the
stepped spillway face.

1.2, Justification of Study:

If it can be shown that the amount of energy
that can be dissipated is more by the steps introduced
on a spillway experimentally and using models as done
in this investigotion, stepped spillways can be used to
replace most of the existing methods of energy disspation
structures which are rather costly and time consuming
during construction, An example is the Biu dam spillway
with an expensive chute stilling basin for energy

dissipation,



1.3  Scope of the Study:

For the study, experiments were conducted
in the laboratory comparing the stepped and unstepped
model weirs of an ogee spillway. Weir models used were
made of plywood and perspex materials for the various
scale ratios, Two of the models were 1:100 scale ratio
to the prototype that is stepped 1:100 model and an
unstepped 1:100, tested using same discharges within a
certain range to study their toe velocity ratings. The
other model tested was the 1:50 scale ratio which was
used to assess the flow transition of water from the
unsteppedportion of the weir to the few steps introduced.
Other parameters observed during the experiment are the
head of water over weir crest, toe velocity, discharge
passing over the weir.

In this experimental study, the ogee spillway
considered was proposed for the Biu dam area, therefore,
the range of discharge used and geologicael foundation
conditions are as for the Biu dam. Except that site was
not modelled exactly because of inavailability of space
and appropriate equipment. But in any case, the scope
of the study can give some general view and consideration

for a stepped type of spillway.
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Specific Energy = The hydraulic energy in a

channel is defined as the energy per kilogram of water
at any section of a channel measured, with respect to
the depth of flow and the velocity head, usually

expressed as:

where

E = Specific energy,
Y = Depth of flow,
V = Velocity of flow at section,

g = Acceleration due to gravity.

Critical State, Subcritical and Supercritical Flows —

For a given specific energy, there are two possible depths,
the low stage and the high stage which alternate, but at
the critical state, these two depths apparently become one
which is known as the critical depth (Yc). When the depth
of flow is greater than the critical depth, then the flow
is subcritical while when the the depth of flow is lessthan
the critical depth, the flow is supercritical.

Design Flood and Probable Maximum Flood (PMF) -

PMF is the flood that may be expected from the most severe
combination of critical metrological and hydrological
conditions that are reasonably possible in the region., And

design flood is the maximum discharge that a spillway can

3



handle without causing hazard to the structure.
(Ref: U,S., Dept. of Agriculture).

1,4 Spillways and Functions:

The primary functions of spillway is to
release surplus water from reservoirs in order to prevent
overtSpping and possible failure of the dam. Spillways
are often designed so that they may also be used as out —
let works with relatively frequent operation. The spill—-
way structures should provide sufficient discharge
capacity to pass the spillway design flood, as modified
by available reservoir stérage without exceeding the
maximum permissible water surface elevation in the reser—
voir and without endangering other structures of the dam,
It may be advantageous to separate a spillway into
sections to be used for specific purposes. For example,
provision may be made for a section of spillway to be
used as outlet works, and for passing floods of reasonably
expected magnitude together with an aquxiliary section
of spillway which would come into use only for the passage
of extremely large floods which would otherwise overtop
the dam. Types of separate spillways are as shown
in Fig. 1.2.

In the process of releasing excess water from the

reservoir over the spillway weirs, the spillway and dam

4



Fig.1.2 Types of Sepcrate Spillway

Ref. (Grishin M.M.)




itself are endangered by the high velocity flows
emanating from the weirs which will lead to scouxr and
erosion at the bottom. To overcome this effect and to
protect the structures from scour and erosion hazards,
construction of various types of hydraulic jump stilling
basins are always made as part of the whole project as
can be seen in Fig. 1.3. The construction of these
basins requires excavations to set the stilling basins
at some elevations to form and accommodate the hydraulic
jump to dissipate the energy of the high velocity water
emanating through the weirs. 1In addition to the excava —
tion, a lot of reinforced concrete has also to be used
in the basin construction, especially within the energy
dissipating length.

The design of suitable spillway structure is an
important part of the development of reservoir projects
and requires the initiative and resourcefulness .of the
designer to correlate the many factors involved in a
satisfactory manner. In addition to hydraulic features,
the determination of a desirable locaotion and type of
spillway necessitates consideration of geological and
structural features and limitations. The character and
strength of foundation materials frequently determine
the general types of spillways that may be used and the

6



degree of protection against scour that should be
provided in returning the discharge to its natural
course.

The scientific bases for the structural design
of hydraulic structures is well established. In
contrast, the nature of the flow transition from the
spillway crest to the stepped face and the energy
dissipation phenomenon makes it difficult to treat by
regorous deductive reasoning, rather it is necessary
to perform experiments and analyse the resulting data
and from this analysis one can establish a relationship

among the parameters and deduce some conclusion,



HORIZONTAL HORIZONTAL
WITHOUT BAFFLES AND END SILL  WITH BAFFLES AND END SILL

Surface Standing

HORIZONTAL
WITH END SILL CONTROL

SLOPIN G ROLLER BUCKET FLIP BUCKET

N N

. ‘“‘gﬂ,«w
0 vy N i 2% . '
5 l'.' .-\\\\‘:“‘:" Ty PR *u o ’ [:'\{k‘.i
%50 e -.g-'l_-ﬁn’f MWJ»?WW».‘*
RN ATRO AR

HIGH DEFLEC TOR BUCKET
DEFLECTOR BUCKET WITH SUBDAM

Fig, 3.1 Types of S¢illing Basing

Ref: Hyd}aulic design of spaczways" Army Corps of
| Engineers. Cap. 3 — 1953,

.8



CHAPTER TWO
LITERATURE REVIEW

2. A problem which frequently occurs in hydraulic
engineering practice is the need to spread and dissipate
the energy of a concentrated, fast flowing stream of
water, so that it does not cause scour below spillway
weirs and dams results from the erosive power the water
acquires in flowing over spillways. Protection against
scour is afforded by ensuring that the high velocity
flows do not come into contract with the channel bottom
or by directing the flow as far away from the structure
as possible, Usually, a combination of these methods

is used., The subject of channel retrogression below
dams is not a recent discovery, but was frequently
discussed by irrigation engineers in Indiag,during the
early nineteenth century., One of such failure was
reported by Islam Enquiry Committee on failure of the
Islam weir, dated December 10, 1929, Gilbert, G.K.(1914)
also found that the scouring capacity of a stream
increases with an increase in discharge, with a decrease
of bed material size and with an increase in velocity.

2. Energy Dissipation By Stilling Basins:

The present jendency is to dissipate the
surplus energy of the flow in some form of energy dissi —
pator. Towards this, a number of studies and approaches

?



were carried out in the past in designing an

appropriate energy dissipator structure. One of the
earliest structures was the stilling basin which was
presented by the Bureau of Reclamation (1942) United
States. The stilling basin was defined as a structure
in which qll the energy — reducing action is confined.
In a stilling basin, kinetic energy is converted into
turbulent energy and ultimately into heat. The stilling
basin was first used on the Cochiti Diversion Dam,
located on the Rio—Grande (North Maxico); Newcomer,. A.W.
(1942); it was a rectangular canal made of concrete for
specific length and width which determined experimentally
by model studies. Feldt, (1945) carried out a different
approach at the State University, Iowa., He studied a
roller type of the stilling basin which he claimed to be
more economical to be used because of relatively short
basins as compared to the horizontal apron mentioned
earlier. Another study was also conducted by Andre, C.
(1951), a French designer, when designing the Mareges Dam;
this was the ski—jump type stilling basin. These types
are purposely designed to spread the high velocity flow
leaving the spillway, so that surrounding eir can attack
the largest possible area and move the erosive impact of

the water away from the toe of the weir. The various

10
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stilling basin types are shown earlier in Fig. 1.3,
except ski=jump which is shown in Fig. 2.1,

The stilling basin method of energy digsipqtion
is based on the hydraulic jump phenomenon. The
hydraulic jump frequently occurs in open channel flow,
when a liquid at high velocity discharges into a zone
of lower velocity, a rather abrupt rise develops in the
liquid surface and is accompanied by violent turbulence,
eddying, air entraoinment and surface undulgtions.

When this happens, a large amount of energy or
head loss is experienced and thus the phenomenon can be
used to serve as an effective dissipator of kinetic
energy.

