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SYNOPSIS.

A comprehensive and.rational solution is proposed
for the discharge.characteristics of vertical drop
falls. A vertical drop fall being essentially a broad-
crestediwedr with vertical downstream face:and horizon-
tal crest, the:previous studies on broad-crested weir

discharge have been briefly reviewed.

The.proposed solution of the: discharge character-
lstics is based on a. simple.equation of discharge obtai-
ned by theoretical considerations and.dimensional
analysis. Thus, the: discharge coefficient of the.verti-
cal drop falls. is defined as a function of dimension-
less ratios: that describe the. geometry of the fall, the
approach channel an&zthe:relapivp influence of. the:
factors that;determiﬁ;;the:flow;g&ttern. The: effect of
these various dimensionless: ratios on the discharge
coefficient is determined.from original experiments.
covering a.wide range of the significant ratios. On the:
basis; of the form of water-surface.profiles over the:
experimental models, the. broad-crested weirs. forming

the vertical drop falls have.been classified as. short,

normal and. long.
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This study includes the discharge character-
istics of vertical drop falls both in the. free flow

and submerged flow conditions.



1. INTRODUCTION



1. INTRODUCTION

1.1 Geperal.-

Galileo remarked - ¥ I had.less difficulty in the
discovery of the:motion of heavenly bodies, in spite-of
of their astonishing distances, than in the investiga-
tions. of the movement of flowing water before our very
eyes." Indeed, viewing perspectively the history of
the development of hydraulics, the. statement appears to
be truer than ever, today. For centuries, investigators
made attempts to meaéur? and predict the mechanics of
flowing water precisely. Some of the investigations,
perhaps, have been successful; but.only to the extent
of nearing precision and not attaining it to the full
degree, in spite of the great advancemenits made in the
field of instrumentation, in recent times. Thus; there.
exists, today, not a single method.of measuring, accura-
tely and.satisfactorily, the flow. of. water in its great
variety of forms - in open channels in irrigation and
sewage systems, pipe lines or conduits, rivers: and

oceans.

However, in spite of the highly complex nature of
the factors involve&iig the mechanics of flowing water,

atitempts. were made and will have to be. made to gauge the

flow to the highest deg}ee of accuracy possible. For,
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a. proper knowledge of. the rate of flow of water 1is a
basic requisite for the effective design of hydraulic

structures and utilisation of water resources.

Accurate and convenient water measurement from
the smallest field-canal to the largest river is an
essential feature of any planned irrigation system.
This factor assumes an increasing importance, as an
irrigation project approaches. full development, when

the demand for water.equals. the designed.maximum

supply.

~-
-

1.2 Methods of E;gﬂﬁMeaﬁggemegt in Open Channels.-
Irrigation‘engineers employed weirs of various.
types for the gauging-of water flow in open channels
for many years. The rectangular éharp-cresteddweir
with Francis' formula: for determination of discharge
over it, has been quite popular. Gipoletti weir is,
in some cases,employed obviating the necessity of mak-
ing corrections4for end-contractions. For accurate
determination of low discharges, ftriangular or V-notch
welr has. been used. All of these, while giving dis-
charge with a reasonable degree of. accuracy, suffer
from a main disadvantage for their employment in irri-
gation channels. That is, the nappes of water flowing

over the weirs will have to be:aerated or ventilated,
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1f the head-discharge relationship is to remain un-
affected. This, again means, a clear drop in water
level across the welr, which is.greater than the up-
stream head. In irrigation canals, it is often requi-
red to gauge the discharge with only a. small drop of
head across the weir. Under such a demand the above

types of weirs fail to serve the purpose satisfactorily.

e

Aftempts were.made, theretore, to overcome this
dirficulty. For channels, "rating flume" , consisting
of a. short rectangular section of fixed dimensions
bullt in the channel, was. employed. In this, the:
stage-discharge relationship. would be established.with
the.help;of;;urrentiﬁbter; This has its limitations.
Firstly, thélbackwater:effects from down-stream would
affect the.sfage-discharge relationship. Secondly, any
sitting in the flume would change the. area of the

section and.affect the discharge measurement.

"Venturi flume", with a constricted section, is
some times.used in the canals. At the: throat.of the
flume, there will be a local drop in water level, in
accordance with the Venturl principle. The applica-
tion of continuity and energy equations to the known
sectlons and observed water levels will yield the

value of discharge. This. method, though free from
the::backwater effect, suffers. from the disadvantage.
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of requiring two readings always.

In the "Parshall flume', that was developed sub-
sequently, the sections were so designed.as to cause
the. flow through critical depth, so that: the discha-
rge will be independent of depth at throat.and there-
fore could be computed from the upstream observed
reading above. Ofcourse, if the filume is submerged
deeply, two readings will have to be: taken in the
Parshall flume also. The Parshall flume consists. of
a. short rising floor to an inlet.section which has. a:
level floor and side walls. converging at.5:1 ; a.
throat section with parallel side wallssand floor
dropping ati2.67 to 1j; and an outlet section with
rising floor and side:walls: diverging at.6 to 1.

1t may be observed, however, that the geometric
design of the Parshall flume is. largely arbitrary.
Further, even the discharge formula for the flume is:
also of a purely empirical nature. When the flume was:
first proposed (4) by Parshall, Idndley and Hinds cri-
ticised it, expressing a preference for a form which
could.be:analysed rationally. Thus, it would seem,
the popularity of the Parshall flume is not due to
any intrinsic merits, but due to fact that it has been

thoroughly rated.and discharge tables are availlable
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for various sizes. -

Obviously, then, it issmore advantageous to
eliminate completely such gauging structures, if the
measurement of flow of water in the irrigétion system
can be accomplished_#o the same degree of accuracy
with the help of structures. thatcform a part of the
system itself. Tﬁérefore, full advantage of the ori-
fice and weir discharge characteristics: of falls,
checks, head-regulators: on canal system and weirs.
across rivers which form control sections.for the
water courses, should.be exploited for gauging the
water flow; and .this aspeci of the problem needs fuller

investigation.

1.3 BPurpose and Scope of the Investigation.-

in this: thesis an attempt has been made to study
the "discharge characteristics of wvertical drop falls",
that‘exisi in irrigation systems. By vertical drop
fall is meant a: hydraulic structure of the form of a
suppressed broad-crested weir with a horizontal crest
and vertlcal down-stream face, over which water flows:
and: falls. down to a lower elevation, as shown in Fig.l.
Instances of such structures are the "Sarda Type"
canal falls:in the irrigation systems in India: and

weirs (or “anicuts") with a vertical downstream face,
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across. rivers. The discharge characteristics. of the
vertical drop falls were proposed to be studied on the
basis.of their form beiﬁg that of a "broad-crested"
weir. A proper knowledge of the discharge characteri-
stics. of vertical drop falls; of which the. "Sarda. Type"
fall is.typical, would obviate the necessity of con-
structing speclal gauging structures. like meter falls
and.Parshall flumes, resulting in economy. For insta-
nce, the discharge in a.reach of a. canal can be esti-
mated by the measurement of the head.over the crest of
a.vertical drop fall that may exist in that reach of
the canal. Thus a Sarda Type (verticél drop) fall on
a.canal will serve the dual purpose - that of. creat-
ing a.drop in the canal as well as that of a.metering
station. Similarly, a weir with a”vertical down-
stream féce will not only surplus water from the pond
above the weir, but will also enable the discharge
passing over it for the different stages to be esti-
mated, from a.knowledge of the head.of water over the

welir-.

The suitability of. the vertical drop fall as.a
metering device lies in the fact, that the crest across.

which the water falls, is in the form of a broad-crested
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weir. Though, no greater accuracy than of the. other
welrs is claimed for the broad-crested weir, from the
point of view metering flow in irrigation channels, it
has got one chief advantage. That is, the modularity
of the: broad-crested weir remains unaffected even with
high degrees of submergence (of the.order of 60% to
80%). Thus, only low values of head drop being per-
missible in irrigation canals, it is a positive advan-
tage. With the crests of the falls often submerged,
the discharge coefficient will not be altered and
therefore. the upstream water level will not be affected,
even upto a. fairly high degree of submergence due to

water level in the canal downstream of the fall.

The typical design of an ofdinary vertical drop.
fall of Sarda. type (13) has a raised crest of the
'hybrid' or narrow flat-topped type with generally both
the: faces sloping to give a. trapezoidal shape. In the
case of smaller falls, the section always has both the
faces vertical. The corﬂéés,of the top of crest are
invariably rounded. The crest functions as a broad-
crested (or flatrtoppﬁd)_w%ir with suppressed.end con-
tractions, the leading éhannel confined between the
vertical side walls having the same width as the length

of. crest. The formula. suggested (13) for the
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computation of discharge does not contaln any factor
that takes into account the effect of the rounding of
the upstream corner of crest, the amount of rounding
also having not been defined. 1t is felt, as: in fact
it has beén qualitatively established. by previous in-
vestigations, that.the rounding of the:upstream corner
of the cresti has. an appreciable effect on the discharge
coefficient. Apparently, there.has been, so far, no
systematic. study of the effect of rounding of the up-
stream edge of the crestion the discharge coefficient
of a broad-crested weir. One of the objects of the:

present investigation is to dtudy this aspect. -

In many of the vertical drop falls, the upstream
face iScusually inclined, the magnitude of the inecli-
nation being arbitrarily fixed by the designer. In-
variably, the formula suggested. for the,disnharge does.
not include any factor that.accounts for- the effect of.
the. slope of the upstream face, which evidently depends
upon the degree of inclinatlon also. There have been
some experiments, usually made on models: of Individual
structures: to study this aspsect of the problem. The
results of these experiments are not tallying and some-
times even the trends.of the results are in disagree-

ment. Therefore a study of the effect of the
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inclination of the upstream face of the fall is the

second object of this investigation.

It is.well known that when water flows over a
broad crested weir, the flow undergoes a. change from
sub-critical (or tranquil) state to supercritical(or
shooting) state and.critical depth will be established.
somewhere on the crest. The:classical theoretical deri-
vation by "maximum discharge" theory would.give a
value of 3.087 for the discharge coefficient C in the.

discharge equation,

3/2
Qm - CmBh/ ?

where Q = Discharge
B = Length of crest normal to flow direction
h =0bserved head over crest.
However, earlier researches have shown that actual
observed values.of C have a variation within a very
wide:range, depending upon the length of crest. L
(parallel to flow direction) relative to the head on
the crest. In other words, the value of C was obser-
ved to increase with the value of the.ratio of head.
to length of crest (h/L). There have: besn experiments.
on broad-crested weirs showing the wvariation of the.

discharge coefficient C with the head on the crest.
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But these were mostly on very long welr crests, inten-
tionally made:so to ensure the establishment of uni-
form flow and hydrostatic distribution of pressure;
the range of h/L was thus limited. Therefore, the
third object of this ;tudy'was to investigate the:
variation of the discharge coefficient, C,.with an
extended limit of h/L so as. to cover the full range

of flow. over the crest functioning as a. broad-crested

——

welr.

The fourth aspect proposed to be investigated is.
the variation, if any, of the discharge coefficient C
with the height.of the.crest.of fall, B, above: the:bed
of upstream channel in both the cases. - when the up-

stream corner of crest is sharp and. rounded.

In the operating range of,veftical drop:falls,
the crest of the fall is often submerged by the water
in the downstream channel. Upto a certain maximum
degree of submergence, the: rise of downsfream water
level will not afiect, for the given upstream head,
the discharging capacity of the. crest of fall, which
functions:. as a submerged broad-crested weir. In this
range of operation, upstream water level, thefeforae,
will not be affected.by the,variation of water level

downstream. A% a particular limlting degree of
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submergence, the modularity of the broad-crested.weir
is lost, when the upstream head will be affected.by
the variation of downstream depth of water over crest
and consequently, the discharge depends upon both the
upstream and downstream heads. Thus, in the ‘'non-
modular? range of functioning of a broad-crested weir,
for a given head'upstrgam, the discharge coefficient C
depends upon the degreé of submergence. The limit
between the: 'modular' and ‘non-modular' range is the
'modularity limit'. Although the 'modularity limit'
iszusually stated;tqkpqcur when the degree of submer-
gence .reaches. a value around.0.66, its. precise value.
and. the factors.on which it. depends are not known.
Further, in the: non-modular range, the variation of the
discharge coefficient C with the degree of submergence,
for a.given head over a. braod-crested is.also no¥
precisely known, although some experiments to deter-
mine;this.wefe done for individual welrs of a parti-
cular'design; Hencé, the practice (13) so far, has
been to calculate the discharge over the submerged
broad-crested weir (in non-modular range) as consist-
ing of avflowaabovelﬁhe downstrean water level occur-
ing as a free welr discharge and that. below the doun-

stream water level as orifice discharge. Experiments
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I

have,however, shown that. the actual discharge does not.
tally with that calculated by the above procedure.
Submerged discharge being of very common occurence in
vertical dropgfélls, the fifth object and one. of the
chief objects. of. this investigatidn‘was to study the
discharée characteristics.of the: fall in the submerged.
range. <The scope of.sﬁ@éy of this aspect, proposed. to
be coveréd, was to inve;tiéate the precise value of the
limiting degree of submé?gence att "modularity limit"
and its.variation, 1if aey, under- the influence. of possi-
ble other factors and ai;blthe variation of the dis-
charge coefficient € with the degree of submergence: for

different.values of. the ratio of upstream head:.over

crest.to length of crest. (h/L).

It is. statediearlier that.the vertical drop fall
has the characferistics of a broad-crested weir with a.
horizontal crest.and: vertical downstream face. The
term "“broad-crested weir" is, however, generally poorly
defined. This 1s.classified as such on the basis of the
geomefry of the structure rather than any rational con-
siderations. Invariably,a.weir is.called 'broad
crested" if it has a nearly horizontal crest of finite
length in the directioﬁ\of flow. Experiments have.
shown that: at sufficiently high head. to crest. length



ratios, the nappe of. overflowing water tends to spring
clear of the weir cre¢st, after which the structure no
longer functions as. a. broad-crested weir. On the
other hand, for very small head to crest length ratios,
the welr crest becomes a. reach of an open channel, in
which the: frictional resgistance. predominates, and for
which the discharge is better evaluated by one of the
open-channel flow formulas. than by a.weir formula.
Therefore the definition of a. broad-crested weir as
commonly understood is.inadequate. In this investi-
gation, it.is. proposed to give: 2 more logical defini-
tion of a.broad-crested.weir based.on the flow
pattern over the crest.and the. discharge characteris-

N~

tics.

To sum up, the objects and scope of this.investi-
gation are broadly, to evaluate the discharge chara-
cteristics:of vertical amop,fails;ﬁrom a. study of the
variation of the discharge coefficient: with pertinent
vériables like-

(1) The: length of the crest.in the direction

) of flow.: L.

(2) The:height of the crest P

(3) Rounding of the.upstream crest: corner to

different. radii r.
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(4) The slope of the upstream face.

(5) Submergence of the weir.

The letter symbols adopted for use in
this thesis are defined where they first
appear, in the figures or in the text,
and are arranged alphabetically, for

convenience of reference,in Appendix. I.
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2. REVIEW OF PREVIOUS STUDIES

AN

2.1 General.-

As. the vertical drop falls have the hydraulic
characteristics of -a-broad-crested.wsir with horil-
zontal crest and vertical downsfream face, it is
pertinent to reviéy briefly the studies, made earlier,

on broad-crested weirs.of the said form.