2.2 Energy Dissipation By Stepped Spillway Weir:

Another method of dissipation of energy of
high velocity flowing water from and over the spillway
weirs is to introduce steps on the down stream face of
the weir such that the water passes from one step to
another, on to several steps before reaching the weir
toe. In this process, the velocity of the fact flowing
water will be reduced as reported by many investigators
earlier., The first attempt for this type of weir was
made by Garsmann and Madden (1923). In their study,
they intoduced a series of steps on the down stream face

of an ogee weir of Gilboa Spillway which resulted in

12



dissipating the energy by contact with the successive
steps and reaching the bottom with insufficient energy
to erode the stream bed, Earlier, Beebe and Reigal (1217)
also studied the effect of reducing steps on a sloping
gpron to the velocity of scouring water over it, they
also concluded that the steps are capable of reducing
its energy successively until it reaches the bottom of
the apron. The latest work on a stepped spillway as an
energy dissipator was the one carried out and reported
by Robert (Dec. 1985).

Morris (1955) investigated flow past surfaces
with large uniformly spaced surface roughness elements
and defined three regimes: (1) isolated roughness flow,
(2) Woke=interference flow and (3) Quasi—smooth flow and
also assumed that the loss of energy in turbulent flow
over a rough surface is due to the formation of wakes
behind each rough element as the steps may be
referred to here.

Isolated—Roughness Flow — This type of flow

prevails when the roughness elements like tHe steps are
completely developed and dissipated before the next
element is reached. Under such o condition of flow
transition at each element, a stable rolling vortex

develops and rotates for abrief period and then returns

13




to the main flow to proceed on down to the next
element., In such a flow, the ration Y/)\ may be taken
as a significan correlating parameter influencing the
flow nature; where Y = rise and A = spacing

distance.

Egke Interference Flow — This kind of flow results

when the elements (or steps) are placed such that the

wake and vortex at each element will interfere with

those developed at the following element resulting in
intense and complex vorticity and turbulence unimportant
but the spacing is of major importance and another
important parameter here is the depth of flow over the
steps or elements; this will control in part, the vertical
extent of the surface region of abnormal turbulence.

The ratio, Y/n , will be a significant parameter.

Quasi=smooth Flow — This occurs when the steps

are so close together that the flow essentially skim
the crest of the elements and large roughness projec -
tions are absent and the surface acts hydraulically
smooth, Here also the ratio, Y/, will be a significant

parameter.

14
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2.3 Hydroulic Models:

The use of hydraulic models has become
standard practice in design procedures, particularly
where large structures are involved or where problems
are encountered that are not susceptible to an
analytical solution, Hydraulic models afford a means
of checking expected prototype performance and devising
modifications when difficulties are encountered. They
also aid in the development of better and more economical
designs. Models for solution of problems encountered in
spillway design can be made to different sizes and scales,
depending upon the type of problem and facilities for
investigation., They can be made to small scale, encom =
passing large areas for study of a spillway, while large
scale models may be required for reproducing sections of
the structure under study for evaluotion of other para =
meters related with weir performance.

Data computed for discharge over spillway weirs
and their models show that even with very small models
the scale effect is small,

Experiments conducted by (U,S) Department of the
Army Corps of Engineers (1953), on a weir of ogee cross—
section, under different heads and on its 1:50 scale
model, the weir coefficient for the model was about 2%

greater than that of the full size weir.

16



Also, experiments by the U.S. Bureau for
Reclamation (1955) on a series of models of ogee
cross section to scales of 1:25 and 1:50, were tested
under different heads from 150mm to 40mm shows that the
model coefficient is about 1.3% greater than that of
the original when the scale is 1:25 and 2.8% for 1:50

scale, so long as upstream conditions are accurately

reproduced, the coefficient of the weir and prototype
may be expected to agree within 2.5%.

The results of model test on round topped or
ogee section weirs can be relied upon as giving results
for which only a very small scale correction needs fto
be made, so long as the smaller head in the model is
not less than 6mm (0.25inch) as reported by Gibson
(1934). Also Karlsvebe (1929) earlier studied and made
comparative measurements on models of weirs to different
scales of brass and woods for weirs having semi—-circular
crests the scales varied between 1:100 and 1:5, the
results showed that no deviations from the law of

similarity could be traced.

17



CHAPTER THREE

THEORY OF ENERGY DISSIPATORS

3. Energy Dissipation:

A lot of work and experiments so far have
been reported to have been done on the methods of
dissipation of energy of high~velocity flows emanating
from over the spillway weirs in the last two chapters.

Basically, the methods were reduced to two
although different types of stilling basin can be seen
in Fig. 1.3, because cll these basins use the same
phenomenon of hydraulic—jump formation to dissipate
the energy of flow, while the second approaches is the
introduction of continuous successive steps on the
downstream face of the weir to avoid stilling basin
construction,

3.1 Energy Disspating By Stilling Basins:

The object of spillway design is to provide
a safe and adequate structure for the least combined
cost of spillway and dam. Many types of spillways
have been used throughout the world and usually the
design of each has varied quite radically to meet the
probelm at hand. The best type suited for protection
against scour at a particular location depends largely

upon the relationship between the existing tail water

18



depth, the depth required to form q hydraulic jump
and the geological nature at site, One of the most
important consideration in the design of o spillway
section is the method of controlling erosion of the
river bed at the downstream toe of the dam,

An enormous amount of energy must be dissipated
before the flow reaches the natural stream bed., The
structure which contains the energy dissipating action

is commonly known as a stilling basin. It employs the

hydraulic jump formation phenomenon in dissipating the
energy. Other types of hydraulic energy dissipators
used in conjunction with spillways are roller or
trajectory buckets. On this spillway, the deflector
bucket is used at the end of the chute to further
reduce the energy by trojectory method as shown in
Fig. 3.1,

| The hydraulic jump is a useful means of
dissipating excess energy in supercritical flow; it is
therefore, normally confined within the stilling basin.
The bottom of the basin is paved to resist scouring,
consequently accessories to control the jump.are usuvally
installed in the basin end as the deflector bucket is
being provided for the Biu dam spillway chute. The

bucket serves two purposes, namely; it improves the

19



the disspation function of the basin and also
stabilizes the jump action.

3.2 Hydraulic Jump Formation:

Hydraulic jump may be expected to form
under any of the following conditions:

(i) At the base of a hydraulic structure
where supercritical flow plunges into
a pool.

(ii) In a long flume or channel where high
velocities can no longer be sustained
by a flat slope.

(iii) At a constriction in a flume where
supercritical velocities are reduced
to subcritical velocities.

(iv) At the junction of a canal of channel
where supercritical flow passes through
critical to the subcritical stage.

(v) Where the flow under a sluice gate is
supercritical and impinges on a
subcritical pool.

(vi) The jump may occur in pipelines or
conduits where the grade changes cannot

sustain supercritical flow,

20
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(ii) In a long flume or channel where high
velocities can no longer be sustained by

a flat slope.

(iii) At a constriction in a flume where
supercritical velocities are reduced to

subcritical velocities.

(iv) At the junction of a canal or channel
where supercritical flow passes through

critical to the subcritical stage.

(v) Where the flow under a sluice gate is
supercritical and impinges on a subcriti-

cal pool.

(vi) The jump may occur in pipelines or
conduits where the grade changes cannot

sustain supercritical flow.

The first two conditions apply to the type of
structure under discussion in this work. The hydrau=-
lic jump was first investigated experimentally by
Bidone, an Italian in 1818, from then many Scientists
have studied the phenomenon and it was discovered
that for a supercritical flow in a horizontal rectan-
gular channel, the energy of flow is dissipated
through frictional resistance along the channel
resulting in a decrease in velocity and an increase

in depth in the direction of flow.