2.2 Blackwell's-Experiments:i-

The first recorded experiments on broad-crested
weirs.were those made in 1850 by Thomas,B. Blackwell
(2) in a.side pond of the Kennet and Avon Canal,
Enéland. The crests experimented on were horizontal,
3.ft. long in the direction parallel to the flow and
lengths of 3 ft., 6 £t. and 10 f£t. perpendicular to
the flow direction. The sidefy faces were vertical.
The discharge was volﬁmetrically measured and. the
conditions.were gefierally favourable. for accuracy. The
maximum head over}the crest was 1 ft. The value of
discharge coefficient C, without velocity of approach
correction varied between 2.24 to 2.77. However, the
variation of C with the length of crest.L (in the
direction of flow) was not observed to indicate any

systematic trend.
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2.3 te a Stea B .-

Fteley and Stearns had given a formula. for the
discharge over broad-crested weirs (2) based on five
series of experiments, made in the Sudbury River Con-
duit, Boston in‘i877. The weirs were 'suppressed!’,

5 ft. long and 2, 3, 4, 6 and 10 inches wide. The
discharge was.measured volumetrically. The head fanged
up. to 0.824 ft. The results were given by Fteley and
Stearns in the form of a. table of corrections. to be
added algebraically to the.measured head for the broad-
crested weir to obtain the head on a thin edged weir
that would give the same discharge.. It is. to be obser-
ved, in this:connection, that in order %o know the
discharge over a braead-crested weir by the Eteley and
Stearn's formula, a knowledge of the discharge coeffi-
cient for a thin edged.weir for the given head.is also
needed in addition to the:correction to the head obtai-
nable from the.géﬁies.given by them. Further, in order
that. the discharge calculated by the above procedure.
should be correct, the approach channel conditions for
the glven broad-crested. weir and the hypothetical thin-
edged weir, the. discharge coefficient of which would be

employedzin the formula, should be the same.
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Fteley and Stearns experimented somewhat on the
effect of rounding the upstream crest corner on the:
discharge coefficient. Experiments. were made by them
on weirs with crest radii of 4 , 4 and 1 inch. and a
crest.length of 4 inches in the direction of flow. On
the basis of these tests, Fteley and Stearns had shown
that the discharge coefflcient increased with the
rounding, and had given a correction formula for the
head, ‘

K=0.41lr
where 'K! isséhcorrecfion to be added to the measured
head before applying in the discharge formula and. 'r!
ls; the radius.of rounding. This: formula:iss stated to
be:agpiicable:for heads of not. less: than 0.17 £t. and
0.26 ft. respectively on weirs with radii of 4 and. 1
inch. ZFEteley andigiearnsLhadifurthen*shown that: the
effect.of rounding the crest corner decreases. with the
length of crest L in the direction of flow and:. that it
also decreases when expressed. as; a percentage, with
the:head. Thus, the: effect. of rounding of upstream
crest. corner resulting in increased: value. of the dis-
charge coefficient wass first. established by them,
though the: formula given by them cannot. be said. to be

applicable to all the: cases of broad-crested.weirs.
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2.4 Bazin's experiments.-

Though a few hydraulicians like Blackwell and.
Fteley and Stearns investigated. the effect of varia-
tion of. the.length of crest L, it remained for H.Bazin
to elucidliate the whole:problem of flow over broad-
crested weirs in a. series of masterly studies, condu-
cted in the years. 1888 to 1898, well annotated. by
G. W. Rafter (1) andiHorton (2). These studies were

remarkable, as:regardsJdetaii.éndwminute research.

Bazin investigated.a large number of broad-
ecrested weirs with different crest. widths, varying
slopes: of upstream and downstream faces and curved
profiles. He:also studied of submerged weir behawiour

in a. general manner.

The welrs:were tested. by Bazin, in a long: cham-
ber, at. the head of which a2 standard weir- was. insta-
lled. The discharges passing over the standard.weir
relative. to the heads.over it were established.by
actual measurement. a. sufficient number of times to
ensure the. error to be.within 1 percent. The head
over the broad-crested.weir under test as. well as the
head over the. standard.welr were: synchronously read.
The discharge coefficients of standard weir having
been established, the discharge. coefficient. of the
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experimental weir could be computed. Bazin's experi-
ments on broad-crested weirs pertinent to problem in
question included.a series. of 20 runs each for heads
upto 1.4 ft. on weirs of 0.164 ft., 0.328 ft., 0.656 ft.
1.315 ft., 2.62 ft. and. 6.5 ft. length in the dire-~
ction of flow. and of 2.46 ft. height. Other experi-
ments made.were for four narrower weirs_with heights.
of 1.148 ft. and: 1.64 ft. and. other shapes having
various upsteean andi?pwnstream slopes. Bazin studied
the:effect of rounding of upsiream crest corner by
running two series of runs, with crest. lengths. of
2.62.ft. and 6.56 ft. both with radius.of 0.33 ft. for

the upstream crest.corner.

. Bazin studied andi described in detail the nappes:
of overflowing water. He classified them into five

categories.-

(1) Free nappes.- In this case, the nappe falls. freely
into the:air, its lower surface always. subject to the

pressure of atmosphere.

(2). Depressed nappes.- The: nappe remains detached& from
the face of the.weir, imprisoning under it & volume of
ailr at a sub-atmospheric pressure. The water in the.

space between the foot of the nappe and. that. of the

weir rises to a. level above. that of the stream below
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the weir. Depressed nappes are unstable, producing.

variations in the. interior pressure.

(3) Nappes wetted underneath.- When the downstream
water level rises and the air under the nappe- dis-~
appears completely, the nappe is.wetted underneath.
The water enclosed by the. overflowing nappe: does; not
partake in the tran;latory'movement of the vein of

water.

(4) Undulating nappes.- When the level of water in
the channel below. the weir rises above: the crest, the
wetted nappe retains: its. form, though concealed. by
immersion, és;long.as;the:difgerence of water level
on the upstreaﬁxaﬁﬁ:dounst;eam side does. not.descend:
below.a.certain limit. When the difference of level
reaches the;limiﬁ,_;he‘nappe springs suddenly to the

surface, undulatiné’in the meanwhile.

N\

K]

(5) Adhering nappes.- The napps.is in close contact:
with the downstream face,of_theaweir,contrary to the:
nappe: wetted underneath, the mads of turbulent. water

below. which, does not partake in translatory movement.

Bazin had.observed that. the: value of the: coeffi-
cient: of discharge of the. welr is changed. very little,
as. the nappe, changes its. form from 'free' to the
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'depressed’y 'wetted underneath' and 'undulatory’

forms.

On the basis.of tests made on 'beam weirs', Bazin
observed that the.overflowing sheet of water will be: in
contact with the. horizontal cresi.only for walues of
heads below. 1% to 2. times. the: crest: length in the: dire-
ction of. flow. Between these two values, the nappe
will be in a_statesof instability tending to detach it
self from the horizontal crest under the: influence.of.
any external Gistunéa;ce. Once: the head exceeds. the.
above:1imit, the nappe. detaches.itself completely from
the horizontal crest énd the weir will be funciioning

like a. sharp-edged welr, the upstream crest corner

acting as. the: sharp~edge.

Bazin gave. formula for: discharge coefficient of
broad-crested weirs.in terms: of the discharge coeffi-
cient for sharp-edged.weirs. and. the head: to crest
length ratio h- /L. .-

¢ = C; (0.7040.185 % )
where C =.Discharge Coefficient for broad-crested wsir.
01==ﬁischarge Coefficlent. for sharp-edged weir.
He further observed that when h/L = 1.5 to 2,
C/Cﬁ = 0.98 to 1.07 if the nappe adheres to the crest

L4
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and G/C; = 1.00 if the: nappe is detached and h/L is
greater than 2.0 . Bazin considers. that his formula
gives accurate results for adhering nappes with

Lengths of. crests.up éa 2 to 3 ft. For a crest. 6.5 ft.
long and. h = 1.476 ft., he- found the result by his: for-
mula. 93.4% of that.given directly by experiment.

~—

It may beﬁremarkgd, that. Bazin's formula gives
ratios!C/C@'which cogéinually increase as B increases,
L. remalning constant and which continually decrease as
L increases, h remaining constant. However, the
fcrmulaagives;a,consxant'ratid:fon all widths.or heads.
where h/L.ratio is:unchanged. In other words, it means,
thewdischange coefficient C of broad.crested weirs.
depends: upon h/L and increases in the same manner as:
the: discharge ebefficient of a sharp-edgéd weir, if

h/L. remains the saﬁe. Fteley and &hearns's experiments
gave a. dlscharge ratio which is less than unity, but.
which varies.in an irregular manner, depending upon

the head and.length of weilr in the flow-direction.

The results.of the: experiments by Bazin show (2)
that. except for very low heads, the.discharge coeffi-
cient curves are: simple: Iinear functions of the head.

Further, they show. that. the rate of increase. of the.
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coefficients as the head lncreases, becomes. rapldly
less as the length of the weir L increases, indicating
that. for a very long weir, the:coefficient would be
sensibly constant throughout the range of the stabi-
lity of the.nappe. Xor the narrower weirs, the:coeffi-
cients. tend to increase rapidly almost from the start
towards ﬁhe,value;for~amshanp:edged weilr with detached

NAPpe..

From the. experiments on weirs with rounded up-
stream corner-with lengths of crest: 2.624 ft. and.
6.5 ft., Bazin found the. effect of rounding to a
radius.of 0.33 ft. was.té incneéée the discharge coeffi-
cient. by 14% and. 12% respectively. The experimental
resulta: of Fteley and Shearnswaré,comparable, in this
connection. They indicated . the coefficient. to increase

in the.ratio of ( h + 0.7 r)a/ to h§/2'

or nearly in
the ratio of (1+ r/h) to 1. The:radius r in their

experiments did not, however, exceed 0.039 ft. and it
is. clear that: this approximate formula will not apply

to cases where the radius is notably greater.

Bazin's experiments on weirs with inclined up-
stream face indicated the trend of increasing discharge

coefficient (1) with increasing flatness of slope,
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other factors remaining constant. Further, it.was
observed by Bazin that rounding the upstream crest.
corner of such weirs resulted.in increasing the dis-

charge coefficient by 10 to 1l& percent.

Bazin expeérimented upon the effect of submergence
of the weir. He found that unlike the. sharp-edged
weirs, ralsing the water level on the downstream side
of. the weir does 'not commence to take. effect on a broad-
crested weir until after the: level of water is consi-
derably above the crest. In his experimentxt on a. crest.
of 6.56 ft. length, it.was seen that. the water on the
downstream side:of crest had its effect.on the: up-
stream water level, when the:degree of submergence

exceeded 5/6 .

2:5 Cornell University experiments:

aAn impprtant'contribution to the study of weirs
was made -by the:experiments conducted in the: Hydraulics
Laboratory of Cornell University. The- experiments werae
conducted by the:United. States Board. of Engineers.(On
Deep Waterways, in 1899 under the direction of George
W. Rafter in conjunction with Prof. Gardner. S. Willlams;
and .by the United.States Geological survey, in 1903,
under the supervision of Robert. E., Horton and
Prof. Gardner. S. Williams.
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(a) U. S. Deep Viaterways Board Experiments:-~ The
experiments (1, 2) were made in a. canal 418 ft. long,
16 ft. wide andi 10 f£t. deep. A rated standard sharp-
edged weir fixed on a. timber bulk-head situated 60 ft.
from the:upper end of. the: canal, was.used to measure
the discharge.of water, which also passed.over the
experimental weir placed in a. section of the: canal
flumed to 6.5 ft. width with an approach channel of
the same width and 48 ft. length towards the lower end
of. the canal. The;exyerimental welrs were about 4.5 ft.
high and 6.56 ft. long perpendicular to the flow

direction.

Among the:many experiments. made, four series of
experiments. (1, 2) were made on flat-topped cresis.
They were extensions on Bazin's weirs, the crests:
tested.having lengths of 2.62 ft. and 6.56 ft. in the
flow direction and.4.57 ft. high. These welrs. wera.
tested, both with square corners and corners rounded.
to a. radius of 0.33 ft. The. corresponding Bazin's.
weirs were 2.46 ft. high. The heads ranged. from 0.5 ft.
to 6.0 ft. in the: Cornell Unliversity experiments,
while in Bazin's. series they were limited.to 1.4 ft.
In these.experiments, some were. made.with upstreanm

slopes; but these. uwere.on crests having width of only
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0.66 ft.—-too small for the heads tested to function as
broad-crested weirs. No studles were made on the

effect.of submergence of weirs.

The .results of the tests indicated (2) that: the
discharge coefficlent varies linearly with the head,
the walues. being generally higher for the weir of
shorter length than for the weir of longer length. The
effect of rounding of the upstream crest.corner was. to
increase the discharge coefficient by about.7 to 8 per
cent for the welr of length 2.62 ft. and. 12 to 16 per
cent for- the:welir of length 6.5 ft. in the range of

their function as broad-crested.weirs.

(b) U. 8. Geologlcal Survey Experiments.-

) Thesé\experimgnts”were carried out to know the
flow characmeristiéglof dams used.at gauging stations:
by the: U.S. Geological Survey. The experimental faci-
lities avalilable: ali Cornell University Hydraulic Labo-
ratory Were"availed'éf. The welrs with a horizontal
flat. crest and .vertical faces, that were:experimented
upon were.all of helght 11.25 ft. The. widths of the:
crests.were: 0.479, 0.927, 1l.646, 3.174, 5.875, 8.98,
12.232 and. 16.302 feet. The nappes in some of these.

experiments were partly aerated.
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The results of the experiments show (2) that. for
weirs of large length (5 to 16 ft.), there is.no con-
spicuous tendency for the discharge coefficient G to
change with the variation either in head h or length
of crest L, the wvalue of C being from 2.62 to 2.64 .
lt.was.also observed, confirming Bazin's results, that
the coefficient € slowly increased with the head and
decreased as:length\of,wair-increased, The detachment
of. the nappe. from the horizontal crest occured at:head
to crest length ratios.of 1.5 to 2.0 as:was also the.

case in Bazin's. experiments.

Bichaid Lyman prepared and. published .a. chart (3),
giving the discharges over a. series of suppressed |
broad-crested weirs all of height 11.25 ft. based on
the. experiments of the U.S. Geological Survey in Cornell
University. On this chart,there are. three series of
lines. One. gives. the head.on the crest, the: second. -
the_dischamge per foot width of weir and. the third the
length of crest in the flow direction in ft. For every
point on this diagram, there is: a definite discharge
and also a definite head. If may be:observed from this. .
diagram, that. for comgaratiﬁaly low heads, all these:

broad-crested weirs. give the: same result. for the same

head. A%t a particular point or head, however, for



each width of crest, the quantity of discharge begins
suddenly to increase much faster in proportion to fhe-
head, than it has done before and the line represent-
ing the discharge breaks. away from the: common line.and
extends across the-diagram till it meets another
common line representing the.discharge over sharp-
edged crests. The head shown by the: point.at which
this. common line-is.met represents the head ai. which
the sheet.of.overflowing water Jumps over the. crest.
without.touching it. For all higher heads, the sharp

cres¢¢conditions,prevail.

From the: diagram, lit.may be observed:. that each
line.bfeakssaway from the. first. common line: at. head. to

crest.length ratio of 0.5 approximately.

Lyman also gave a table (3) giving coefficients
with which to multiply the: quantities. of discharge
over the:broad-crested weir read from the chartyin
order to give the discharge over similar weirs. (for the:
same head) forr various heights of such weirs. These:
tables were. prepared on the‘aséumption, apparently not
correct, that: the height of the.weir in the. case of
broad-crested weir has the same effect as in the case

of sharp-crested ones.
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2.6 Woodburn's Experiments.-

J. G. Woodburn conducted experiments on broad-
crested weirs.(5) during 1928-1929 at: the University
of Michigan, with a view. to design a weir which would
produce flow aﬁJcritica} depth at. the: same point on the
crest.of. weir for all &ischarges, so that the discharge
- could be:determined with the helpsof a. single:measure=-

ment.ath the section of. critical depth formation.

The: experiments were carried out in a rectangular
wooden flume.2.ft. wide and 47 ft. long and. the discha-
rge was:measured with the help of a calibrated right.
angled V-notch. The nappes were:aerated. The. tests:
were carried out 6n weirs. of length of crest (in the
flow: direction) from 10 £t. to 15.5 £t. The:range of
head:was. from 0,5 £t. to 1.5 £t. and: the: discharge.
from.z,owto 11.0 c.f.s. Woodburn made. tests on 10 £%.
long level crests consisting of one series with sharp
upstream corner and one: series each with upstream
corner- rounded. to radius.of 2, 3, 6 and. 8 inches. No
studies. were made:on the. effect of submergence of.

ereskt.

~

Observations made:on the weir préflles showed

that.none of the weir models tested produced flow at:
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critical depth at.any fixed location throughout the

entire range of heads.

The discharge coefficient C was: observed. to
increase up to value of head.of 1.1 ft. on the 10 ft.
long crest, after which“it;was approximately constant.
The increase of. the: doefficient for the smaller heads
may be3at¢ributedmto‘Ehearelatively larger effect of.

weir surface:roughness in that. range.

It was: found, that.varying the curvature of the
welr ehtranae from 2 to 8 inches radius had practically
no effect on the discharge coefficient, the: graphs. for
all these: series lying within 0.5% of each other . The
graph fér the square cornered entrance. was considerably
lower showing values of the coefficients from 6% to 8%

less than for rounded entrance.

Hoodburn continued his study in the Hydraulics:
Laboratory of the State College of Washington, where he
conducted thege tests on broad-crested.weirs with level
crest 2 f£t. long and heights of 4, 8 and 12 inches.in a
glassedewalled flume: 1 £t. wide. The upstream corners .
of all the. three weirs of different heights were rounded.

It was.observed that.practically the same curve was
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obtained for all the three series, indicating that there
is no variation of the: discharge coefficient C with the
height of welr. This was a.very significant conclu-
sion, dismissing the: earlier assumption by Lyman (3)
that: it varies in the same manner as for a sharp-édéed

weir.

2.7 DRouse's:Study of Free Overfall.-

Dr. Hunter Rouse conducted experiments. on the
depth at a. free overfall (6) at the end of a long; mild
channel and. had ghown that. the: depth at the free over-
fall could.be conveniently used as. a. flow-meter with-

out calibration.

Based on theoretical analysis and experiments, he
concluded that: the depth Yo @t the free overfall will
be 0.715 of critical depth with parallel flow V. s and
as: such a single measurement at the free overfall would
yield the. value of discharge. This finding has certain
significance in the present. problem, as the flow: over
broad-crested weirs with relatively long crests may be
considered as. the flow at a free overfalls; and there-
fore the discharge may be found by a single measurement:

of depth at. the downstream end.of the crest.
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However, the value of MR /yc = 0.715 given by
Rouse is open to question due to different values
observed by other experimenters. M. P. Obrien (18)
agﬁgars.to have the lowest value of 2/3 , %orking from
the impulse-momentum principle with an experimental
value of 0.643. Thus, the value seems to be varying
between the. limits of 0.64 and 0.715 involving a réther

generous spread.

2.8 Experiments on Some lgﬂiziggal Structures:-

In addition to the classical experiments descei-
bed above, there have been several model experiments.
made ( 7, 10, 15, 17, 20, 21, 23) for the determina-
tion of the éischarge coefficients of individual weir
structures in. their respective operating range of the

discharge and head.

C.D. Smith reported (22) results of his experime-
nts on the use of a broad-crested weir with rounded yp-
stream corners as a gauging device. The discharge
coefficlents plotted in the. graph gradually increasey
with h/L, whose range was limited to 0.7. He varied
the crest.corner radius in the range of ratio of head
to radius from 0.7 to 4.5. There was no indication of
the. effect of radius of rounding in that. range on the

discharge coefficient.
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Smith also gave the curve of variation of the
discharge coefficient. C with the degree of submergence
on the basis.of his experiments. He concluded that.
the. modularity limit would.occur around 70% degree of
submergence for h/L less. than 0.45 and. less than 70%
degree of submergeﬁce for gmeater values of. h/L greater
than 0.45. Thesrange-of experiments was, howeVer,

limited in his studies.

2.9 General Review.-
A survey of.thefpreviousﬂexperimental work will
lead to some general conclusions. regarding the flow

over broad-crested weirs with horigzontal crest and

vertical downstream face.

Most:of the work done:and: the results obtained.
therefrom are empirical in nature and. apply to the
particular -weirs tested. No general characteristics:;of
flow, readily applicable to other structures. of the
form of.broad-creéted welr were given from those tests.

However, certain trends indicated.by the experiments.

are.noteworthy.

l. A&s regards the variation of the: coefficient
of discharge C with the length of crest.L, it appears to

have a. constant value around 2.60 to 2.65 ti1l a. value
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of head to crest length ratioc h/L of about 0.35 and a
gradually increasing value thereafter till the occurre-
nce of sharp-edged weir conditions, which occurs. when
the head reaches a value of 1.5 to 2.0 times. the length
of crest. This was.observed in the experiments.of

Bazin and. Cornell University.

2. Rounding the upstream crest. corner of a broad-
crested welr has the general effect of increasing the
discharge, as. revealed by the. experiments of Fteley and
Stearns, Bazin and.Woodburn. The range of radii used.
by Eteley and Stearns isi too small to permit any gene-
ralisation of the effect. Bazin made:experiments with
only a single.radius of 0.33 ft. In Woodburds tests,
variation of radius in the range of 2 to 8 inches had
no effect.on the discharge coefficient. Erom Wood-
burn'ssexperiments. (5) and similar experiments by C. D.
Snith (22), it appears that the rounding of upstrean ‘
crest corner has. its effect on the discharge coeffi-
clent kas.lis-effect-on—the-discharge—aeoefficient only
upfo some: degree.of curvature, beyond.uwhich the effect.

is; absent.

3. The height of the weir was shown to have no
effect on the discharge.coefficient C by Woodburn's.

experiments made . with three differemnt heights. of crest
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of 4, 8 and 12 inches and.upstream crest corner

rounded.

4. The experimental results regarding the
influence of slope of the upstream face: of a broad-
crested weir are,generally, conflicting. Experiments:
conducted by C.W. P. Research Institute, Pooma(20) to
design 2. suitable section for Kosl Barrage led to the
general conclusion that: the: effect of increasing the.
steepness of the slope of the:upstream face. is. to
increase the coefficient. of discharge from a slope: of
1.in 3 to an optimum slope of 1 in 1.167 and. decrease
thereafter upto vertical face. Earlier experiments
done: by the:above Research Institute, in connection
with Lloyd.Barrage revealed an optimum slope.of 1 in
3. for the.best value of the discharge coefficient (20).
Experiments done:at the Pupijab Irrigation Research |
Institute, in connection with Trimmu Barrage (10)
showed that the. coefficient. increases with flatter
upstream slope. Studiesdby tha:U. S. Bureau of Recla-
mation (11) in connection with the. BouldgrCanyon |
project inidcate,in a. general way, that: the coeffi-
cient decreases, though only slightly, on account of

the steepening of the upstream slope with head. to
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ecrest height ratio (h/P) greater than 1 and.vice versa.

5. Studies on the effect of submergence on the
discharge coefficient have been few.and:. inconclusive.
However, these studies have. shown that. the broad:-
crested weir, unlike the sharp-edged weir, functions
in the:modular range upto large degrees. of submergence.
The: degree of submergence at modularity limit in the.
different. studies.has been in large variance. Bazin's:
experiments. (1) showed: the: modularity limit at a.
degree. of submérgencedasuhigh as 5/6. C. D. smith(22)
obtains. a: value: of about 70% for h/L ratios. less.than
0.45 andimuch smaliér‘vaiues‘for'h/L ratios. greater
than 0.45. Experiments by Punjab Irrigation Research
Ingtitute, Amritsar in connection with Hanumannagar
barrage design (20) showed 80% degree of‘submergenne.
ap the modularity limit. P. K. Kandaswamy has: reported.
(21) étlimiting submergence of about.66%on the basis.

6f tests: conducted in connection with Kodiverli anicut.

In addition to the lack of any knowledge of the
factbré,influencing the. modularity limit, there is no
available.experimental data. from which the flow cha-
racteristics of bread-crested.welirs in the non-

modular range may be studied. There have been a. few.

\
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investigations (21, 22, 23), mostly on individual
structures. of specific forms; but the data. obtained.
from these experiments does. not. permit. any generalised.
conclusions, especially in the range of high degree

of. submergence, on account of the limited.range of

experiments.

Thus, itumay be noted, that a comprehensive
study of. the discharge characferistics of broad-
crested weirs:zon rational lines, readily useful for
application to any structure of the broad-crested wedir

form, has. not been made in the earlier studies.



3. THEORETICAL CONSIDERATIONS.



THEORETIC CONS. TIONS

3.1. Cri al Depth 2l G o =

When water flows over a broad:crested. weir, which
is:; the=basic form of a.vertical drop fall, the: flow
undergoes a transition from the tranquil (sub-critical)
to the:shooting (super-critical) state. Therefore,
the veftical drop fall functions as a. control section
and. the:flow. will take place.with critical depth, some-
where .on the: crest of the bpoad.crested: weir forming
the: said sfructure. If the critical depth can be:meas-
sured, the:discharge can be computed by the. traditional
qua.tion o

2 =BT W
where ¢ =. Dischargtce per unit width of weir o
and: ye= Critical depth of flow.

-

This: elementary ;nethod of discharge calculation,
however, is:not. satisfactory, when accurate value of
discharge.is.required to be determined. The flow:
depth does:not correspond to the critical depth Yo
everywhere on. theaweir crest. In fact, the precise
location of the control section, where-critical depth
forms,is.not known. WUoodburn's. studies: (5) on broad.
crested weirs have: revealed the fact that: there is no

single sectlion on the welr-crest: vhere the flow will
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take place with critical depth for all heads and
discharges. It has since been realised: that the: cri-
tical depth section is not constant, but varies with

discharge, weir geometry and.crest: roughness.

The traditional discharge. equation for a:broad-
ecrested weir was. derived.on the basis: of 'maximum dis-
charge" theory. DBelanger first suggested, around 1849,
that. the discharge over  a: broad-crested.weir will be:
the maximum obtainable for a. given total head ("charge" )
For- a total head H =(h + 2‘_Q_)conssf..?;:!;:I.ng of static.
head h and headj due. to the - veloc:Lty of. apgroach y
and.a.crest. sufficiently long in the direction of. flow,
the: depth y (see' Fig. 2) is. supposed. to form in such a
manner that: the: dis.cha:r‘g-éf will be: a maximum. Thus, the
critical depth was: understood, generally, as the: depth
of flow:over  the crest, such that the discharge is.a.
maximum possible: for. th:a’g’iven total head. The dedu-
ctions: from the: "mazd.mmp; discharge!" theory, however,
are- not.found to hold:in the.face: of experimental
evidence. This:will be:evident from the following

analysis.

Let.X be the ratio of the:depth of flow over
crestuy to the. total head  H, w the: velocity of flow
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over the:crest, and ¢, a coefficient of velocity to

v
take account of the hydraulic losses occuring as. the
water flows. over the crest. to the section of flow

depth y on the:crest.

Then,
v = cyna/2g(H-y) = //e_gEv\/fT
= ¢y //1~Kﬂ/\/2gH .. (2)
qQ =Y.V, = K.H.v -
-y K cﬁf> H3/2 .o (3)

De51gna$ing the: combined.weir coefficient asdcl ,

o~ pd/2
QL-31 H

By comparing equations (3) and (4),

¢ = e KA L1-Ks 4 2 .

.

Obviously, the: maximum discharge: is obtained
when Gl is. maximum. For a. given form of the entrance
edge, ¢y, may be:assuned to be unchangeable. For maxi -

mun discharge, therefore;

dcl = ey 1K - . ey K = Q
dK 1=K
The-above equation gives. K = 2/3 .o (5)

Thattméans, if the: maximum discharge;theory were to

govern, the:.critical depth occuring on the. crest would
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be y = 2/3. H. for any type of crest, irrespective of
its length, roughness, or the form of the upsiream

crest corner.

This deduction from the maximum dlscharge theory .
ig. at; variance with observed: experimental facts. WWood-
burn's. profiles (5) and.:experiments. by U.S;.Geologic'al

Survey (2) show K to be less. than 2/3.

Recognising this discrepancy between the: tradi-
tional "maximum discharge! theory and. experimental facts:
it was suggested: by Boss in 1919 and Bakhmeteff in 1912
that. the. problem should be: approached. from energetic.
considerations. They proved, independently, that the
flow in transition from tra.nq,uill,to shooting state
passes through a critical depth Yo for which the total
head, for a.given discharge, is a minimum. IThat is,
the: total energy line.is at its. lowest. Thus, forra.
given total head: H = (h + v02 ) s the. critical depth

2g
on the:crestiy, and the: resulting discharge g will be

such as: t0 make: the contents. of energy at.critical

depth section a minimum.

If a discharge Q flows.with a uniform depth and

with p_érallel stream filaments in an open channel of a
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given form such as in Fig. 4 and. if the depth y varies,
there is: a:. certain "specific energy of flow'" E, that

corresponds to each depth of flow.

Specific. energy E is the: energy head. referred to

the bottom line:of. seciion
[ p—

E - y + 12 = Y - 2 o (6)
2¢g 2gas

where :a. represents. the: cross~sectional area. of channel

atc depth y.

The: graph in Fig. 4 shows the contents. of speci-
fic energy E; as it varies. underr different depths of
flow:y. This energy curve is tangent to the;horizontal-
axis. and to a. stralght line. drawn through the: origin at
45° and passes through a minimum point at:C. The ordi-
nateuybwat;ppint C.is the critical depth, where. the.
discharge in the channel flows with the smallest. con-

tents.of energy per unit weight.

1t is: known that: for a canal of any form the

critical depth is. determined by the. equation

3 ,
where:b is the width of water surface at the depth*yb .
For a. rectangular canal, the critical depth is given by
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the: well-known formula

yca' gf .o (8)
z )

On the: energy diagram (Fig. 4), flow over a.
broad-crested weir-is shown by the}movement from an
initial point A corregponding to the. energy content I,
down along the:s energy curve toward C. Only an addi-
tion of energy from extraneous: sources, which is
obviously impossible, can bring about a. further lower-
ing of depth below.C. Thus, the:critical depth corres-
ponding to point C is the natural limit, to which the:
surfaces level may lower and.which will esfablish

itsedf at: the end oﬁ.theacresx.

The.analytical relation between the different
parameters of flow may be: determined as: follows:
By eguation (3),
0® = ¢, 2.X2(1-K).2¢.. B> e (@)
The.condition of,minimum‘energy glves, “
2
By equations (4) and (10), ¢; = gK

or G = 5.67 K/2 e (1)
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By equations (9) and (10),

el K (1K) 2g.H° = g K° B
or o '

chz (1K) = K . (12)
2¢., 2 ]
v
From the:above equation, K = 5 .. (13)
- (2e, "+ 1) :

« /| K
a-n.d cv - N \:_‘__...._.._ e (14 )
| 2(1-K) :

—
r .-
L > oA

It.is clear from. equation (13), that: in contra-
dict;ioh to the: "max:i}nﬁrpn discharge! theory (by which K
is. always 2/3), under actual conditions K is always |
less: than 2/3; as. ¢y 1s always. less. than unity. The:
precise:value of K, however, is unknown, as it is:z'a.;
function o¢f. the: véloc.i ty coefficient ¢y o The: velocity
coaefficient, in it® turn, is dependent.upon weir geo-
metry (like, for instance, the: nature of the upstream

crest: corner) and. crest roughness.