23



The first two conditions apply to the type of
structure under discussion in this work. The hydraulic
jump was first investigated experimentally by Bidone,
an Italiogn in 1818, from then many Scientiests have
studies the phenomenon and it was discovered that for
a supercritical flow in a horizontal rectangular channel,
the energy of flow is dissipoted through frictional
resistance along the channel resulting in a decrease in
velocity and an increase in depth in the direction of
flow.,

There are about five forms of the hydraulic jump
which may occur on @ horizontal apron, and which may be
encountered in the design of energy—dissipation devices.
It is important to note that the energy dissipation and
internal characteristic of the hydraulic jump vary con—
siderably with each form, According to the studies of
U,S. Bureau of Reclamation (1953}, these types can be
conveniently classified according to the Froude number,
The Froude number expresses the raotio between the

gravitational and internal forces as F] = Vy

/QYI

Fi of the incoming flow, Fig. 3.2; as follows:
1. For Fy = 1, the flow is critical and

hence no jump can form,

24



For F] = 1= 1,7, the water surface shows
undulations and the jump is called an

UNDULAR JUMP,

For F, = 1.7 = 2.5, a series of small

rollers develops on the surface remains
smooth. The velocity throughout is

fairly uniform, and the energy loss is

low., This jump may be called a WEAK JUMP,
For FI = 2,5- 4.5, there is an oscillating
jet entering the jump bottom to surface and
back again with no periodicity., Each oscil-
lation produces a large wave of irregular
period which, very commonly in canals, can
travel kilometers doing unlimited damage to
each banks and repraps. This jump may be
called an OSCILLATING JUMP,

For FI = 4.5= 9,0, the down stream

extremity of the surface roller and the point
at which the high velocity jet tends to leave
the flow occur at practically the same verti-
cal section. The action and position of this
jump are least sensitive to variation in tail
water depth. The jump is well balanced and
the performance is at its best. This jump

may be called a STEADY JUMP.
25



A = hz is defined as the Kinetic flow factor,

while, nifif is as prev;ousiy defined.,
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v
Y - ,,..-—": Y3 s
/’/////////////////////////////////7

surface undulations

- ?qu — YZ
Y] —_— —_— it ——r
/777 /x'///////////x'/’///////,"// THP - jum
(b) k=25 t0 6.0 ’ A e

W s =~
(7777777777777 777 777777777777 transition

(c) ;(I: 6.0t0 20.0

-

Y

/77/7/7//////;;;;///////7///7///
/777777
(d) k=20 to 100
Range of good jumps

<

. ’;7 7 — L

///////////////////////////////////////////7 choppy jump
(Q) K1>100

Fig. 3.2 Forms of the Hydraulic Jumps
Refs  (Chow V,T,)

26



6. For F] = 9.0 and lorger, the high—-velocity
jet grubs intermittent slugs of water
rolling waves down stream, and a rough
surface can prevail. The jump action is
rough but effective since the energy dis -
sipation may reach 85%, This jump may be
called a STRONG JUMP.

3.3 The Jump Concept and Theoretical Investigations:

Momentum formular — In the past, various
formulars have been employed to express the hydraulic
jump concept but most of the formulas did not yield
correct result becavse they were dimensionally incor =
rect when experimented .and is now universally
accepted without doubt., The hydraulic jump may be
concisely be stated as below:l

Let abfe in Fig. 3.3 represent a mass of water
moving through the hydraulic jump, In a shortperiod
of time, the mass of water will move to the position
cdhg and the following characteristics will be
observed,

(i) The water entering at ab is transparent

and has o uniform high velocity.
(ii) The water leaving at gh is also transparent
but in comparison to ab has relatively low

velocity.

»
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(iii) It will be observed that between c and e
the surface rises rapidly and is greatly
disturbed by spraying and spattering. The
entire mass edef appears milky and this
suggests the presence of much internal
impact. In passing from the position
cehg, the moving mass of water losses much
of its momentum and consequently there is
a reduction in velocity, The rate of
momentum lost must be equal to the unbalanced
force acting to retard the motion of the
moving mass in accordance with Newton's
Second Law of Motion.
The following assuptions are made in the analysis:
(i) The channel is rectangular in shape having
parallet side constraints.
(ii) A horizontal floor exists.
(iii) All friction losses are neglected.
(iv) The hydraulic jump is assumed to take place

instantenously.

(v) Streamline flow exists immediately before
and after the jump.
In Fig. 3.3 below, let Y] and V, represent the

depth and velocity upstream of the jump and Pl the
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total hydrostatic pressure over the vertical section

cd, and V, and Y, the velocity and depth after the

2 2
jump and P2 the: total hydrostatic pressure after the

the jump formation and energy loss. Take a channel
width of unity for simplicity. The change in hydros—
tatic pressure P from Section 1 to 2 is computed
from the total depth at each section.

AP = P Pl lo.onooa.ooo.o.oo..-.u.oo(gol)

2

and for rectangular chennel of unit width
2 2
P2_P1 ='£' W(YZ-Y])oco.c-‘oooocnccoooa(3.2)
the change in momentum M will be computed from the

velocity main—stream itself, Thus,

AM = lg (V) = Vo)eererenennnninneenana(3.0)

2)

In accordance with Newton's Second Law of Motion, the
change in hydrostatic pressure must be equal to the

change in momentum.
AP = AM
qul +P.| = B“qu + P
g 9

2 RES————— ;.

30



substituting for Py = Py from equation (3.4) into
equation (3.2) for ractangular channel, equation (3.2)
becomes
2 2 _
Y5 = Y1 =2a/g (Vy = V,)
bUt V = q/Y

5 % YIYZ(Y1 * Y2) = V" YL G woves s ss SR § § PeEd (3.5)

Solving for Y2 in term of Y, and Vis equation (3.5) becomes

¥ 2
Y, =~ e +¢//_évl Yo 4 197 coneo ceeessesse(3.6)
2 2 — N1t N
9 4

Kennison in 19146 simplified the momentum formula by

equation (3.5) by Yi and re—arranged the equation to obtain

2y *
- 1
___)3+__ p———

(
" Yy o

LR T I I T N T TR I I R O I B ]

Ey plotting V]/,/gY] versus YZ/Y1' Kennison obtained a

straight line relationship having the equation

Y2 =V JY]/4 - 0,45 4

3.4 Basic Characteristic of the Jump:

Loss in Enerqy — The lossof energy in the
jump is equal to the difference in specific energies before
and after the jump which is usvally represented in the

following form:

x
i

o o
1

3

(N}

-

-

—
w
o
o
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Where HL_z Head loss thropéh energ§ dis:ipation_by

the hydraulic jump and H]:aﬁd H2 are %otal head before

proved when a relation =

and after jump., This can B
ship between the initial deb;h and the sequent depth
of a hydraulic jump on a horiLontal:f%oor in a rectan
gular channel is derived and the difference between
the specifc energy at the two sections considered.

The relationship between Y4 and Y2 is derived
as follows: Figure 3.4.

The external forces of friction and the weight
effect of water in the hydraulic jump on a horizontal
floor are negligible. Beccuse the jump tokes place
in a relatively short distance, the slope angle of a

horizontal floor is zero.

2 % 2 Z
E_ + Z]A] = 2" + 22A2 """(3'9)
QA] 9A2

for a rectangular channel of width b, Q = discharge,

V1Al = V2A2, where A2 and A2 are cross-section areas

at the respective sections; A] = byI and AZ = by2 and

depth of centroids are i] = Y]/2 and EZ :4!2/2

The specific forces at section 1 and 2 before and
after the jump can therefore, be considered equal

substituting these values and using

Vl Y
Fy 3a— @and F, — where
1 UY1 & QY2

F = Froude number, the above equation becomes—.,(3.9)
. ;

(-—2- )3‘—2Ff+ 1) (-?—2. ) +2F$=O ..“...-...(3.10)
_ ¥

Y
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Energy gradient
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Fig. 3.4 Head Lost by the Hydraulic Jump
nef. (Edward A.E.)
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Factoring, we obtain
Y

Y Y 2
2y 2205y 2 _ 4y .
(Y ) +(Y 1) (Y 1) —O .ll.‘.....oq(3~1])
1 1 1
Let
Yo Y7

(Y]) +Y] 2F] O ....!I...II.....I....C.I(3.12)

the solution of which gives

-—2. ='i'/l+8Fz-1 R R R R R R T (3-13
Y4 1

Now the energy loss Af which is same as HL while Hy = E]

CJ.‘Id H2 — E

r

E, = Y
=3 1% 2

and
VJ
2
E2 = Y2 ¥ §E

Specific enerqy at respective sections
vz vz
L] Ia - 1 +2g 2 29 I..I.....l.l‘l!_.d [ ]

from equation (24)

2 Yq
2V] =Y]Y2 (1‘"-\;:) ...-.........-.-..-...-.-(3-]5)
g Y] 1
P
also _ = e
2 Y
2V2=Y2Y} (]+-_1') lI.l...o.--..-...-a.l..(So 16)
Y
g Y2 _ 2
Substituting these in equation (3. above,
Yy & 02 (1 Yz) (v, 272 ;. N
le * Y 2 + 4\‘12.( + ?'5)) = E
) Yo P Y Y

e » OE = Yi+ 1 (1 & ??) = Yoy b oy (1-;§;).......(3.17)
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Solving the above equation (3. _
3 2 3

2
_ 2 2 _ - - -
- 4Y1Y] - Y1Y2 =+ Y2 4Y]Y1 Y2Y1 Yl

4Y1Y2
But the numerator above is
“2‘*1)1
- 3
Atnew & B U mass a0
: : - 4YIY2

Energy loss equation in terms of Y] and Yé.