Thus, it.is seen that. the geometry of the  inlet
of the broad-crested wdir can be: seen to be:of prime
importance;, both from the: p_oint of view of locatlon of
control section as well as the magnitude. of critical

depth for a given total head.
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P

e

If the:upstream crest. corner is. sharp (see Fig. 2),
separation will oceur just. downstream of the. entrance.
to the welr, and.the critical section will coincide
with the maximum eleyation of the separation surface,
where.the specific energy attains its true minimum.
Flow. beyond this. will be: in super-critical state and
ﬁenceathe:weir éurfacescouldihaye a. downward slope with-
out affecting the. depths upstream. The: critical section
for a. weir with sharp upstream corner, however, is. in a
zone: of curvilinear flow, for which, for a given speci-
fic'energy, the: discharge is. not. necessarily the same
as.for parallel flow. Equation (1) applies: only to
rectilinear motion aﬁdiwill nob“ﬁeaapplicable to curvi-

linear motion.

If, on the:other-hand, the upstream crest.corner
is sufficiently well rounded, separation of the flow at
the corner will be: prevented. Consequently, the: control
section will.be: shifted downstream towards the: end of
the:crest: - again a. zone, of curvilinear motion. If the.
welr crestiis of great: enough length, a central region
of. essentially parallel flow will form, which is free
from the. curvilinear effects at both ends. If the
fluid.were. frictionless, the: depth of flow would. be.
eritical everywhere:in this region. Actually, an
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appreciable. boundary layer is. formed on the crest, in
which are.concentrated. the viscous. shear losses which
aré.mainly responsible for the. slope of the. total head.
line. This boundary layer growth, again, is subject. to
variation with weir size, form and.discharge; the: total
energy line.accordingly changes.in slope. That. this.
effect of boundary layer is subject to approximate.
evaluation in terms of the: boundary layer theory was:

shown by A. T. Ippen (16), as. follows.

For negligible boundary shear, the traditional

discharge.equatlon for a. broad-crested.weir is
Q=23 Vo ‘Vc = 3.09 B. H3/2 .o (15)

where: B is. the width of weir. With boundary shear along.
the walls and bottom, both B and H musk be. corrected.
f8r: displacement. thickness. & of the boundary layer.

Ihe: equation then becomes.

Q=3.00(B-268)(E-5)"% .. (16
Qp: 3/2:
’ Q.= 3.003 B (1 - 28) (- £ YE am

The two terms in the. parenthesis evidently represent.a
factor Gl_smallen-than unity, which can be: calculated

from the equations. for boundary layer thickness.



- 47 -

Laminar boundary layers exist upto Reynolds numbers of

R =v3 =~ 3.x10°, for which
a .
_é_ - ;II. 23 T (18)
X Ry -

where x. represents the. length of crest. surface.up to
the_section at which the. thickness of boundary layer
iS.S 6 .

Turbulent boundary layers may be:calculated. forr
smooth boundaries.above R, ~ 3 x:lO?, from the:
expression |

__6___ =7 O 563 cff s e (.19)
p: ‘ -
wherein the local cbgiﬁicientuof boundary resistance:

Cp may beaobtainedifrqm a. graphical representation of

___.l___; = 1.70 + 4.15 10810 (EX Gf) .o (20)

.

Ebrrpﬁfposes.of“this,calculation, it is sufri-
cientl& accurate. to assume the wvelocity to be: equal to

the: critical over the entire length of the weir.

From the.above relationships, Ippen calculatedi
the. discharge.coefficient. characteristic for weirs. of
differentt length. For various ratios of head to
length of the: weir H/L, he. established. the. general

trend of the discharge coefficients, which is given in
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the table below. The.middle line is taken from ¥Wood-
burn's. investigations (5) on a broad-crested weir of
10 £ft. length. While the general tendency for the.
calculated. value: and . the: observed.one: 1s. of similar

nature, the magnitude.of the.coefficient. itself differs

nearly by 5 per cent.

Discharge Coefficients. of broad: crested. . weirs. relatedl

fb H/L :

H/L 0.05 0.07 0.075 0.09 0.10 0.11 0.125.0.13. 0.15

bes‘ 0.902.0.909 0.916 0.922. 0.925 0.925
atheoro,saz; - 0.9863; 0.964: 0.970 0.975

IThe: above analysis islonly approximate, in as
much as the: boundary layer displacement thickness. can
notubescoffectly evaluated. Few measurements of boun-
dary layer-én watef-haveebeen.made on account of in-
strumentation difficulties and therefore little progre-
ss in thisﬁdirectigéfhas“been made. However, this
analysis,showssqya;itatively how. the: magni tude: and.
position of.critic§l_ﬁepth is. dependent: on several un-

known factors.
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3.2 Ci i ar K Crest:-

In addition to the factors enumerated above,
there is:another important factor affecting the mag-
nitude and.location of critical depth on the.crest of
a. broad-crested weir. If the: crest.is relatively |
short, above certain values:.of head. to length of crest
ratios, the:curvilinearity of itlow.at. the two ends will
merge into each other, there:being insufficienti length
of. crest for a.region of parallel flow. to form. In
such cases, the: flow takes. place with curvilinear
motion along . the: entire length of crest with the: sheet
of water in a. convex.curvature:. The equation (8) for
discharge, derived under assumptions of parallél flow.
will no longer be. applicable. The: requirements for
the: flow. being “parallel™, which underlie the.whole:
theory of.variediflow, were formulated.by Belanger,
as. early as 1828. In this: case:andonly in such a.case.
the: potential energy, (4 + p/w) in the: Bernoulli's
equation is: identilcal for all and every point of the:
cross-section (Eégt 5(a) below) and: is. everywhere:
equal to the: depth y, which accounts for the: simple:
expression of specific energy given by equation (6).
The: physical chaﬁgcteristic of parallel flow:is.ﬁhat,

the. pressures: within a. cross section are distributed.



hydrostatically, the:pressure diagram being the hydro-

static triangle-abec (Fig. 5 (a) ) .
? la,' a &
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Fig. 5(a) Pig. 5(b)

If the surface and the stream filaments. are.
curved'convex, as ifghappens over a.broad-crested. weir
of relatively short crest, centrifugal forces bearing
upward will come into action thus. diminishing the
hydrostatichﬁressure. The. pressure distribution will
now. be. given by the: curve abe' in Fig. 5(b). The
diminished pressures. caused by the curvature.of flow
will resultfin corresponding increase: in velocities.
Therefore, the ideal rectilinear velocity diagram in
Fig. 5(a) isimodified-into a™ b" in Pig. 5(b), with
increaseé$vélocities: Thus, it.1is séen, thaﬁ:the
discharge will beaiﬁcreasedtabove.the.value.obtained
with parallel flow.. However, the.magnitude:of the.
increasedxdischarge,9annot;beeevaluatsdatheoretically,
ag thes curvilinear si‘:r'eam-line. pattern is compled and.

ls.not subject to a mathemutical analysis.
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It. is to be noted, in this connection, that. ths
specific energy of flow varies from point.to point in
cubrved. flow, the;averagqugntents,per unit weight being
givén by %
' Sy. (?/w +d + 1?) v. ad .. (21)
0 2g : ' -

Sy v. dd

0

B =

Bakhmetefg, in his. discussion on Woodburn's.
experiments (5) has. shown by a. theoretical analysis.
that curvature of stream-lines in water flow will
result: in the. real value: of minimum specific- energy as
well as critical depth being lower than the values in
parallel flow. With convex curvature:of flow, as. on
a.broad-crested weir, flow takes place with smaller
values of specific energy and.critical depth than those
corresponding to parallel flow.

This fact: reconciles, the: apparent contradiction
befween the theory, according to which the minimum
contents: of energy were:to be reached.at. the: very end
(downstream), of the crest:and the. observed.fact shown,
for'eﬁﬁmpleé in'ﬂbodburn's:profiles-m, B, C, (5)
namedly thatt thes eritical depth ¥, =§§/ Q?/é is:

found to lie:at. some:distance from the: end of the crest.

Evidently, Vo= A3/ qz/g will be formed.in the section,
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vhere the parallel flow is supposed.to end; but that
flow/will continue with a further loss.of energy till
the: end.of crest; at. the expense of a further redu-
ction of energy made. possible: by the fact. that. the:
surface: becomes. convex with the: curvature: increasing.

as. it. approaches: the: end.of the crests,

The:zabove-analysis clearly shows: that. for rela-
tively large heads or relatively short.crests, the:
flow: of. water will take place:with convex surface andi
stream filaments,on account. of which the discharge:
coefficlient, for a given head:l,wﬁ:ll be: greater than for
crests: over which a zone:of parallel flow is: formed.
However, the: phenomenon of increased. discharge:issnot

subject to a. rigorous mathematical analysis.

—

H. A, D’oeringsfig%gi.andi C. L. Barker (9) attempted
to establish a.rational discharges formula, involving no
empirical constants, ‘5; the application of pressure-
momentum theory to the: broad-crested:weir functioning
in the modular range. In the: resulting formula, the:
discharge. coefficient. C: 1‘918.53 expressed by an expression
involving the total head on the crest: H, height of

crest: B, andi.a ratio of head to flow depth on crest; K.
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Experiments. conducted. by Doeringsfield and Barker to
evaluate the value of K showed. that its value varies
in a wide rahge from 1.73 to 2.12, and an average:

value:of 1.?3 was,suggested.

1t should be:noted, in this connection, that.the:
pressufe-momentum thefry was. applied.on the: basis: of
certain assumptions:-(a), the: flow: on the weir crest
is parallel (b) the pressure distribution on the.
upstream face .of, thé‘:,yeir is.hydrostatically distri-
buted and:(c) the:frictional losses: from the.upstream
end of the:crest t:O'Tthe:.: section of parallel flow are: |

negligible.

Except: for the first assumption which can be:
true:in the case of relatively longer crests, the.
other two assumptions are evidently not justified.
Hence the: results. obtained. from the: application of
pressure-momentum theory will not. bé- ecorrect. Further,
~the:range.in which the: value of K varies: is sp great,
that itiis hardly justifiable: to accept an average:
value: of 1.93 suggested: for application in an accurate

expression for the.dlscharge coefficient.
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3.3 Effect of Crest: Height.-

As: the: flow. of water over a.broad-crested.weir is.
essentially a phenomenon associated with the: formation
of. eritical depth on the: erest, it may be. logically
assumed that: the height. of the weir crest has:no
effect on the: discharge coefficient. except: that, if
any, on account.of theschange of flow pattern and the:
consequent. curvature. of stream filaments.on the crest

which may result: in an increase: in the value:of the.

coefficlient.

The: effect.of the: slope:of the:upstfream face:
(Fig. 1) is:a part: of. the: effect of the geometry of the

weir, and .as; such the: upstream face slope: has: consi-

-
~

derable. effect: on the: discharge cosfficient. The: fun-
damental physical characteristic of the. slope.of the:
upstream face:of. a. lafroad-.-cresg.t;ed weir is. to provide.

an effective transi't‘ion to the bottom flow boundary,
like: in fluming of channels, and: thereby reducse. the:
energy losses occuring at the: entry of flow over the.
crest. Thus, a.larger effective head is:available with
sloped upsfream face: than with a: vertical face:in which

case the loss: of head.at the: contraction of flow is.

greater. However, the.magnitude of slope for the:
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minimum loss.of energy should be, logically reasoning,
dependent upon the stream-line pattern of flow lmmedia-
tely upstream of the:crest, which again is.a function
of head on the:crest. h, the height of the:weir P and.
possibly the: length of drest L.

3.5 Submerged. Flow.-

The. functioning of the:broad-crested. weir is:not
affected.by the increase: in the downstream water level
upto a,certain degree:éﬁ submergence. In this: "modular"
range, the discharge:coefficient depends upon only the
upstream head. Above a. critical submergence, this
independence of discharge coefficient on the:submerge-
nce: of crest: ceases and in thisu"non-modular”frahge the
discharge depends: upon both the upstream and downsiiream
water level. The: limit between the above two ranges 1is.
the: "modularity limit¥.

On the: problem of submerged.flow, FP.K.Kandaswamy,
N. Rajaratnam and T.R. Anand (24) make. the: following
observations. Until the: modularity limit occurs, cri-
tical depth of flow: occurs somewhere:on the:crest. . In
fact, it is generally ssen that:with a steady increasé
in the: tail-water level, the critical depth keeps on

moving downstream over the crest.up to the: modularity
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limit, when 1it. falls into the relatively deeper

downstream portion of flow.

The: theoretical considerations mentioned.above
clearly show: that; the: phenomenon of flow over the:
broad-crested weir forming a vertical drop fall, is.
not. subject. to a mathematical analysis. Hence, the.
most direct solution for the discharge function must
be: based: upon aucombiﬁation of dimensional analysis
and experiments. to evaluate: the: discharge coefficient
in relation to significant dimensionless. parameters
which descfibe: the flow. Such an approach to the:

problem is used . here.

3.6 Diﬁengignal Analysis.-

The variables describing the. flow. characterist-
icssof a vertical drop fall consisting of a suppre-
ssed .level broad-crested weir with a vertical down-
stream face (see Figs. 2 and 3) may be. grouped. into

thexfollowing three classes.-

(a) Those which define the geometry of the broad-
crested weir: the length of crest.in the dire-
ction of flow L, the height of crest P, the.
width of crest. perpendicular to the flow dires

ctlon B, the.radius.of rounding of the upstream
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-~

crest corner r, and the mean height of bounda-
ry roughness projections k.

(b) Those which define the: geometry of flow and
the approach -channel: piezometric head of
water above ﬁﬁe;crestsh measured.in the uni-
form flow section upstream of the weir, the.
velocity of flow over the crest v, the: width
of. approach channel B, which is also the: same.
as the width of crest,the height. of weir crest
P; In submerged flow, piezometric head.of
tail water above the crest Z, measured.in the.

uniform flow. section downstream of the weir

also enters. the consideration.

(c) Those:which define the properties of the:
fluid: flowing over the crest: the mass: den-
sity ¢ , the: specific weight w, and the:
dynamic\viscééfty /& . Except.vwhen the head.
is very small, éhe.effect.of surface: tension
of water is negligible and has therefore been

omitted from consideration.

Thus, a.complete statement of the discharge:

—_—

function can be: formed. as

£f(L, P, By ry k, h, v,Z,p, W, jv) =0 ... (22)
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There are 3 independent fundamental dimensions
and 11 physical quantities involved in equation (22).
By choosing h, v.and w/as repeating variables, and
combining these in succession with the:remaining

quantities, 8 dimensionless ratios may be formed.

Thus, equation (22) becomes,

— )

yvbf . ,-h ,h ,h,_r s a...l.:.l....) —
£ (k@%f p i; P B L h k % =0

.. (2.3)

The: first of the above ratios is in the: form of
Froude mumber-. However, the weir is a control stru-
cture, andfuﬁder-théTQESumedaconditions, the Froude
nunber is:not an independent variable. That. is so
because: v and: h cannot be: varied independently of. each
other. Therefore, this characteristic number is.best.
described as a. coefficient of discharge  and. rewritten
in the:form e =Q/ (B/E h3/2). In enginesring
practice, the gravifational acceleration is usually
included in the: combined. discharge coefficient. G = ¢y ,

which is.a more convenlent definition for use, though

it lacks in dimensional purity, having the dimensions

of #Z .

The second of the ratios in equation (23) is

the Reynolds number.
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Equation (22) can hence be written as.

c= ¢fh,h,h,h,p ,h ) N
(L. P B k &z B (24)

In the above equation (24),.the;coefficient of
discharge is shown ass a. function of a mumber of inde-
pendent. length ratios involving the head and. the:

physical dimensions of the: weir forming the vertical

drop fall..

In the. following sectlons of this thesis, the
effect of each of these dimensionless parameters. upon
the: discharge coefficient. ¢ will. be investigated.on
the. basis. of original experiments. conducted.for this.
purpose, Bé the;author.

-
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4. EXPERIMENTAL EQUIPMENT AND PROCEDURE.