3.5 Jump Application in Stilling Basin Design:

The hydraulic jump is a sudden and
turbulent passage of a flowing liquid from a low
stage below critical depth to a high stage above
critical depth during which the velocity changes
from supercritical to subcritical. Like all
expanding flows which produce an increased pressure
downstream, the hydraulic jump is accompanied by
large and violent eddies and therefore invariably
involves a loss of kinetic energy. The hydraulic
jump is, therefore, a very useful instrument of
energy dissipation, its application is as illustrag -

ted in Fig.3.5.

2 ;
Y2 == ( = 1 +/71 + BF]) as proved
earlier, L = K(Yz = Y])
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Where K is a constant given by K = Y2/Y],
but this should be greater than three (3) for all
conditions of flow to form hydraulic in all cases
where there is potential scour hazard,

The location and character of the jump depend
on tail water elevation as illustrated by curves
A, B, C and D in Fig.3.6.

Tail Water Conditions — As stated earlier, the

tail water elevation is of paramount importance in
selecting the appropriate basin to contain the energy
dissipating stream channel., From previous studies,
four possibilities of the relationship between YZ'YO
and the discharge Q were considered for selecting the
energy dissipating portion as illustrated in Fig.3.6

as curves A, B, C, and D (Design of Small Dams 1977).

A. Tail Water depth YO is less than conjugate Y2
(but greater than critical depth). This is the most
frequent case is design. The flow will continue below
critical depth for some distance down stream from the
toe of the dam. Because of energy loss due to friction
the depth of flow will gradually increase until a new
depth is yeached which is conjugate lwith the tail
water depth., At that point the hydraulic jump will
occur. In this situation, the jump would be swept

away from the apron,
37



Fig. 3.6 Basin Type Determingtion Curve

2ef. (Designs of Small Dams)

33 . |



In order to ensure the jump at the toe of

the spillway, the following measure may be adopted:

B.

1s

Lower the level of the apron and form
stilling basin so thet the increased depth
(tail water depth plus the depth of the
basin) is greater than Y2 at all states

of flow, Refer to Fig.3.7.

If the spillway is low and the tail water
almost sufficient to form a jump, loaffles
or sills may be used to dissipate the
energy.

Provide a large spillway crest, this will
decrease the depth of flows over the spill=—
way and in turn the conjugate depth, Y2,
also will be decreased.

If the stream bed is of solid rock, an
upturned bucket may provide satisfactory
protection (it will through the overflow
up and out so that it strikes the stream
at a safe distance below the dam as shown

in Fig.2.1.

Tail water depth not sufficient to cause a

jump at low flows and is too great during high flows.

The following measures may be adopted:

1. A sill which will increase the tail water

depth sufficiently at low flow rates may be
39
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combined with a sloping apron to provide
satisfactory jump at high discharge.

2, If the velocity is not too high, baffles piers
may be used to break the flow.

Cs Conjugate depth Y, is below tail water level YO

2
at low flows and above at high flows. A lowered apron
(stilling pool) will hold the jump at high discharge.
D. Tail water depth greater than the conjugate depth

¥ The jump will be drawned by the tail water and will

2°

occur upstream of the toe spillway. Energy dissipation

will be unsatisfactory and water may continue'at high
velocity along the channel bottom for a considerable
distance, This problem may be overcome by the

following methods:

: I A sloping apron above the stream bed such that
it would produce a satisfactory jump at all
discharges as shown in Fig.3.7.

2. Use an apron with an unturned bucket which
will deflect the overflow up through the tail
water, A roller will form downstream of
bucket but it will tend to move scoured bed

material towards the dam, thus preventing

serious scour at the toe of the dam.
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3.6 Design of Models:

The design of a model must be related to
that of the prototype that its behaviour under test
will reproduce accurately prototype conditions. To
satisfy this requirement, it is necessary that geome =
trical similarity of boundaries be maintained and that
the forces affecting fluid motion in model and proto —
type bear a constant ratio to each other. That is
flow particles in model cnd nature must move in
geometrically similar patterns in_proportional times.
The requirement for geometrical similarity is satisfied
when the model is constructed undistorted to the linear
scale adopted.

Fulfilment of the requirements of dynamic
similarity mokes more rigorous demands. Forces capable
of influencing fluid motion in any system are gravity,
fluid viscosity, elasticity and surface tension.
Certain combination of these forces as they affect the
inertia of the fluid particles have been expressed in
the form of dimensionless numbers known as Froude
(gravity), Reynolds (viscosity), Weber (surface tension)

and Carchy (elasticity). It is first necessary to
determine which of the dynamic forces dominated the

problem under study, then scale ratios are selected and
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and the model is operated such that the effect of
other forces becomes secondary. In particular, all
spillway problems are gravity forces dominated and
dynamic similitude is attained by designing the model
in accordance with the Froudian relationship. Thus
denoting model and prototype values by the subscripts
M and P, respectively, and the ratio of model value to
prototype value by the subscript.

3.7 Froude Number Criterion:

The flow behaviour over the weir is

governed by gravity forces and as such the Froude number
criterion is applicablz, Here, the inertial and gravity
forces are considered to be the only dominating forces
in the fluid motion, From Newton's Second Law of Motion,
the inertial force,Fi is

Fi 8 Ml wwns sanenes s SRS s ERORE e sl ow 3 P)
Where M = mass of the element of fluid and has dimension
(M), @ = acceleration with which the element of fluid
is moving and has a dimension of L/Tz, where L = length
parameter and T = time parameter. The ratio of the
inertial forces acting on homologous elements of fluid

in the prototype and model can be defined thus:

2
EE i ﬁE Lp/T p
Fm M L /T2 m
m m
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Also, the gravity force,Fé,is given by
>

F .=f' U I T T I I T B I B D R R BN I I I N I B O 3:0:?.0
g 19 ( )

Where M = mass of the fluid element and has dimension (M),
g = acceleration due to gravity and has dimension L/T?.
The ratio of gravity forces, which is determined by the

weight of the mologous fluid elements involved is defined thus:

o _ M9
F = Mo
m m-m

-'{ 4 i
£.=p "3 "L
'Since the inertial force and gravity forces are considered
dominant in the fluid motion, the ratio of these forces acting

on homologous particles in the model and its prototype is

defined by Froude law as below:

(Fylp ()5 ,
= 7 =
(F])P \Fg)m
Fi '_( “* 2 )
& " F— =1 = D'A L.A T A Ve = 1

which implies

Vm v Vn
—— = —f—  for g =g D=,
e f—————— m p v

gmLm gpr P
iz

Or V =12

r 5

discharge scale AQ, Q = Velocity x area,

A _ ot e W 5/!’:
i L 0 = s - 3 L2 L i
Rl LA = A
Equally the discharge per unit width q has a scole ratio
£ . 5/2 |
q AL
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3.8 Planning and Canstruction of Models

LI

The first step in designing a model is the selection of
scale such that similarity of the occurance beinq studied is
perserved in the model, Customary practice is to start with
geometric similarity,.once the geometric scale of the model to
the prototype has been fixed according to .available space
and other necessary instruments to be utilized during test,
fha requirement for the dynamic similarity ﬁay be used to
determine other model scales. The following ranges of scale
have been sucgassfully used in ﬁcny model studies and-ure
recommended for use as a point of departure in the determina -
tion of scales in any given case. Spillways for dams may be
studied on models with scale ratios in the range from 1:30 to
1:100, Bradly (1949), J.E. Wachork (1945) also used scales of
1:30 to 1:100 models when studying the progress reports on

the sacramater San Jaoquin Dam, Colarado,
13.81 Model Scale Determination:

The following procedure was used in the determination
of models for this study. | . .

Models A and B

Specifiﬁ energy head for prototype (Eﬁ) = 25,.0m
EP = hP +.Hp where hp = prototype height and Hp'design head
over crest of spillway weir,

Flume depth df = 30 cm
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Assumed Vertical Scale ratio Vr = 1:100

: ; dF 30 cm
Computed Vertical Scale ratio = Ep - TR

Assumed vertical scale of 1:100 is satisfactory so that
some allowance will also be left over the weir as recommended
earlier by Karlsrebe (1929) that head over the

model should nat be less than 0,25 inch,
Horizontal Scale ration Ho=V_ = 1:100

Maximum prototype discharge Qp = 500 m /S

Maximum Pump discharge qump = 10 1/5.

Required discharge of model in acccrdance with Froude

5/2

law, which says Qr = Lr as expressed under section 3.7, the

Lr which is the length ratio is equal to T%a , therefore,

Q
Qr = (T%6)5/2 and since Qr ='a‘-ﬂ-l .
5/2 P
Qm = Qp Lr

1 ' 5/2
= 500 (-m)

i widai dwaid |
Q = 5 Ys which 1mplxe§ Q. <: qump.
Model spillway hieght (hm)f

= h X v

p r
1
=25xTO-—(j
= 0.25m.
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The assumed scale ratio of 1:100 for models
A and B is satisfied by both the flume depth and a
available pump capacity and the following sizes as
computed cubove are proposed for the model construction.
Prototype hieght = 25m, model hieght = 25cm

Prototype dischare 3 500 ma/S modle discharge = 51/3

pump maximum discharge = 10 1/s 5l/s

Flume height (depth) = 50 em .25 cm.
3.8.2. Step Sizing:

The step sizes to be introduc?d on the models for
the test were token according to a formular presented
by Chteren Liht (1982). According to this formular,
the appropriate step length (Ls) shou;d be equal to the
sum of the falling length (lf) plus the distance between

the minimum water depth and the maximum water depth

which he called the backwater length (lu) and the
distance (lr) all expressed on Fig. 3,8. The distance
(l:) is related to the height he used in his formular,
according to Chteren Liht, .l.r = hc (2 = 2.5) which means
lr is in the range between 2 hé to 2.5 hc' Therefore
Ls = lf + lw + lr.

Procedure For Computation of Ls

O The procedure for the determination of an
appropriate step length is to assume a step size of say

4 cm on the model which is 400 cm on the prototype.
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Fig, 3.8

Illustration of flow over steps
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Qi Assume a discharge say of 1 1/s; 3 1/s and 5 1/s
so as to cover the range of discharges to be used
during test.

3. Start the pump ond adjust on the 1 1/s position
and observe the nature of flow over the steps and try
to make note of the parameters, lf, lwr and hc' as
shown on figure.

4, Take the approximate values of the lf, lw and
lr and repeat the experiment for the discharges of

3 1/s and 5 1/s respectively until a step size is
reached such that Ls :lf - lw - lr' precaustion is to
be taken such that the following conditions are
satisfied:

(i) The most suitable step size should not be
greater than the sum of 1f' iu and lr
otherwise a hydraulic jump may be developed
over the step.

(ii) And also if the step size is less than the
sum of lf' lw and lr’ high turbulence flow
will occur on the whole step which may result
in the development of very high kinetic

energy (Chterin Liht 1982),
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CHAPTER FOUR
FEATURES OF BIU DAM AND SPILLWAY

4.1 Dam Location:

The town of Biu (10° 37* N, 12° 12' E), is
a local government headquarters and is situated at some
200 Kms south of Maiduguri, the capital of Borno State,
as shown on the locaticn map, Fig. 4.1,

The dam site is located within the Duvana river
gorge between the small villages of Tsahuyun and Burakum,
A recently constructed dry weather road, about 5 km long
leads to the dam site from Tum village situated on Gombe
Road, 10 km from Biu. For water supply to Biu town and
its surroundings, the dam site was initially selected
by the Borno State Water Board and consultants were
commissioned for the detailed studies.

While selecting the type of dam, onsideration
was given to site topography, geology and foundation
conditions, availgbility of construction materials and
economy. Possibility of providing a concrete gravity
dam was studied, but presence of compressible clay
deposit to a significant depth did not allow this type
of structure at the site, From further studies, it
was concluded that an earthfill embankment with modified
homogenous section is best suited type of dam for the
site. The crest level of the dam is fixed at £E1.602.00
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and it will create a reservoir having a total

capacity of 11,1 million cube metres with a normol

-

pool elevation of 600,50, and a live storﬁge of

9.6 million cube metres with minimum pool elevgtien |
590.5, This storage in conjunction with the normal
rur—off of the river, will be able to supply a
perennial " outflow of 0,26 w.m/sec. or about 5 mgd
of water., The dam ;consists of an earth embankment
made of compacted homogenous fill as silty clay and
clay which will provide impervious barrier to water.
The embankment has oalv:3.5H upstreom slope and a
lv:3H downstream slope as shown in Fig.4.2, As part
of the dom, o wet type intake is also located near
the toe of the upstream side to extract raw-water
from the reservoir to treatment plant. The intake
features ore as shown in fFig. 4.3, Other componets
of the dam are: spillway ogee type weir, chute plus

deflector bucket and an approach channel,

4,2 Hydrology of Biu Area:

The area surrowunding Biu has an undulating
topography sloping mainly towards north and north -
west, A number of small streams drain this area and
pass near and through the town. Duvana river is one

of such streams and it is proposed to utilized this
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river as a source of wﬁter supply to Biu through
construction of g dam and storage reservoir at Tum.
The catchment areo of Duvana .river is a non perennial
river and flows only during the rainy season., The
storage reservoir will hold the river run off during
the rainy season to pfovide a continuous supply to

Biu, Miringa and the villages enroute.

4.2.1 Climatology

The climate of the area is typically
"Sahelian" with a summer rainy season from April to
November (Maximum in August) and a completely dry
winter season. The mean temperature is garound 28°¢c
with around 35°C and minimum 22°cC,

4,2,2 Annval Reinfall:

Rainfall records for Biv which lies in the
catchement area of Duvand river are available for a
period of 37 years. Records of rainfell for Garkida
and Askira are alse availabe for 14 and 10 years
respectively. These records have been collecy,d and
and analyzed to amire at various hydrological parg -
meters required for estimating the yield structures.
A summary of reinfall at Biv and nearby stations is

given in _Table 4,1,
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The averuage annual rainfaell at Biv is cround
950 mm which does not seem to be critically low as
far as amount is concerned. The distribution of
rainfall is, however, not uniform and at times the
interval betﬁeen two consecutives rains may be as
long as seven months. As the Duvana river gets all
of its fun off as g result of rainfall, it remains
dry most of the year and as such cannot be relied on
for domestic woter supply wifhout the construction __

of a storage reservoir,

4.2,3 Monthly Rainfall:

The rainy season in Biu commences in
April. Occassionolly, there are light showers iq-
March which hardly produce any run off. HMost of the
annval rainfall occurs from May to September, and
morethan 75 percent of total annuol rainfoll is
concentrated in this period; mcximuh rainfall occurs
in Avgust, wheregs in October, the rainfell stoarts
decreasing, The period from November to February
is virtually dry.

4,2.4 Daily Rainfall:

The average number of rainy days in a
year at Biu is about 62, mostly in months from May
to September, while the maximum day rainfall usually

occurs in July, August and September, The maximum
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day rainfall in the period of record (1952 — 1988)
is 96 mm on 4th September, 1974, Refer to Tab.4.1.

4,2,5 Rainfall and Run Off:

Because of lack of stream flow records
at Duvana river, the rainfall data available have
been used to estimate the average annual run off and
the spillway design flood. Tab.4.1.gives the daily
rainfall and estimated run off for the 1952 — 1983
period. The average annual run off at the dam site
was estimated from the rainfall data to be about
20,214 million cubic metres.