4.1 Experimental Flume.-

The: experiments were performed in a. 4l ft.
long, and.l foot wide flume shown in Figs. 6, 7 and. 8.
The flume consists of two portions - the;first one
25 ft. long with its. bed level and.at. a height of 2. f%.
above. the laboratory floor, and. in which the: experi-
mental models.were fixed; and. the. second 16 ft. long
with its.bed 1evé1\&ﬂédat;laboratory floor elevation,
and: in which the:‘calibrated. standard rectangular notch
iss installed. for the measurement.of discharge. The
front side wall of the flume. af the higher elevation
isefsheetrglass for a length of 15 ft. to permit visual
observations of ﬁhe materiéyrface profiles. and. other
necessary details. Inearéar side of the flume is in
5 inch. brick masonry wall smoothly plastered.and.
painted.on the inside: to render it hydrodynamically
smooth. The.experimental models. were.fixed.on to a
4 inch. thick brass plate forming the bed.of the.
flume for a.length of 2 f£t. in the: centre.of the upper
flume. and. which éﬁﬁhsvahhollow in the masonry of
padestal below provided‘foésﬁasxening the models on
- to the plats.



Fig. 7. View of the experimental set-up
from the upstream end.

Fig. 8. Viovw of the experimental set-up
from the downstroom onde
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Flow of water in the flume is created by a closed-
circult system. A centrifugal pump supplies.water
through a 4 inch diameter pipe to the forebay 3 ft.
wide and. 2 ft. long at the head of the flume. Dischar-
ge-was. regulated by a. sluice walve on the supply line.
The -water- flows from the: forebay to the model through
three damping screens used.to reduce the large scale
turbulence. of water-inéfheﬂforebay. Thus uniform flow
conditions.were esta?%?fhed;upstream of the experimen-

tal model.

N
-

A tail gate. hinged.af its bottom and whose.
position could be adjﬁ%%edwby an attached.screw device
provided. for the adjustmegt of water level to any
desired elevation on the.dbwnstream side.of the. experi-

—

mental model.

The:water in the:upper flﬁme dropped. into the
lower flume over the: tail gate and.after flowing
through the: lower flume:and.over the:calibrated notch
installed at. the: tall of the.lower flumegwas. conducted
into the sump situated alongside: the flume.and: from
which the water was;agéin lifted. by the pump. The:
turbulence: of. water falling from the tail-gate was:

reduced by the damping screens in the lower flume,
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before the flow reached.the calibrated.notch, so
that uniform flow conditions were established. in

the flow upstream of the.notch.

4.2 Experimental Models.-

Experimental models were:made.of seasoned
teakwood planks 1% inches. thick, jointed together to
form the required shape. The. surface:of the models

was. sandpapered and painted. to make it hydrodynamically

smooth.

The model was.fixed.in position by means of

M. S. bolts, the: top ends of which were: fixed. to the
underside of the model and.the bottom threaded ends
pass. through holes provided in the % inch thick brass
plate.forming the bed in the test bay. The bolts.are
fastened down to the: brass. plate.by means of fly nuts.
on the: bolts below the.bed plate. The:crest.of the:
models was:made:perfectly horizontal with the:; help of
a. sensitive.spirit-level. Leakage.of water between
the. side-ends of the models. andi the walls.of. the flume
was: prevented completely by watersealing the Jjoints.

e

with pilasticens.

Aeration of nappes o#er*the experimental models
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wass provided by means of three holes % inch diameter
drilled through the downstream face of models,in which
were fitted snugly the ends of three aeration tubes
supplying air af.atmospheric pressure. The tubes.
passed through the hollow of the model and.holes dri-
lled:iin the:brass.plate forming the bed of flume and.
then to the outside through the: hollow in the maseonry
padestal below.

t

The.models téstediin this investigation had
three. heights - 1.0 £t. 0.75 £t. and 0.50 ft. The.
lengthss of the crests were.1.25 ft., 1.00.ft. and.
0.333 ft. The slopes of the upstream face ranged. from
vertical to 1 in 4. The experiments were.made with
upstream corner- of. crest sharp as well as: rounded

to radii of %, 1, 1%, 2 and 2% inches.

4.3 Experimental Observations.-

Before. recording observations, each experimental
run was. begun by establishing the: desired head;on the:
weir by controlling the discharge: gradually with the:
help of. the: sluice-vailve on the supply line. The:
astablishment of flow regimen was. verified after runn-
ing the:water in the. flume for about. 15 to 20 minutes

for each experimental run. In the: experiments on the

submerged crest, submergence. to the required degree was
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accomplished by adjusting the tail-gate provided at
the. downstream end of the flume. Thus, in the range
of. experiments above. the modulazity limit, both the:
sluice-valve:on the.supply line:and the tail-gate had
to be;operated simul taneously to establish the: re-
quired.headiand: tail-water: elevations. This involved.
a. trial and! error procedure.cf operation of the above
sald: controls: requiring,in most:of. the: runs, 30 to 40
minutes! time: in each run ﬂoé-the flow. regimen to be

established.

After the flow regimen was.established, obser-

vations on the instruments. were.made and: recorded.

The. head: of. water upstream of. the. crest was:
measuréd by means,offa.gpint-gauge reading upto 0.001
ft., located.centrally in the flume and situated at. a
distance: of. 4 ft. upstream of the. experimental model.
The head.on the experimental model was set at ten
stages.in increments.of 0.05 ft. in the: range of 0.05
£t. to 0.50 ft. The observations of other variables
were made after establishing the head.in one of the

stages, in each experimental run.



A point gauge, reading upto 0.001 ft., mounted
on a. platform supported on the re}ils at the top of the
walls.of the. flume, and set. in line with the:down-
stream end of the:crest of the experimental model
enabled the observation of the depth of flow at the.

saild section.

The: tail-water elevation was.measured by means:
of a point-gauge reading upto 0.C01 ft., insktalled:in
a. stilling well situated at: a.distance: of 7 ft. from
the.: downstream end of the erest, and uniform flow. was.
found to be.practically established, at that section
in the flume.

. et

The. discharge of water was:measured with fthe
help. of a sharp-e'dgéd rectangular notch 9.inches wide:
-and with i1ts.crest.4 inches. above the bed of. the flume.
at; the:laboratory floor level. Before the.experiments
were started, the notch was. calibrated by volumetric
measnrement: of water for each head over its crest. up
to a. head.of 0.55 ft. andidischarge:of 1.1 cubic feet.
per: seeond. The:head: of water above the: crest of the
calibrated notch was: measured with the help of a point
gauge reading upto 0.0005 ft. mounted in a stilling
well situatediat a. distance of 4 f£t. upstream of the:

-

L -
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notch and: 10 ft. below the outfall of. water over the
tail-gate of the experimental flume. The water approa-
ches. this section with practically uniform flow: con-
ditions after passing through two damping screens in
the. lower flume forming the approach channel for the:

calibrated notch.

The: surface profile: of flow. over the:crest of
models in the: experiments.were observed:with the help
of a point-gauge reading upto 0.001 ft., mounted on a.
trolley moving on rails provided on the side walls. of
the: flume. These: readings were: plotted on a. graph

paper: and théssﬁrfaceaprofiles were: drawn.

The: experiments in the investigation involwved.
in all.GO series,'eqch series consisting of 10 to

14 runs. S

The. study of. discharge characteristics.with
free.overfall covered 48 series.of experiments. Sub-
mergence studies were:made 1n 12 series of experiments.
The:free overfall experiments: had. the upstream crest
corner sharp, as well as: rounded. to radii of %, 1, 1%,

2.and 2% inches. The:slopes of the upstream face in
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the different experiments were vertical, 1 in 4 , 1 in
1/3, 1in %, 1 in 1, 1 in 2, 1 in 3 and. 1 in 4, cover-
ing the entire range obtaining in actual structures.
The models were tested with threazdifferent.lengths -
0.333 ft., 1.00 £t., and. 1.25 ft. The heights of
crests.were: 0.50 ft., 0.76.£t. and. 1.00. £'t.

Submergence studies were made by 4 series.of
experiments on a.model 1.00 f£t. long, 1.00 £t. high
with sharp upstream corner, 4 series of experiments
on the.above model wiﬁh the upstream crest. corner
roundad to 2¢inche%:ggaxé;aeriessof experiments on a.
model 1.00 ft. long, 0.75 ft. high with upsiream crest
corner rounded to Zﬁh;édius. The heads in the four
runs of each series were:0.20 ft., 0.30 ft., 0.30-£%.,
0.40 £t. and: 0.50 ft.

Surface: profiles of flow over the crests of the.
experimental models were.observed for all the:runs with

free overfall of nappe:and.for heads from 0.20Q ft. to
0.50 £t.

4.5. lhecuracy of Observations.-
In view of the shortcomings. of the experimental

arrangement, a consideration of the: aceuracy of soms.

of the: observations is necessary.
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Point-gauge readings were read to the nearest
0.001 ft. except those in thex caser of point-gauge al
the -calibrated notch, where they were read to the
nearest 0.0085 fft. At.higher’discharges?the wavy water
surface:made it difficﬁiﬁ;to take: the: readings accura-
tely. Howewer, then the: depths were. relatively greater
and by taking the readings. twice or thrice, satis-
factory mean values, as. evidenced:. by the: fairly con-
sistent.data, were obtained. For smaller discharges
and. the corresponding smaller-heads-of water, errors
in the: readings were reduced by the. smoothness.of the

water surface.

Despite-all the.care taken, the thin bandi of
piasxiéene clay, which was.used as a water-sealing
comppund;andzplaaedibetm§en the ends.of the models
and: the side walls: of the flume, was. projecting
slightly above:the:surfacéfﬁodels and. was. causing a
slight distortion of the flow pattern. However, this
was. local at: the side ends of the models and. does not

seem to have had any effect.on the: discharge.
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5. EXPERIMENTAL RESULTS AND ANALYSIS.

5.1 General.-

Model experiments were made with a view to study
the physical characteristics of flow and to evaluate.
the effects of the dimensionless paramebters describing
the flow,as.analysed in chapter- 3,on the: discharge
coefficient of vertical drop falls, both in the free
flow.and submerged flow conditions. The. results of

these -experiments are: presented in the tables of Appen-

dix. II, arranged in the following order:

Free Flow:-

Tables.1l to 10:- Experiments on vertical drop. falls.
with sharp;U/S8 corner and vertical U/S
face: with lengths of crest: L = 1.25°%,
1.00', OGn333' and. heights: of crest
P=1.00% 0.75% 0.50' .

Tables: 11l to 25:- Experiments on vertical drop falls.
wlith sharp U/S corner and. sloped U/S faces
varying from 1 in 4 to 1 in 4, with leng-
ths of crest: L = 1.00!', 0.333' and: height
of crests P = 0.50" .

Tables 26 to 48:~ Bxperiments.on vertical drop falls

with vertical U/S faces and upstream crest.
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corner rounded with radii from %" to 24t
and length of crests L = 1.25', 1.00' and
heights of crests P = 1.00',0.75',0.560" .

Submerged Flow:-

Tables. 42 to 52:- Experiments. on vertical drop falls
with sharp U/S corner and:. vertical U/S
faces, length ofﬁcreéf L = 1.00', height
of crest. L = 1.00 and. heads on crest.

h = 0.20', 0.30', 0.40', .50, through-
out the:submergence:ranges

Tables: 53 to 60:~ Experiments. . on vertical drop falls
with upstream corner rounded to 2% radius,
vertical U/S faces, length of crests.

L = 1.00f, height of crestss P = 1.00',
0.75' and. heads. on crest.h = 0.20', 0.301%,
0.40', 0.560', throughout the.submergence:

range.

The above- tables show: the.observed. values of the:
variables as; well as. the discharge:coefficients; C. com-
puted from the: formula. C =:Q/Bh3/2 . In these: experi-
ments, the width of the crests was 0.985 ft. Gy and. G,
represent. the discharge coefficients of. crests. with

sloped.U/S faces. and rounded upstream corners.
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respectively, the formula.applied for evaluating these

being the same as for C mentioned above.

In appendix II1 are presented the observed. sur-
face profiles of the flow. over the. crests of vertical
drop falls functioning under free flow condltions.
These:cover experiments with vertical upstream faces.
and upstream corners. sharp as wellfgounded to a radius
of. 2 inches, length of crests. L = 1.25', 1.00', 0.333'
and height.of crests. P = 1.00', 0.75', 0.50! .

The: results obtained from these experiments. have
provided.sufficient data. to illustrate several signi-
ficant points regarding the:flow characteristics of

vertical drop: falls.

5.2 Externsl Elow Pattern.-

Before prdceeding to an analysis of the variation
of the dischargegcoefficient:§§ outlined in the previous.
chapter, itiwlll be:useful to cbnsider certaln signi-
ficant; aspects of the external flow pattern over the
vertical drop falls, as revealed by the observed. pro-

files of the water surface.on the crests.

Nappe. form:- In all the: series of experiments. involving
free discharge, the'nappes were aerated, in order to

facilitate the: determination of the flow depth at. the.
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downstream end of the. crests formed.with free overfall,
which has certain significance. However, for higher
heads and discharges, thé;water‘surfacesin the. down-
stream channel was high enough to submerge the holes
in the: downstream face:of models-provided for aeration
of the nappes. Above:this range, the: flow depths at. i

the:-downstream end of the crests were not observed.

The:nappe forms observed in these experiments were

in conformity with BaZzin's observations (1,2):

(a) "Adhering nappe¥:- For very low. heads, the nappe:
adheres to thecdownstream'face of the fall. How-
ever, these heads were:below 0.05 ft. which was.
the minimum value: in the: experimental range.

(b) "Free nappe': For a considerable range of heads and.
discharges, when the;nappes‘wgfe;aerated”as.desp
cribed in Chapter 4, free nappes were obtained with
the. space between the downstream face: of the: fall
and the: jet. of falling water filled with air at.
atmospheric pressure. This type is illustrated.in
Figs. 11, 12 and 26.

(c) "Depressed nappe!: For higher heads and discharges,
on account of the higher tail-water levels, the:
nappes wefedepressed. That: is, a part of the air
under the nappe is entrained by the-moving fluid



L

Fig.ll. Free flow over crest 0,333 ft. long
and 0.50 ft. high, under z head of

0.10 f£t.

i

1}

4

e —————— et Nt Ot

Fig.12. Free flow over crest 0.333 ft. long
and 0,50 ft. high, under a head of

0.20 f£t,
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and replaced by water, leaving the remaining, air at a
pressure less than atmospheric.

(d) "Nappe wetted underneath': For still higher heads
énd discharges with correspondingly higher stages of
tail-water-downspaeam ogxthe:modeis, all the air under-
neath the naﬁhé:is,entrained and replaced by water:and
the . space formerly occupiedizir'istilled with eddying

fluid. This typesof nappe:is illustrated.in Fig. 13s

The experiments were performed with the maximum
value of h/L = 1.35.only, due. to limitationss in the:
experimental setup. Therefore,"free! nappes, free al-
together of the flat: crest.and.in contact with only the
upstream face:of the:welr forming the fall, were: not

observed. in these:experiments.

| It was of interest: to observe, if any changes in
the;diécharge;;oefficient and flow: pattern would. occur
due: to these: different conditions of the: nappe. There-
fore,one;seriesa(Table;S) of experiments was: conducted
by varying the condition of nappe: on a crest.of length
1 ft. and: height: 1 £t., by suitably altering the: up-
stream headih and. the tail water lewvel, and. the: surface:
profiles for=theseﬁconditions_werezobserved;(see Fig.32)
It.was seen that; the effect.of the 'depressed! and

"wetted underneath' nappe: forms.on the flow surface.