4,2.6 Reservoir Capacity: Evcporation and Sedimentation:

The annual evaporation at lake was estimated
to be about 1,078 mm by using the regional pan gvapo —
ration data supplied in the form of Map No. 16 "Annual
Pattern of Evaporation and Precipitation".

For the sediment concentration, an intent
method was emploed to estimate the sediment yield of
the basin. Reseachers have related the mean annual
rainfall to the annual .sediment yield; one such rela —
tion was that of Linsely and Kohler, Refer Hydrology
For Engineers (3rd Edition). This was used in estima =
ting sediment yield which comes to about 14685 tons/
year, for a catchment of 146.3 km2; taking ;the specific
weight of sediments as 1200kg/m2, it comes to about

0.0122MCM/year. And for a normal ponded reservoir,
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sediment trap efficiency is about 97.57 (Linsely —
Kohler) for a capacity in flow ratio of 0,58, therefore,
total sediments trapped in the reservoir comes to about
0.0119 MCM/year.

Based on the evaporation rate, sedimentation
yield of the basin on a 60 years of operation, the dead
storage of the reservoir was arrived at about 1.5MCM at
storage level of 5%90.5m and maximum storage level at
598.25m with capacity of 11.1MCM and live capacity of
9.6MCM; also considered was the seepage losses at
0.883MCM.

4,2.7 Design Flood:

The Biu dam comes under intermediate dams,
and for intermediate dams with significant hazard
potential, the recommended spillway design flood is
iPMF = 1PMF (Ref.3); and is derived -from probable
maximum precipitation and run off are not available, a
return period of 1,000 years was adopted for the design
flood, The maximum day rainfall at Biu for 1952 -
1938 was derived from the data (Tab.4.1) with further
frequency analysis lof maximum day rainfall using Gumbel
distribution and the line was fitted by méthod of least
squares with a coefficient of correlation of 0,00

(Fig.4.4). From this figure, a relationship is obtained
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for the maximum day precipitation and return

period, Maximum day precipation = 54,384 - 12,88
(in %ﬁ_]) Ref, Biv Dom Design Report by (ECAN
Consultants). The maximum day precipitation cori=,
responding to different return periods are calculated.
As the design return periods of 1,000 years has been
selected, the maximum doy rainfell of 143 mm was
adopted for design. The Sub~hydrographs resulting
from hourly precipitation ond the composition
hydrograph are shown in Fig.4.6. The design peck

in flow thus obtainéd is estimoted at 660 cumecs,

4,3 The Biv Spillwoy Weir and Its Components:

In order to design the spillway of Bivu
dam, the design in flow hydrograph derived in the
preceding section and shown in Fig.4.6. Qos routed
through the reservoir using different spillway flow
choracteristics, According to the topographic
conditions of the reservoir, the maximum permissible
water level is 600,5, A spillway at 593.25mm crest
level and 72mm crest was considered most desirable
with maximum peck discharge passing through the
spillways of 496 cumecs. The outflow hydrograph
is shown infFig.4.6 along side the inflow hydrograph,
The dissipating components, the spillway chute

measuring about 166m .long and 72m wide, and the
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deflector bucket, are all placed at the left
flank of the earth dam, the details of which are

shbwn in fig. 4.5 and Fig.3.1 (@) and 3.1 (b).
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LHAPTER FIVE

EXPERIMENTAL SET-UP

5.1 Experimental Focilities:

The experiment was carried out in o
laboratory flume with a working length of 8m and
section measuring 20cm width by 30cm depth. The
flume has o glass side which makes it possiblé to
take readings when water is passing within the flume
over some object, say weir. The flume is provided
‘with water being pumped from a surface tank through
a delivery pipe; to the delivery pipe is attached a
U-tube manometer containing manometric liquid for
measurement of discharge, in addition to a valve
just before the U-tube manometer. As the valve is
opened for water to bass throﬁgh the delivery pipe
in the flume, the pressure difference in the two limbs
of the U~tube manometer also adjust themselves such
that the pressure difference gives the value of the
agmount of water passing in litres per second. The
computation of this can be made by the use af an
empirical formulg given by thé manufacturer of the
flume set up, Meesrs, Plint and Partners of England
(1978). The formula is os below;

1 d*
Q =155 ‘41?‘4‘!29(_?”1-‘ ) H

m°

O
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Where:
C = Coefficient of discharge

d = Nozzle diameter (cm)
m = Area ratio 4%/
D = Delivery pipe diameter (cm)

H = Pressure head fdifference across the nozzle(cm)
g = Accelesration due to gravity
sm = Specific grovity of menometric liquid,

The values for d = 7, D = 12,7 ¢nm,
m = 0,3492 and ¢ = 0963, as given by manufacturer
and mercury was used as the manometric liquid througir
out the experiment, It has specific gravity yalue
of 13.55, : : |

Water which is pumped to the flume through the
delivery pipe is discharged into another tank placed
adjacent to the surface for re—circulation,

Other facilities with the flume include ¢«
stop—watch, a pilot=tube for megsurement of velocity
cnd a point—=gauge for depth measurement,

5.2 Experimentgl Models:

The models used in this test were
constructed using the procedure described under
section 3.8 of Chapter Three. Three experimen&al
models were constrvcted using perspex materials and
émm thick plywood for the purpose of this investi~

gation. Two of the models are 1:100 scale ration
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which are measuring 25cm height and 20c¢m crest length,
The models are tagged A aond B. Model A is the normal
ogee weir while Model B has some steps introduced on
its dowstream face. The readings obtained using these
two models are to be compared, The third model is of
1:50 scale ratio whose values are 50cm height but the
crest length is same as the previous ones whicn isl
also the maximum width of the flume, This model was
not completely used but only some portion of it which
of interest to this study was vtilized, 1In the
experiment, only upper portion of this enlarged size
of the previous models was considered so as to observe
in o more enlarged structure, the noture of flow
transition from the unstepped portion of the stepped

welr to the steps.

In order to ovoid abrupt changes from flow
direction and production of centrifugal pressures,
and also to create a smooth transition of the flow,
to prevent the impact of the falling water, The
surface at the spillway toe was designed as a curved
bukcet using the emperical formular.

R = 10(V + 6.44 + 16)/3.6H + 64)

Where R is the radius of the curve in feet;
V = velocity in foot per second of the flow at the
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toe and H is the head over weir in feet, Chow
(1959) PP 884, and used in the construction of the
| unstepped model A us may be referred as on Fig.

The steps intreduction on downstream face of
model B was achieved through tricl and error method
using the procedure earlier described under section
3.8 of Chapter Three., However, the experimental
trial steps and discharges plus position of readings
are as presented through tables 5a, 5b and 5c,

Respective step sizes were tried before an

appropriate size was orrived at.

5,3 Measurement and Computation:

5.3.1 Step Sizing Experiments:

For the selection of an appropriate step
size that will satisfy the conditions earlier stated
in the literature and the theoretical criterion
stated in Chapter three, the following experimental
procedure was adopted.

1. Three model discharges of 1 1/s, 3 1/s
"and 5 1/s are considered.

2, A proposed model with step sizes of 4cm
was first adopted and the discharges of

1 1/s, 3 1/s and 5 1/s were passed over
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it ana the stated parameters of
Lf; L, and L were observed and noted,
This step size was not satisfoctory as per

the results obtained in tqbleS 5a, 5b, and 5c.
The step size was increased to 5cm and the experi~-
ment was repected as agbove, again the results
obtained for discharge of 5 1/s was not satisfage=
tory., Finally, the step size was increased to 5,5cm
and experimented on discharges 3 1/s and 5 1/s and
it was found to be satisfactory. The step of 5.5¢cm
implying a prototype step size of 550cm was adopted
for the model construction and it was used in the
experiment for the determination of toe velocities
of the stepped downstream face model. The three
models are os shown on Figures 5.1,5.2 and 5.3
with location of examined steps.

5.3.2 Measurement:

After an appropriate step size of 5.5cm
has been selected for the stepped model type, the
model type was placed in the experimental flume at
some 5.5 distance from the flume water in—let point
so that the pumpted water is stabilized before
reaching the model. For measurement of various

parometers when the pump is started, the valve on
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the delivery pipe for dischorge measurement is

being observed carefully so that g specific discharge
value of interest is set for particular set of
readings to be token, For subsequent discharge
values, the valve will be further opened to increase
the discharge until the required discharge limit is
reached, For each discharge value, a set of readings
comprising of the toe velocity at the model weir was
taken with the use of a pilot tube, head of water
over the model weir crest using a poing gauge was
also taken, For all the weir models, a set of ten
discharge readings with corresponding values of head
over the weir crest and toe velocities were recorded
as presented in tables 5d, 5e and 5f and model shapes
are also shown in figures 5.1,5.2 and 5.3.

5.4 Precgutions

(i) Yeir madels were placed ot least at a
distance of 5,5m from the water inlet
into the flume through the delivery
pipe so that the approach flow
conditions could be reflectéd.

(ii) To reudce errors due to turbulence,
readings were not taken with each

flow immediately valve is adjusted
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(iv)

until after the water level in the

flume and the two limbs of the U—-tube

manometer stabilizes,

The

flume was kept at a constant

horizontal level throughout the

duration of the experiment.

The

following denominations were used

here in the data collection, computation

and

Ny

result analysis of this sxperiment:

Is used to denote Run which inpiies a
certain position of delivery valve
setting.

Head diffarence in water level between
the two limbs of the U-tube maonometer
for the medsurement of discharge,
Heod of woter over weir,

Computed discharge value from the
experiment data vsing the formuler in
litres per second,

Level of water in Pilot—tube vsed in
velocity of flow computation.
Computed velocity value in centimetre

per second,
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S5a

1. STEP SIZING TEST RESULT AT D:. 1 1/s
>mmcaoa.r = 4cm = 400¢cm,
™ p N
No. ..i. Step Ls L, _u_n L. L, Relation
Readings Position cm cm : cm . cm cm L L
Token ¥ Sy
i 8 1 2.1 1.8 0.18 0.36 4,26
2, 3 2.0 1.83 0.17 0.34 4,17 LSiL
s m
3. 4 2.2 1.83 0,18 0,36 4,36
Assumed L_ = 5¢cm; L = 500cm
m p
4, 1 21 1.82 0.2 0.4 4,32
s u 2.0 1.84 (0.2 0.4 4,24 _raA. r..:
6. 4 2.1 1.8 (0.2 0.4 |4.4 -
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5b.

STEP SIZING TEST RESULT AT Ca = 3 1/s
Assumed L = 4em; L = 400cm,
m P
No. of .

. Step Leem L cm |h emjlL _ecm L em| Relation
Readings Position £ W c r s L L
Taken s/ "m

1 1 2.53 |1.7 0.3 0.6 4,83
2 3 2.5 1.75 10.3 [ 0.6 4.85L_ = L
: s m
3. 4 2.55 11,80 10,3 0.6 4,95
Assumed L = Sem; L = 500cm
m p ) )
4 1 2.5 1.67 | 0.5 1.0 5.17
5 3 2.51 (1,67 10.5 1.0 5.18 ~ L
s 7 m
6 4 2.51 [1.66 |0,5 1.0 5.17
Assumed L = 5,5¢m; 1. = 550¢m
m p
7 1 2.5 1.68 0.5 1.0 5.18
8 3 2.52 11,68 [0.5 1.0 5.20 s Z_ ra
9. 4 2,51 [1.67 |0.5 1.0 5.18
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5¢.

3. STEP SIZING TEST AT ca =5 1/s
Assumed LU = 4dem, L. = 400 cm,
m P y
No, of . .

. Step Lecm |-em |h em JL cm |L cm [Relation
Readings Position f W c r s L L
Taken oS3 s~"m

1. 1 2.7 1.6 0.4 0.8 5,10
2. 3 2.72 |1.,7 0.4 0.8 5.22 rm > ra
3. 4 2.7 1.65 10,4 0.8 5.15

Assumed ra = Sem; rﬁ = 500¢m
i, i | 2.7 |1.71]0.5 [1.0 |5.4%(
5. 3 2.7411.68 0.5 1.0 { 5.42 rm UV._..3
6. 4 2.7 1.7 0.5 1.0 5.5

Assumed ra = 5,5¢cm; rv = 550cm
7. . 1 2.7 1.7 0.5 1.0 5.4
8. 3 111,681 0, . . |

2 8 5 11.0 15,39 L A L

9. 4 2,7V} 1,68 0.5 1.0 5.39 _
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MODEL C SCALE RATIO 1:50

- STEPPED TYPE

TABLE 5.t

H h Q

cm cm 1/s
1 2.0 2.0 2.1
2 2.3 3.0 2.6
3 2.4 3.3 2.7
4 2.4 3.5 2.8
5 2.5 40 3.0
6 2.7 | a4 3.2
7 2.7 47 3.2
8 2.7 4.8 | 3.3
9 2.7 < 5,0 3.3
0 2.8 5,2 3.4

O T > o

Run . i
Head difference in water level in U-tube limbs
Head over weir

|
Discharge S : ‘
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MODEL A

SCALE RATION 1:100
UNSTEPPED TYPE

—

Table 5,2

H h Q hi V.

cm cm 1/s cm cm/s
1. 1.3 0.5 1,0 100 44.3
25 1.6 1.0 1.49 188 60,7
3. 1.8 1.5 1,82 205 63.4
4, 2.0 2.0 2.1 220 65.6
B 2.3 3.0 2.5 225 66,4
6. 2.4 3.5 2,78 250 70.0
Ts 2.7 5,0 3.3 289 75.3
8 2.8 5.5 3.5 300 77 .0
;7 3.0 5.8 4.5 370 92.0
0. 3.2 6.2 5.0 430 98.0
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MODEL B
SCALE RATIO 1:100
STEPPED TYPE

Table 5.3

H h Q hi v

cm cm 1/s cm vem/s
1 1.4 0.4 0.94 11,6 15,1
2. 1.6 0.9 1.44 22,9 21.2
3. V.7 : 1.64 24,6 22.0
4, 2.0 2.0 2.1 31.8 25.0
5, 2.3 3.0 2.58 30.9 24,6
6. 2.4 3.5 2.78 31.0 24.8
£ie 2:5 4 3.0 48,9 31.0
8. 2.7 4.5 3.3 56.0 33.0
2. 2.8 5.0 3.5 62.0 34.7
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CORRESPONDING PROTOTYPICAL
VALUES FOR UNSTEPPED TYPE A

TABLE 5.4 -

H Q v

m m'/s m/s
1 1.3 5,26 4.4
2 1.5 6.6 9.9
3 1.6 7.4 1.6
4 1.8 2.1 6.3
5 2.0 10,5 6.6
6 2.3 12,9 6.6
7 2.4 13.9 7.0
8 2.5 14,9 7.3
9 2.7 16.7 7.5
10 2.8 7.5 g
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CORRESPONDING PROTOTYPICAL

VALUES FOR STEPPED TYPE B

TABLE 5.5

R H Q v
m m}/s m/s
1 1.4 4,7 1.5
2 1.5 5.8 1,7
3 1.6 F AR 2.1
+ 1.7 8.2 2.2
5 1.8 10,0 2.9
) 2.0 10.5 2.9
7 2. 11.8 2.0
8 2.3 12,9 245
? 2.4 13.9 2.4
10 2.5 14,9 3.1
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CHAPTER 31X

ANALYSIS AND DISCUSSION OF RESULTS

The investigative study corried out in this
project involves the construction and use of
hydravlic models. Tge fundemental scale for any
hydravlic model is the ggometric $cale, The choice
of o suitable geometric scale depends Qn Jhe type
of fluide system which is to bhe studied and on the
space avgilable to build the model, |

Once the scale of the model has been fixed
according to the aveilable space and other necessary
equipment to be Utilized, the requirement for the
dynamic similerity may be used to determine other
model scales, ; i

These are needed in order to operate the
model so that it will be dynamically simiiar to the
prototype and so that measurements made in the
model may be used to determin prototype values, It
was through these pr;cédures I arrived qt this test
results., And because the flow is dominated by
gravitutional effect;, models of free surface flow

like these ones are scaled according to the

Froudian Creteria, : : |
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In the course of this experiment, photographs
were tgken to show the flow nature over the steps
and flow nature at the transition stage just before
falling on the first step.