Fig.13. Flow with napge wetted underneath
over crest 0.333 ft. long and
0.50 ft, high, under a head of 0.50 ft.
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was purely local near the downstream end of the.crest.
for a short length of crest. The surface profile for
"depressed" nappe was slightly below. that: of the: free
aerated .nappe; and the surface profile of the. "wetted
underneath' nappe. was. slightly below that;of the: depre-
ssed nappe. Further, the discharge coefficient of the
weir forming the,fall, was observed to have undergone
no change-in valuey as. the: nappe: form was; altered:
through the. above mentioned. three types, as may be: seen
from their values. in Tables 4 and:. 5. This, again, 1s

in accord with Bazin's experiments (1).

This aspect of the:flow, pattern is of signifi-
cance,las the nappes under field conditions are, usually,
not.aerated. Therefore precise:discharge determinations.
in the: field, on the:basis of laboratory data,will not
be: affected.

However, it should be: expected that.ilf the change.
of nappe: from one: form to anothegﬁsan bring about a con-
slderable:change in the: flow pattern and. corresponding
change in the curvatures»of stream filaments, a varia-
tion, though usually negligible, may take: place:in the

value.of the. discharge coefficient.
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Surface Profile of Flow over the.Crest.-

Some: typical surface profiles of flow over crest

are presented.in the appendix III .

On the.basis of the observed surface.profiles, a.
dimensionless water-surface: profile for flow over a
vertical drop fall with-a.level crest and. vertical
upstream face is.plotted as shown in Figs. 9 and. 10.
Fig. 9.shows the profile: for a crest with sharp upstreanm
corner, while. Fig. 10 shows: the. profile.for a crest.with
well rounded.upstream corner. These.profiles.have been
mada. dimensionless, for- the: sake of generality of. study,
by dividing both the distance. x along the: crest measured
from its.upstream corner and: the depth of flow y mea-
sured as the elevation of water surface:at. the concer-
ned section above.the: crest, by the: piesometric head.on
the: crest h. The right.hand.ends.of these curves re=
ppesenﬁ;theldimensionless flow. depth at. the downstrean
end of the; crest. Some. points.of significance. are:

observed. from these profiles.

The: profiles for the crest with sharp upstream
corner (Fig. 9) exhibit strikingly similar configura-
tion characteristics. In the: proximity of the: upsitreanm

crest corner, where the flow.accelerates, the flow
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depth to head ratio y/h decreasés rapidly, its magni-
tude being practically constant for all the. ratios of
h/P . Separation of flow. occurs at. the: upstream crest
corner and the control section lies.in the body of the
fluid above.this separation zone. The: flow becomes
supercritical beyond this. control section. If the:
crest wer;arough enough to produce: deceleration of the
flow, a slowly rising water surface profile: over the:
approximately parallel flow region of the crest should

be: expected.

Forther; when the crest 1s relatively long, the:
flow depth must eventually approach, again, the: criti-
cal depth on the.crest as the: flow. continues to decele-
rate with increased distance: along the.crest. A4t this
eritical value; the specific head will be.a.minimum at
which this discharge rate:is physically passible, A
further energy loss must. cause. . an adjustiment of depth
by the: formation of a.standing-wave.patitern of flow,

which was.observed in the tests, for very small heads.

It.will be noticed from Fig. 9, that: some: distance
downstream from the: crest.corner, the: profiles. for
Gifferent. values: of h/P tend to superimpose, hawving an

average value: of y/h = 0.50 with parallel flow taking
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place under supercritical conditions.

The: effect of rounding the upstream crest corner
on the:water surface may be observed.by a comparison
of Fig. 10 with Fig. 9. The: profiles for both the
sharp -and. rounded upstreaﬁ corner have: the: same: gene-
ral shape. However, the: profiles for the crest with
roundediupstream corner of Fig. 10 are displaced verti-
cally upward. Assuming that: the flow is critical at a
point jggt;upstreamtﬁxom the drawdown zone: over the
dbwnsxreéﬁ end of the crest for crests having; a. zone.
of parallel flow on it, the: critical depth yb:for,wairs
with rounded upstream corner may be: observed. to be:
around;O.éé Q, as)theaaverage;y/h value: in the: region
of parallel flow. (Fig. 10) is. around:.0.64. This. value:
is: in general accord with the: tiHioretical equation 13
for-an,y)ﬁﬂéerivediearlierfin Chapter 3. The differe-
nce: in the:actual value. of 0.64 and. the: theoretical
value:of 2/3.may be: ascribed to the: energy loss: due: to

the:resistance: offered by the:crest surface.

On a study of the pattern of the surface profiles

of flow observed.in the: tests, the broad-crested.weirs
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in general, may be classified according to the flow

characteristics.

It.is stated earlier, that when the crest length
is relatively long, standing-wave type of flow occurs
. on the.crest. This type of flow.configuration was.
observed to occur for heads upto about.0.075 ft. on
the,1.25 £4. long crests and 0.06 f£t. on 1 ft. long
crests. That.ls, the standing wave type of flow. takes
placeefon?h/L ratios up to about: 0.06.

If, on the contrary, the broad crest of the: verti-
cal drop fall is relatively short. or the head on the:
crest is relatively large, the: flow over the. crest.of
the fall will be: entirely curvilinear, as.may be: seen
in the.Figs. 9, 10, 12, 13, 20, 21, 26 andi surface
profiles of Appendix III. It is further observed from
theseﬂprofiles,thatuth;$4curvilinear'profileais some~
what: lower ;é;tically than that.for the:crest of length
large enough to permit:a zone. of approximately parallel
flow. to form. This entirely curvilinear. profile first
appears when the h/L ratioc becomes about 0.35. for
crests with sharp upstream corner and.when the. h/L
ratio becomes about 0.25 for crests with upaxream—corh
ner well rounded. This. value:varies: for small degress.

of rounding of the upstream crest corner. The above:
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mentioned bounding figures are not precise.and vary
slightly with the height of the crests; or in other
words with h/P values, is.the h/L value: exceeds the
sald values, it.is evident. that the:water surface:
profile must ewventually approach that:of the. upper

water surface:of a sharp-edged weir.

Thus, broad-crested weirs forming the main ele-
ment of. a vertical drop fzll may be: defined with res-

pect to the flow pattern and classified as: follows:-

(a) Short weir ; with entiréiy-curvilinear flow on the

crest

(b) Normal weir; with eurvilinear flow. zones at: the

' beginning and at: the:end of the. weir crest, and a
central zone-of essentially parallel flow. and

(c) Long weir; with a standing wave: pattern of flow

on the. crest.

The: approximate limits for these:weirs ares: the
weir is short if h/L ratio is greater than 0.35 for:
welrs with sharp U/S corner and 0.25 for weirs with
well rounded.U/S corner; the weir is long if h/L ratio
i1s.less than about 0.06; thg;E?ir is. normal between

these.:two limits.
lec 4244
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It is quite evident that. flow over vertical drop
falls.will be critical at:a. point near the downstream
end of the crest at. the: transition between a. normal
and a long crest.for crests with sharp upstream corner
and: at: some: point: in the.zone:o0f parallel flow. on the:
crest for normal andilong crests with well rounded up-
stream corner. Hunter: Rouse:(6) established. that: the
ratio of depth at: a free:overfall to the critical depth
will be: 0.715: Then, the: critical flow.depth on wverti-
cal drop.falls may be.obtained.by dividing the depth at
the downstream end.of crest by 0.715. The: depth at the
downstream end of normal and: long crests are observed.
(see-Fig. 9, 10 andi surface: profiles in Appendix III)
Eo be about 0.392 lh for crests:.with sharp;upstream |
corner and about 0.46 h for crestsswith well rounded
upstream corner. This, therefore, means that. the cri-
tical flow.depth in terms of the head h is 0.545 h for
crests with sharp upsiream corner and about. 0.643 h for
crests. with wedl-rounded upstream corner. This. value.
for crests.with well rounded upstream crest.corner is
in good agreement.with the maximum depth of the profiles
In ‘The Tange o exporfnonty nade, L, s nek, formed;

end of crest, for crests-with sharp upstream corner.
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5.3 c Creagf Length on the Digschag fficle
The:dimensionless parameter most important in
fixing the wvalue of the:discharge coefficient C. of
vertical drop falls:is the head to length ratio h/L.
The:significance. of this parameter is:.in the. fact. that
it governs to a major extent, the flow. pattern on the
crest. 4&s already remarked, curvilinearity of flow.
sets in from h/L ratio of 0.35 for crests with sharp
upftream corner and. 0.25.for crests with well rounded
upstream corner. The: curvilinearity of the flow. con-
tinues. to increase in degree with st1ll higher values
of h/L . It was:shown in article: 3.2, that. the dis-
charge coefficient will be:increased on account of
convex: curva ture: of stream filaments, whilch are obtained
in the flow over-a vertical drop fall with large values
of h/L . Thus, it should.be: expected. that with increas-
ing vélﬁesﬁof,h/L, the: discharge: coefficient .goes on
increasing for-tﬁeJrange of = functioning of the verti-

cal drop fall as. short weir.

The:discharge. coafficient: C is shown as & function
of h/L ratio in figure:14 for vertical drop falls: with
vertical faces.and sharp upstream crest corner, in

~ figures 16 and.18 for vertical drop falls with vertical
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faces and well roundedeﬁpstream crest corner and in
figures 22 and.23 for vertical drop falls with sloped
upstream face and.sharp upstream crest corner. 1In all
these. figures, the general trend of increasing values
of the discharge coefficient with increasing values of

h/L ratio may be observed.

1t may be:noted. that:in figurex 14 , there is. a.
wide scatter of the experimental points. for h/L upto
about.0.50, These:points.represent. data. obtained from
experiments: involving a. sufficiently large range of
values of length and.height:of crests. The scatter of
the points may be:ascribed. to the:scale effeets of. the
models tested. If a mean curve were to be: drawn thro-
ugh thesezpoints; that. would show. increasing trend of.
discharge coefficient with h/Ltrﬁtio in this: initial
range of h/L upto 0.50. Howevenﬂ }he;following consi-
deration will show. the:inconsisténcy of this trend.
The:normal crestt (h/L less than 0.35) profiles show.
almost. complete génmetric similarity (see figg. 9 and
profiles. of Appendix.III), suggesting clearly that: the
discharge coefficient should be constant. in the range
of h/L = 0.35 for the normal weir. This appears even

more reasonable when one considers that. the control
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section is just.downstream from the upstream crest
corner and over the separation zone, and that, because
of this fact, the crest length does not affect the
discharge. Thus, it.may be:seen that the discharge
coefficient should remain constant: for h/L ratios upto
0.35 . For the above said reasons, the curve of dis-
charge coefficient is shown in the figure: 14 as:a.
straight: 1line: representing a constant value and. passing
through the experimental point of maximum value corres-
ponding to h/L = 0.35. This constant value may be seen
to be.2.65, which is in general conformity with Bazin's
results (1, 2) and Woodburn's: results (5) of tests on
broadscrésted\%eirsfof,largé drest lengths in which the
scale-effects.are-a minimum on account. of large absolute
values. of heads on crest. A short transition econnects
this constant value: portion of the curve with the: remai-
nder of the curve .

The:gﬁbﬁé fepreséﬁting the: variation of the dis-
charge coefficientdc;w;tﬁygn falls with sharp upstream
crests is compaved with curves plotted from data. of

Bazin's experiments and U.S8.G.S.{(Cornell University)

experiments in Figure &5.
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Figure 17 shows the curve representing the varia-
tion of the discharge coefficient C with h/L for verti-
cal drop falls with well rounded upstream corner,

compared with that.from Bazin's data.

5.4 Effect.of crest Height op the Discharge Coeffi-
cient.-

In order to determine:- the. effect of the:crest
height P on the discharge-coefficient of a vertical
drop fall, experiments were made with three. different
heights of crests.- 1.00.ft., 0.75 and 0.50. £t. These
tests covered three different lengths of crests - 1.256
f£t., 1.00 £t. and: 0.50 £t. The results of these tests

are given in the tables of Appendix II.

The: results of these tests.indicate that. the:
effect of the height. of the crest on the discharge
coefficient is very slight.for vertical drop falls with
sharp upsfiream corner énd nil for vertical drop falls:
with well rounded.upstream corner. The:discharge
coefficient curves obtained for the. three crest heights:
of 1.00. £t., 0.75 ft. and.0.50 ft. for vertical drop
falls with sharp upstream corner are shown in Fig. 14. :

It. is quite evident. from the: results in tables. 29, 34,

39, 43, 45 and 47, that: the-height of crest. P has no
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effect on the discharge coefficient of vertical drop

falls with well rounded upstream corner.

The very slight variation in the discharge
coafficient with the height of the. crest P for verti-
cal drop falls with sharp upstream crest corner may
perhaps be explained.by the fact that: while. the: sur-
face profile:of flow.over the crest near the upstream
crest: corner is not affected by the. height of crest as
eviQeneed by the: dimensionless surface profiles in
figure:9, the.profile of the separating fluid surface
at, the:upstream crest corner is affected by the:height
of crest, thus creating a. slight variation in the: flow

area at: this control sectlon.

oS

As. the flowqdepth at the critical flow section
is not .affected by the crest height: P for vertical drop
falls. with well rounded.upstream corner, as evidenced.
by figure 10, the:discharge:coefficient:C is.not affe-
ctied: by the:crest height.

Thus, while: the.effect.of h/P ratio is negligi-
bly.small for vertical drop falls with sharp upstream
crest. corner, it is absent for vertical drop falls with

well rounded.crest.corner. This is very significant.
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from the point of view of selecting the proper shape.
of crest for the:design of vertical drop faliks and

such other structures.

5.5 Effect .of the: Shape ratio on the discharge
Coefficient.-

The ratio h/B in the.equation 24 of article:
3.6 isﬁaumeésure of. the. shape: of the discharging
water sitream. This. parameter is seen to be of no
significance, as shown by Blackwell's.experiments: on
broad-crestediweirs with widths. B of 3 ft., 6 £f. and.
10. ft. No tests were made in the present.investiga-
tion to study this. effect, all the. tests: hawing been
done:in the same flume: of 1 foot width. Even from a
theoretical consideration,the:only effect of the:
width B of the vertical drop. fall is in the:reduction
in the effective width of flow chamnel by an amount
equal to the-displacement. thicknesss & of the bounda-
ry layer formed along the: side walls. This reduction
i e ofective MIEhE NS tiionn Thtmas faves. on the:

relatively wide channels.

on the Discharge Coefficient.-

The. rounding of the upstream crest corner of a.

vertical drop fall causes the: removal of the: flow
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separation at the corner, which is the primary source
of energy loss. Hence, the rounding of the upstream
crest corner résults in an increase in the discharge
coefficient above that:with a sharp corner. This
variation in the discharge coefficient 1s signified
by the r/h ratio in the discharge w®quation 24 of arti=-
cle 3.6 . |

Tests were made on crest lengths of 1.25 ft. and
1.00 ft., with the radius-of the rounding of the up-
str:am crest corner of %", 1", 13", 2" and 23" . The
results.of these tests are shown in the.tables 26 to

48 of Appendix II.

In figures:1l6 and 18 are shown the: curves repre-
senting the va:iation,of the discharge coefficient Gr
with h/L for different deérees of rounding represented
by r/h values of 0, 0.08, 0.16, 0.25, 0.33. and 0.42
from thezdata;obtained from the experiments. 1t may
be:observed that the. coefficient of discharge Gr in-
creases with r/ﬁ ratio upto a. walue:of r/h = 0.33, and
thereafter remains constant; for higher values of r/h.
Further, the¢raté of increase in Gr decreases, genera-
11y, with increasing values of r/h, finally coming to
zero for r/h = 0.33. The values.of C.for r/h = 0.42

do not differ from those of C. for r/h = 0.33. Thus,
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crests of vertical drop falls with r/h greater than
0.33 may be.said to be.'well rounded', as.no increase
in Cr_occurs with further increase in the rounding.
Figure 17 shows the curve of discharge.coafficient for
the: "well rounded crest! (corresponding to r/h = 0.33)

compared with similar curve. from Bazin's: data.