Photograph A shows the constructed model

before placing in the flume for experiment, this is
the model tagged B, whose experimental values were
compared with model A which is the normal ogee type,

Photqgraph B shows the model under experiment

right in the flume with flow passing over it at «a
discharge of 5 1/s value., This photograph gives o
very good description of whot Chteren Liht (1982)
says cbout the noture of flow over the steps and the
type of parameters he described namely, falling =
length; backwater length and the distance Lr which
is (2 - 2.5)hc, where hc is as defined earlier to
calculate the opprOpriate step size for some range
of values of requirgd:dischurge in any particular

case, i i

Photograph €, this shows the flow pgttern at

low flow rates, say during summer or at times of low
flow period in the life~time of the structure. High
turbulence is immenant on first step but it ceases
on the subsequent steps downwards due to low flow

rate coming from reservoir,
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PHOTOGRAPH A.
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PHOTOGRAPH B.
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P,
HOTOGRAPH C
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Generally, the two photographs taken of the
experiments portray the type of flow nature des —
cribed in the literature of this study over the
series of steps which may result in the dissipation
of energy before the flowing water reaches the toe
of the weir and the nature ¢f flow transition from
one step to the next step. Photograph B is clearly
shewing how this pattern is taking place and is
very similar in shape to what is shown on Fig.3.8
and Fig.2.2, both indicating how flow over rough
surface takes place,

From the result of these models, it was
observed that the toe velocity values were tremen =
dously reduced for the same discharge of water
passing over the unstepped weir, compared with the
stepped weir of the same scale ratio., As can be
seen from the results shown in Tables 5.2 and 5,3
for the model probable maximum discharge of
?2.21/s/m, the toe velocity was reduced from
61,.5cm/s for the unstepped model to 21.4cm/s for
the stepped weir model, also at the model design,
discharge of 6.91/s/m, the tVe velocity was reduced
from approximétely 55¢cm/s to 17.5cm/s. The model A

to model B toe velocity ratios thus were 2.9 and
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3.1 résPéétiQely, and.iﬁcreose to just over 4.4
for o low model disgharge of 4.5091/s/m. Conse~
quently, the kinetic energy in the fldw at;#tepped
weir toe varies from 4171 to 213 of the energy at
fhe unstepped spillway mode toe for the range of
model discharges, Below, the computation of this
results ore shown,

for all the runs carried out in the
experiments, it was found that the introduction of

the steps was able to reduce the velocity of flow

‘of the incoming excess flow from the reservoir

such that the velocity at the bottom of the weir
is so negligible that scour and erosion may not
occur at the toe, The curves for both the model.
t?pes are drawn from the results found to give the
corresponding values for velocities at the toe for
a particuler discharge for sucH Q spillﬁd; shape
and scale ratio, although this cannot be genera.=.
lised for any spillway weir shape, Eut it!makes g
guidance for any further investigation that may be
required for any spillway shape.

Therefore, the construction of this type of
spillway will need minimum provision of any form

of energy dissipation structure at the toe of the

weir, The comparison of toe velocities for the
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velocities of 2.3m/s ot the probable moximum flood
discharge, compared to toe velocity of 6.3m/s for

a prototypical unstepped spillway., This represents

a kinetic energy dissipation of about 60% which

is as good as or superior to the anargy diSSiPOtion

achieved in a typical well developed hydraulic

jump.,
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CHAPTER SEVEN

CONCLUSION AND RECOMMENDATION

Conclusion:

The focus of this project is the
spillway shape which was proposed in a stepped
downstream face manner as against the conventional
ogee unstepped type. The steps were introduced to
find the possibility of either reducing grossly orF
completely eliminating the provision of a stilling
basin dissipator at the bottom of the weir which
in most cases, increase the cost of spillway by
morethan 60% of its total cost. The test carried
out proved that the steps were agble to reduce the
velocity of the flowing water over them which
indicates the reduction of the total kinetic
energy since the velocity reduction happens at
each and every subsequent step before it reaches
the toe of the welr.

with tne introduction of the steps at some
intervals on the wier downstream face, the flow
was accompanied by some abnormal flow behaviours
because now that surface composes of peaks and
valleys. A turbulent flow?uith rolling vortex

emnated on the top of the steps, velocity of flow
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is likely reduced to to the roughness of the
surface and also due largely to the formation
of wakes behind each step. The wake and vortex
at ecah step ore completely developed and dis -
sipated before the next step is.reached, under
such condition of flow &t each step, a stable
rolling vortex develops and rotates for a brief
period and then returns to the main flow to
procedd on down to the next step. The flow
essentially skims the crests of the steps and
large roughness projections are absent and the
surface acts hydraulically smooth. As the
intensity of the velocity caused by the steps
increase in the direction of flow, more and more
energy dissipation is achieved with successive
steps continually placed up to the weir toes,

so this explains why the velocity at the stepped
weir toe is reduced by obout 60} or more of the
stepped weir for the same discharge.

Therefore, an ogee spillway weir with
stepped downstream face just from below the crest
to the toe can be designed to perform satisfac -
torily as kinetic energy dissipator of the fast
flowing water from over the weir. Consequently,
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this shall minimise the construction of a
stilling basin which is basically used at the
toe of spillways to protect the structure from
scour and erosion emanating from high velocity

flows over the normal unstepped well.
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Recommendation:

Models studies on hydravlic structures .
is highly recommended before commencement of such
project like Dams and other related structures.
Through different alternatives and comparisons,
the most economic and simplest alternative can be
arrived at by use of models, Particularly in case
of Biv dam project, there was no model study of
what ever type of either the spillway or Dam and
the reservoir, before the execution was started.

From this experimental study, it was d
discovered that the use of a stepped spillway
type could have saved both money and time for the
execution of the project. A lot of excavation
works could have been avoided and large sums of
money could also have not been spent in the cons—
truction of the spillway chute, which is a 60cm
thick reinforced concrete measuring 166m x 73m.
Although it is too late to consider this change
in application to Biu dam, this study can be used
as a guide toward future projects., I recommend
@ similar studies and other model investigations
for the rest of the projects of its kind before
their execution,
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I also suggest much more experiments to be
carried out on different scale models of other
dams so as to arrive at more research datas to
further guide the design of steps for spillway
faces, designs that will optimize response to
construction and energy dissipation requirements,
specifically, the optimum depression shapes,
sizes and spacing for supercritical flow need

to be determined,
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RAINFALL AT BIU

TABLE 4.1

(Millimetres)

ANNUAL

MAXIMUM

DAY

’- YEAR (mm) o RATNFFALL DATE
1952 1100 s* ' 23. 8.52
1953 1103 8 25. 8.53
1954 1151 63 26. 6.54
1955 1092 52 8. 6.55
1956 641 54 17. 9.56
1957 1076 53 23, 7.57 ¢
1938 1102 61 31. 8.58
1959 769 42 12. 8.59

| 1960 723 66 29. 9.60 |

S PTY 762 37 28. 8.61

| 1962 990 52 19. 9.62

‘ 1963 1185 66 25. 8.63
1964 999 53 19. 6.64
1965 1119 46 11. 8.65
1966 1064 70 21. 8.66
1967 1033 87 18, 7.67 |
1968 672 73 6: 7,68
1969 1095 69 15. 9.69
1970 826 46 19. 7.70
1971 873 67 24. 8.7
1972 921 64 | 28, 5.72
1973 665 48 16, 7.73
1974 981 96 10. 9.74
1975 1001 82 4. 8.75
1976 996 78 10. 8.76
1977 802 62 9. 9.77
1978 692 71 18. 7.78
1979 590 41 29. 8.79
1450 647 45.0 28. 5.80
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RAINFALL AT BIU

TABLE 4.1 (con td.)

- YEAR Aﬁ?ﬂ?L - RﬁgggALL G g
1981 1006 63.0 9. 9.81
1982 799 50.0 24. 7.82
1983 559 54 29. 8.83
1934 672 56 12. 7.84
1935 611 39 1.1 6.85
1986 J1114 80 28. 8.86
1987 671 53 5.10.87
1988 | 811 78 8. 6.88
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