In figure:19 are: shown the:curves of variation
of the.dimensionless. factor' C,/C representing the in-
crease-in thes discharge- coefficient due: to rounding
over- that with a sharp crest.corner, with h/L ratio.
Theevaluesgoﬂ‘ci/a are computed from figures 16 and 18.
It.may be observed from these:curves, that for each
minimum degree of rounding represented by r/h, the:in-
creasing discharge coefficient G}/C;firsttdhnreases
with h/L and after reaching a certain minimum value:
jnereases. thereafter for higher values. of h/L . Further,
the: h/I. value:corresponding to the. minimum value?of
Cp/C: also has:avdecreasing,trend,wigh increasing

valueS) Of« I'/h .

In this connection, i1t may be:pointed.out that
in.Wbodburn'SwCS) tesf;series on broad-crested weirs,
rounding of thésupstream crest corner by 2%, 4", 6"
and 8" roundings.causeg no significant variation in

the:discharge.coefficient. Further the discharge
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coefficient was.about 9 percent greater than thes corres-

ponding coefficients for sharp upstream corner (r/h=0).

The lack of variation in the;valueﬁof;CE above
a certain degree of rounding (r/h = 0.33) may be inter-
preted by analogy with similar data for contracted
openings. Kindsvater and Carter (25) showed that the.
discharge coefficient for conbracted openings increasal
almost linearly with the: values of r/b from r/b = 0 to
r/b = 0.14, where=b is the:width of the opening; the
coefficient remained constant after r/b exceeded 0.l14.
Aﬁsimilar-variayion in the: discharge.coefficient for

orifiees is seen in the literature.

This phenomenon may be: explained by the.fact
that the flow séparation at. the upstream crest corner,
which is mainly;responsible for the energy loss:of
flow, disappears after a certain degree of rounding.
Thus, the: energy losses. are reduced to the minimum
stsiblesand n0 further1increase-in the. discharge

coefficient is possible.

5.7 Effect of the: Slope: : Face on the.
Dischar C fic .-
'Asdalready explained.in article 3.4, the. sloped

upstream face of a vertical drop. fall aets like a



_ ri0/=7) SINSOP
LSFHD WYSHLS AN TIANNOY HLM STV  OYG  7TYILHIA HOF ANIIDIAFF0D FIHYHISIAO G ~ 9o

»y orLve ML ONTT 0L QVFH .
_Um Q Ct-0 Q.Q $c-0 .m.ie v £z 0 20 S$ro ro S0 0 o

. e e e e o et oo <1 ,lfrzi.‘;::fl...i.
; i H ] * T

e

, ;
- w..} e T - ..+t oo —
' ' B

T 2

T vii2SNG

o€

" UINNDALATOD

[+ €

2. !

: d o 7 Sy TS 108w
ONFOTT7 ¥+ £



LEGEND
{33 Symsc. REF 70 Als L F ,//,

'
+ 16 25 1-0 o-v&

""" ! \ - o ” 1.25 1.6 1.6
! i , L . , '
. . | : i : g " 25 1.0 0-25 :
: L I ~
i 4 4 " 1125 1.0 °-35
. | ' : A +
— 'rl‘ 324__.._.,.__;, _...Ai . | & 42? :
L s ]
}
V- - .
S T . : -
H 0.42 -
: g 0.33 . .
et .
\ :
: ' ;
f

e = = e =

$0,25 — .

— 3 o e ——

I
Minimum . ¥/4

e RGeS L pename 1

- ; - -
- o. oa o N
—_ e ’ i j
- | ' :

'
¥
mm— - e i——

. .04 . N . ‘ : .
. ! I ] !
[ r 3
f‘?zi -+ ¥
E T
} "oa A — ——

o o1 02 o5 o-4 05
HEAD TO LENGTH RATIO 4L

F16:—t VARIATION OF Cpnfc WITH Akt  FOR VERTICAL DROP

FALLS WITH ROUNDED Ufs CREST CORNERS



= o e

g -

TV OPPNAPR IR ORI
=

s - -
I'! - ’ o - 23" 1;«»#»r ni
e
i
o o8

y

Fig. 20.Free flow over crest 0.333 ft. long,
0.50 ft. high and upstream face sloped
at 1 in 1/3, under a head of 0.20 ft.

Fig.21l, Free flow over crest 0.333 ft. long, C.,50 ft.
high and upstream face sloped at 1lin 3,
under a head of 0+20 ft.
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transition of flow boundary, thereby reducing the.
energy loss at the.entry of flow over the crest at the
upstream crest corner, resulting in increased discharg

cogfficient.

Experiments.to detetminesthis effect, were.made
on crests having lengths of 1.00 f£t. and 0.333 ft. and
height: of 0.50. ft. by varying the upstream face slope.
In addition to the. vertical face: (zero slope) faces
with 7 different. slopes - 1 in 4, 1 in 1/3, 1 in 3,
linl, 1'in 2, 1 in 3, and: 1 in 4 were. tested. The.
results of these. tests.are: presented in the tables

11 to 25 in AppendanII.

Figures. 22 and:23 show. the curves relating the
discharge coefficient.Cgy(for falls with sloped upstream
faces) with h/L. It is evident. from these figures
that. the effect of sloping of the:upstream face is
todncrease the discharge coefficient with increasing
flatness of slope:in the.range of slopes tested,
namely from vertical upto 1 in 4 . Further, itumay.
be observed, generally, that. the:rate of increase in
the.discharge coefficient decreaseswith increasing
flathess of slope. A large part of the increase in
the discharge coefficient is obtained even with a

slope, of 1 in 1. This is a significant consideration
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for the design of vertical drop falls, when the:extra.
cost involved in the flatness of slope has to be.
weighed against. the advantage gained in the.hydraulic

characteristics of the structure.

In figures 24 and 25 are shown the: curves of
the. variation of "slope: factor" Cg4q/C representing the
increase:in the: discharge: coefficient due: to sloped.
upstream face-above that. with veriical upstream face,
with the-h/L.ratio. The,values.of;ﬁhl/ctare computed
from the concerned curves in figures 22 and 23. As is
evident from these-curves, the: slope.factor initially
increases with h/L upto a meximum value:and: then decre-
ases. for still hiéher~n/L:ratios; Tlm;lsi,thereiiss:&.:~
mﬁmmmhmﬁrwm%mmwmw@mﬂmtom
optimum value of h/L. anin, the. optimum value: of h/L
corresponding to the:maximum slope factor value: has a.
decreasing trend with increasing flatness of slopes.
Further, for higher values of h/L, the valuesof the:

. to
slope: factor for flatter slopesﬂtenqhbeﬂeqpal.

5.8 Effect of Boundary Roughness on the Discharge
Coefficient.-

In model testing, the simulation of boundary re-

gistance is one of the mosi: difficult. tasks. For a
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for the design of vertical drop falls, when the:extra.
cost involved .in the flatness of slope has to be.
weighed against. the advantage gained in the hydraulic

characteristics of the structure.

In figures 24 and 25 are shown: the: curves of
the. variation of "slope factor! Cgq/C representing the
increase:in the: discharge: coafficient due: to sloped.
upstream face-above that with vertical upstream face,
with the-h/L.ratiio. The vglues“oﬁfaél/chare computed
from the concerned curves ih'figureé 22 and 23. As is
evident from these.curves, the:slope factor initially
increases with h/L upto a meximum value:and. then decre-
ases. for- still higher  h/L ratios. Thus,th&relis;a”
maximum value: for each slépe:corresponding to an
| optimum value: of h/L. Again, the optimum values of h/L
corresponding to the: maximum slope factor valus: has a.
decreasing trend with increadinhg flatness of slopes.
Further, for higher values of. h/L, the valuesof the:

to

élopexfactor for flatter slopethenqhbeﬁeqyal.

5.8 Effect of Boundary Roughness on the Discharge
Coefficient.-
In model testing, the simulation of boundary re-

gistance is one of the most. difficult. tasks. For a
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given structure having a given boundary roughness, the
energy losses due to boundary resistance -aré a function
of.a characteristic Reynolds.number and the relative
roughness. As. the scale: 1is. increased, the: relative.
roughness. inecreases and. the: boundary shear force. be-
comes disproportionately large if the boundary surfaces

are.of the:same.material for the various scales.

The relative roughness:is generally described by
relating the mean height of the: boundary projections
above the:nominal surface level to some: significant
length. In the:analysis.made:sin article: 3.6, the: rati
h/R iss_uséd, where:I§ is the mean r;)ughnerss height. 1t
is-evident, tﬁerefofe, thatt the: relative-effect of
boundary resistance is the same. in the model and proto-
typeyonly 1f the: relative roughness h/k and. the
Reynolds number R.are the.same:in both scales. However,
it is impracticable: to produce equal values of R or
h/k. Requirements. of simildtude are.compromised by
either ignoring the difference:in relative roughness
or by extension to the. scale: of the prototype. by some

method based.on experience.

No tests were made in this investigation, to

determine the effect of relative roughness; nor is
P



definitive data based on previous studies available.
However, except when the hemds h ywre very small, the
discharge coefficientsm obtained on the basis.of model
tests are considered. to apply to much larger structures
also with a. very small maréin of error. In general, the
discharge coefficientshould be expected to increase

slightly as the scale.of the model increases.

5.9. Effect of Reynolds er o . discharge

Cgefiic;ggt.- .

The- significance of Reynolds number R is that. it
describes. the relative importance.of the viscous forces
involved. The: "scals efféct", due: to which there will
be-a. variation in the discharge: coefficient with the:
scale: ratio, is.the result of the action of the: forces
due: to t;he:av:isc@py of’ the fluid. The larger the vale
of. the:Reynolds number R, the:less.important the.influe-

nce: of viscosity upon the: flow. patiern is.

It is seen from equation (23), ﬁhat:fOr a given
fluid, the Reynolds,number"is.gfoportional toih3/2 s QT
the discharge: per unit width of the crest. It is:
obvious, therefore, that:the Reynolds number of model
and. prototype can be equal only at the same: scale. Thus,

it is generally impracticable: to satisfy the Reynolds



law. However, the Reynolds numbers obtalning in the
laboratory tests are generally high enough to include

the range in which the: viscous effects.are negligibile.

Figure 14 shows the plot of the results:of
testsdmade on vertical drop falls having sharp up-
stream corner, with-crest. lengths of 1.25 f§., 1.00 ft.
0.333 £t. and crest heights of 1.00 ft., 0.75 ft. and
0.50. ££., thus producing different scale: ratios. The
scatter of the expeﬁimental points indicates. the.
scale effects, which is apparently considerable in the

range . of h/L =: 0.50 as seen in the figure:.

To get a better appreciation of the. efifect.of.
the Reynolds number on the discharge:coefficient, The
data. from Bazin's experiments, covering a. wider range
of. Reynolds. numbers, are: plotted in figure 14(a). These
results pertain to tests on broad-cresfed weirs with
sharp upstream corner and crest. lengths of 0.33 ft.,
0.66 ft., 1.315 ft., 2.62 ft., and. 6.5 ft. The scale
of. the: crest height. P (which is equal to 2.46 ft. in
these: tests) is not considered, as it has been shéwn

to have little effect . on the discharge coefficient.
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It is.pertzggnt to note here, that the: scatter of the
points is very slight in the: range of h/L above about
0.80; but considerable. for h/L values upto 0.50. This
is.due. to the  fact that in this.range of h/L upto 0.50,
the:heads on the: crests and consequently the. Reynolds
nunbers are: small enough to cause: appreciable- scale:
effects. The:slight.variation of the: values. of C above.
h/L = 0.50, may perhaps. be: ascribed.to some: differences.
in energy required to mgintain the: eddy motion in the.
separation zone:near the upstream sharp corner, as. the.
scale-ratio is.changed, together with the very much
reduced effect of the high Reynolds numbers: in this

range of.h/LAabOVB:O.SO,

?

5.10. Effect of submergence on the discharge.

After modularity 1limit is reached, the discharge
coefﬁicieﬁg'éf.vertical drop falls 1is affected by the
submergence of the crest of the fall. The non-modular
flow. is thus governed both by the.upstream head. h and
the downsiream headi Z of the:water above the crest (see
Flg. 3). The:dependence of the discharge coefficient.
on these two variables is. evidenced.by ﬁhe:fact that
the.coefficient is shown to be:a function of dimension-

less parameter Z/h in the discharge equation 24 in
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article:3.6.

With a.view to determine the.modularity limit,
and. to study the:variation of discharge coefficient Gs
in the: non-modular range: of discharge, tests were made
on models having a crest length of 1.0 ft., with both
sharp and well rounded.upstream corner. Two different
crest heights of 1.0 £t. and. 0.75. ft. were.used. These.
tests were:carried out with four heads - 0.20 ft.,

0.30 ft., 0.40 ft. andi0.50 ft. In each series of
these experiments, the head.was maintained.constant and.
the downstream water level was varied to obtain various.
degrees of. submergence, by the: simultaneous control of
both the: valve on the supply pipe and the tail gate: in

the experimental flume.

The: results of these:experiments are. presented.in

tables 49 to 60 in Appendix II.

Forms of Flow.- The:following flow forms were.observed
while increasing the submergence of crest by raising the.

tail water level.

(a) Diving jetj- For small degrees of submergence, jet.
of water falling over the crest. retained its wetted
underneath form, though hidden by its immersion in the:

downstream channel (see figs. 3 and.27).
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. Pig,26. Free flow over crest 1,00 ft. long, 0.75ft.
high and upstream crest corner rounded to
2" padlus, under a head of 0.20 ft.
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Fig.27. Submerged flow over crest 1,00 ft. long,
0.75ft. high and upstream crest corner roun-
ded to 2" radius, under a head of 0.50 ft. with
diving jJet; Z/h=0.15.




(b) Undulating jet.- When the level of water was raised
further, at some degree-of submergence, which was not
consistent for all the runs of experiments, the jet. of
falling water was. found.to spring abruptly to the sur-

face with an undulating form.(See Figs. 3 and. 28).

(¢) With still furthe# increase in the: downstream water
ievel, the: undulations of the: jet: surface were found to
be: evened out.with a more.or less smooth surface, on

crests with rounded upstream cornex.

In the:case of crests with sharp upstream corner,
ittwasﬁfound that a. standing wave forms near about the
downstream end of the crest. This may be:explained by
the fact.thati the. flow i1s supercritical on the:crest,

while that.in the. dovnstream channel is sub~eritical.

The:modularity limit was: found to bemached, gene-~
rally,'atzthis stage.of submerged flow.

(d) As: the downstream water level was raised.further,
%hessurface of flow flattened out to a very ewen profile

on the: crests with rounded upstream corner.

On crests with sharp upstfiream corner, it was

thet
found&thegstanding wave.formed earlier moved upstream

on the:crest, like.an open channel surge, wlth the:



Fig.28. Submerged flow over crest 1.00 ft.long,

0.75 £t. high and upstream erest corner
rounded to 2" radius, under a head of 0.50 ft.,
with undulating jet; Z/h= 0.45,

CAESTRY ) : -
PR S ‘ML s - T . KPS

Fir.20, Submerged flovw over crest 1,00 ft. long,

N 0.75 ft. high and upstresm crest corner,
rounded to 2" radius, under a head of 0.50/ft.,
with nearly smocth surface; z/h=0.92.
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increase ;Eythe-degree of submergence.

(e) When the downstream headi.was. increased still, with
a. submergence.degree.of about 0.92 to 0.25, the: profile:
of. flow over crests was similar to the profile. of flow.
over a. raised floor in a.flume, with a local drop in
water level over theécrestaand;a regain of flow. depth

downstream of the.crest. (See. Fig. 29).

This type:of change of form was. gradual in the.
case=0f crests.with rounded.upstream corner, while:on
crasts; with sharp upstream corner a relatively abrug£
change: of form was.noticed, when the. surge.moving on
theecrestuguddenly flattened: out. This flow. form evi-
dently iﬁﬁicates;that:theeflow;over the: crest 1is sub-
critical,tagg that.is similar to the: flow in a mild.

sloped . channel with a;local rise:in its bed.

The: flow in this.range:is: perhaps.better governed
by the laws of flow in the:channel in which the. fall is

existing.

Discharge Characteristics.-
| Figures 30, 31 andi32 show. the: plot of Cg/C agai-

nst. the degree of submergence:Z/h . H&re,as represents
the discharge coefficlent in the submerged discharge:

conditlions, and.C represents the discharge coefficient
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in the free . discharge conditions, both these. values

being for the same:crest.and:. the same head.

It can be: seen from these plots, that the modu-
larity limit.is not constant for all the crests or for
all the heads. It varies within a very wide range-from
a degree of submergence of 0.48 (in Fig. 30) to 0.83.
(in Fig. 32). Further, the modularity limit: is. reached
generally, atca higher degree: of submergence.for crests
with rounded.upstream corner than for crests with
sharp upstream corner, for a.given head. This is.a.
matter of great significance in the:hydraulic design of.
vertical drop falls, as. with a rounded upsfream crest:
corner, the.free discharge formula can be. applied upto

relatively high degrees of submergence.

Theamod;iéfity 1imi£:variesgwith the head also,
decreasing in value with increasing heads. Howewver,
all the:curves for different heads merge into one;at a.
degree of submergence of about 0.85 in the case: of
crests with sharp upstream corner and. 0.95 in the: case
of crests ﬁith well rounded upstream corner (r/h above
0.33). ~

- -

An important point to be observed is that: all the.

curves meet the 1.0 degree.of submergence line-at some .
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finite value:of C4/C. - about 0.1 in the:case.of crests
with sharp upstream corner. and about. 0.35 in the case
of crests with rounded upstream corner. This fact.
implies a certain minimum discharge, even for cent per
cent: submergence, flowing in the: channel. This can
beuundersﬁood, considering the fact, that at high
degrees of submergence (possibly abowe 0.95), the flow
over the:crest .of the fall is like. the flow over a

local rise in the:bed of a mild-sloped.channel.

The: curves of C./C present a. variation in their
general configuration as well as their individual
values, with different crest-heights‘o£ vertical drop
falls. This is, perhaps, due. to the:momentum unbalance-
in the: flow.over the: crest, on account.of a. change in
the height of;crest; More experiments. are needed to

investigate: this aspect of the: problen.

The: general pattern of the:variation of GS/G with

Z/h isg however, similar in all the: cases: tested.
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6. CONCLUSIONS

A review of literature has.shown that there exi-
sts, today, no rational method.of fixing the. discharge
coefficient of vertical drop falls, whose general form
is that.of a.broad-crested weir, over the full range.
of their function. The flow. characteristics. of the
vertical drop falls have.been analysed. theoretically,
which led to the:conclusion that they are: not subject
to complete mathematicald analysis. Therefore, a com-
prehensive solution for the.discharge characteristics
based on dimensional analysis aﬁ&fexperiments;hasubeen
presented. This solution covers both the: free and. sub-

merged discharge over: the falls.

The-discharge over the vertical drop falls is.
influenced by the:physical characteristics of the: crest
of fall, and: the: channel in which thleall exists. For
this.reason, the dischange coefiicient is. expressed. as
a. function of dlmensionless parameters characteristic. of

the: significant factors. influencing the: flow.

The study of the flow pattern over crests. has. led

to a rational classification of broad-crested weirs.

The.general trend of the:variation of the dis-

charge coefficient in relation to significant
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variables are:

1.

2.

4.

S.

61'.

The discharge coefficient varies appreciably with
the h/L ratio above about 0.35 for crests with sharp
upstream corner and.0.25 for crests with rounded
upstream corner. For h/L below. the above limits,

the value:of thewcéefficient;is.neanly constant.

The: crest height does not affect the.discharge

coefficient.

The shape of the discharging sfream represented by
h/B ratio does not affect the discharge coefficient.

Reynolds-nnmber‘ofgflow over crest is significant in
its lower range, while;it is negligible in its.

higher range.

The: effect . of crest boundary roughness is not. yebt °
fully known and! further investigation is: necessary

to evaluate:it.

The discharge coefficient increases with the: round-
ing of the:upstream corner upto a certain degree of
rounding (r/h = 0.33), beyond which any further

rounding will.not result in any increased value: of

the.coefficient.
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7. The discharge éoefricient increases with increas-
ing flatness of slope of upstream face,; in the

range tested (from vertical to 1 in 4).

8. Submergence of crest of the vertical drop fall has.
no effect on thé discharge coefficient upto a. limit-
ing degree of submergence: (modularity limit).
Thereafter, the discharge éoefficient falls'in
value;appreciabiy, the rate of fall increasing with

increasing degree of submergence.

_——

Thezcurves. representing this variation differ
with the‘hedd, shape of upstream crest corner and the
height of crest. Additional experiments.are. needed to

investigate: this aspect fully.
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NOTATION

The following symbols have been adopted for use
in this. thesis, and are presented here alphabetically

for convenience.of reference.

a = area of cross-section of flow.

B = width of crest: (normal to the: flow. direction)

C = discharge coefficient in the formula g = CBha/z
for vertical drop falls with sharp U/S corner
and vertical U/S face.

C; = discharge coefficient‘in the formula Q = qBH3/2

for vertical drop falls with sharp U/S. corner:
and vertical U/S face.

C, = discharge:coefficient.in the formula Q = arBh‘?‘Vz
for vertical drop falls with rounded U/S corner
and. vertical U/S face.

Cgl = dischargescpefficientfin the formula Q = QslBha/z
for vertical drop falls with sharp U/S corner
and sloped.U/S. face.

Cy = coefficient.of velocity..

d = depth of crest below a considared point in the.
flow.

specific energy (or head) of flow.

Froude number
Yo
8 = acceleration of grawity.

"
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upstream piezometric head of water, above. the
crest of vertical drop. fall measured at. a

section of norma% flow in the: channel upstream.

total head (h+ %o ) upstream of crest.

ratio of depth gg flow: on crest to the piezo-
metric head. upstreanm.

mean height.of boundary roughness projections,
above the nominal level of boundary.

length of crest parallel to the: direction of
flow .

height of crest above the bed of upstr am
channel.

total discharge

discharge per unit. width of crest.

Reynolds number- vh e .

radius. of rounding of U/S crest.corner
velocity of flow over the: crest.

veloclty of flow. in approach channel

specific weight.

distance: along the: crest wlith reference to the:
upstream crest corner.

depfh of. flow or elevation of water surface:

over the crest.

critical depth of flow.
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1l

downstream piezometric head.of water, above the
crest of vertical drop fall, measured.at a
section of normal flow. in the. tail channel
(downstream).

boundary displacement thickness

mass. density

dynamic viscosity.

== kKinematic viscosity
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APPENDIX III
Surface profiles of flow

over crests



"9 TWTT A3 TIBIDPOR *®

098€°0 S%T°E TI#I3°T 2ELT°0 Q000 T oop*ud  O%°0 O0%'0 °3T
L02%°0 GPL € e3e° T 00€eE "0 g86°0 ¥6E€°0 OFP°0 O0F°0 °TT
9033 *0 SHPT°E 2e9°T T80%° 0 GL6°0 06E€°0 OP°0 O%°'0 °OT
T2%9°0 Eoi A 9€0°3 QLO0G* 0 986°'0 ‘BRE*0 OF°0 OF'0 ‘6
96%L* 0 SPI € L8€°2 gL85°0 BEE6°* 0 FLEO O0%°0 ©OF°0 °8
BIT98°0 SHI € 80L"2 0SL9°0 G060 B9E0  OF°0C O%°0 °L
€ET6°0 157 g BL8°3 8GTL°O 068°0 9Ge"0 O%°0 O%°0 °9
3926°0 SHI°E €T6°3 '292L°0 .898°0 35€°0 O0F°'0 O%°0 °S
TOS6°0 B 7 886°3 08PL°0 0T8O $2€°0 OP°0 O0P°0 ¥
L296°0 STI*E 830°€ 08GL°0 0SL°*0 '00e°0  O0P°0 OP°0 °€
0646°0 SHI°€ ‘6L0°€ 8LOL°O 0%9°0 9828°0 O0%°0 O%°0 °3
000 T SPI°€ GHI € 2E82 "0 0389°0 0P80 OF°0 0%°0 T,
D B B u/z R4 ..y
) \\WU adwwmwwwmmw QUOTOTIIOON *S°J*O UT OTjed 60U anQWNoMM aWﬁMM "ON°S

JIeTnpop e3aeyosTg 93IvYssTg =-o3Ieumqng =-o3asuqnyg I/YUY e/n

*snIpel ,2 O3 psSpuUnos JIsUuIoo g/N *13 40 = J 1USTeU 959ID CF °ON SOTJIeg
¥ TeoTqI0A "S80BY Ujog *13 O°T = T U3dueT 3s8I)




" TWIT A3 TIETUPON °®

S¥8€°0 OFH.N 612" T G393 O O00°*T 000G *0 0S°0 0S5°0 °*$PT
0o83€°0 oLT € 0gS"T L83% 0O - 066°0 G670 08°0 0S°0 .mw
980G °0 oLT* € a1°e°T LTOG O 086°0 V670 0s°*0 09°0 °3T
¥059°0 oLt E 390°3 E€8TL° 0 996°0 €8%°0 0g°0 0S8°0 °IT
TTIEL"O OLT € 8TE" S gL08°0 FP6°0 eL¥t 0 0g*0 09°0 °*0O7
S008°0 OLT € 8€S°3 ar88°0 0£6°0 sov 0 0S*0 09°0 .Aﬁ
6988°0 OLT"E 339°3 LET6°0 $36°0 39%°0 Um.o 0S°0 ° *8
0L98°0 oLT € 8%L*3 G2586°0 906°0 €SP0 '059°0 080 °&
g9668°0 oLT B BS8"C 8E66°0 78870 SYP°0 08*0 0S50 -9
TOE6 0 oLt € - 676°3 SL30°T SH8°0 €3%°0 0G°*0 08°0 °g
€8E6°0 oLT € ¥26°2 ‘€980° T 0g8°0 STP°O 0S°*0 0S°0 °*%
STS6°0 oLT* € STO*€ SIGO0°T 94.4.°0 88€°0 0s*0 08°0 °¢€
S096°0 OLT*€ S¥0°¢€ STO90°T 03840 09e°0 0G*0 08°0 -2
©00°T LT € oLT € OSOT" 1T 009*0 ooe*"0 0G*0 0S°0 .Hd
o g D /s Z u
JUS8TOTIIOOD "33 ur *33 ut
\\m mmhmﬁﬂmﬁ@ QUaOTOTITI®BOD °*S°*°JI*O ﬁﬂ OTYEeJ ®0oUu Mmev oou | T Pe@Yy "ON°Q
D ) JIeTnpPoN a3aeyosTg o38xvyosTg -83Jsuqng -s3dgsuqng IT/Y e/n

‘sntpel ,3 Ou POPUNOI ISUIOD B/N
¢ TeOoT3J9A sedel Uzog

‘93 G4°0 = 4 3uSTey 3seIp oF
‘= 7 Y3SueT "3S0ID

"33 O°T
09 o1qa®El

*ON SoTJeg



AT

T

¢
g

il

B ?“' e g

g

Ir

3(
\

et v

f

PR

i e

CREST

i

T

ot

sacapind v ¢
i

e
i

' *" 2
o ks o e

£

iy
i

ool

DISTANCE ~ ALONG

/ﬁm AT

et

bk
w

|

)

+
|

Yoo

ISERX

e

{ir-v oA »1'-...5.,,,

")
T
et

3

i

Lt

vt o Ayt

]




LT T 1
e cnatia H
]
} e 3 ;
==
v T

.

]

¥ 3 V343
3 i
3 - ol g S

i
)
-
4
™

id

d i

FUTENN

g b ol

N
kgt i b A b et e
i

+ b L

173
S E
ST 4— DO N 2
3Tl P S :
o . e 3 =~
B3NS SN SO SO TS 3 D
s o e Sl EBE i 3 B |
Rt i SRRt I B : B
s S A < = ¥ —
R J\Wﬂ 3
DRl ERR B Ry Sl S "
FRURRADSE 0 S S S S S £ e ¢

143 3 s T §F =3 - - 1
PO S N S S - S0 S r
LI | b < - = +- =
FANEINDANE 3 S WD S ol T 3 -
s ox - E 34 + =
T RS B S Gl
RS A B U 5 S5 Sup SN S o - p
H HE IT3ITEOF =
-+ [P S-SR
A= & I N s o =
i 1 3 -
S 3 T EE I3 30 T ¥ 3533 -
= i -~
33 3 1 + e 1+ 3= N
= ‘ 3 2 3% e
s = Span i > 41 3 - 3

v

L

g o

),

e
.
i

i

§

§

G

= g e 26 5 Eg an st o
R B
L P e = v s v s S S L S 25 S S 4 20 &
I S R o o : 1+
i T : I
i 3 -1 G 5 - B S
d oo -3 3-< = PO o 3
ENSERE RN it
——e ¥ -- A, 3
P S gt S .v.byL 3 P wl T 333
R RS S i 1 ; : =
[T Ok A R BEgeah
. 3 I S S S & 3 ] 3
ikt 3

SH SR -1

s

ity i

ety
bl

jas o

14
va:
yeerbot

e

et

el

g

b

RN

it

1]

!

st phey

b ¢

NANTROAS

.

L

+. et

f

y
i g g4

1T

bbdiidpladiag

L

o O e i A
- ITFLATT L SO
B b S ¢ T
. N IR RURE A SRS S
B A v -
H i B B S
T i

i

4

|

IR

B
}
-

L

t

-
bt

t

|
“+

Pt

ana

< = Nk DR LS
e B

f
vt

)

(

DISTAVNGE  ALONG  CREST



TN Tk BT TS

N

-

b

I

J
I

A0

e

B

R =

‘e
Li

1o

i

R

g 4

-

i
'!T"""
iy o,

r“f

SEEREY
i

Aot
1

- r o

e e

vy u‘&mu

11

<4

1
t

!

»

.

<
"1y b

i
N
| ;
]

ek

e

o 4

i
T

rt

I‘ .

NS
'

et

=

Lot

ety ‘1

i e
:

e

kil

b o i

Foeet
[ .

Ry et bt by

s

DISTANCE  MLONG  CREST




b
aIny
oy

o x
. : 14
7 2
- =
- +4
y
3 2 3 s < =
3 ;4 = «
b G
3= 5 5 5 R
+ o
3 = = - S i
=t <
= - s Bl
S S ~
- 1] ;
ESSS =ECENNC)>
z = - Sk Vi T dos ek P W
= 2 y— ~ b s <+ 65
- s h e —=H S
. - P s el +50h aws e & - -
3 o0 & Lony SEFRERS S SR G w gl =
Sk & b b o & ' a 21 <
1 I

4
U
$
‘
o
.
i

)

8!1

L
g

.
Ll
i
L
Np—?
4‘;‘14“;'
S
|

AL
"
|

T
Aebdrbdpd o boied

k§
\
t

o

:‘gr

y

DisTANCE

"

!
s

o

b
Y
i
L

1

ok

lo”

{ bt i

.

e

It
3

" »-}.w .

; {
et vhg i by

povppeboee T‘
i

T

\Y\

SURTRRE AR

oAb g

'
Ry

e

T
4

R

g bk

|
0
i
'
o

th
i




A CP il LB TS

=

: l
S
T oo
-t
N
.
cade S -
R

i

TH L

L

‘

v
b

i
LI

borrdnd oo A ity Ml’"?
sk by

l:*v ‘

{;4»‘4

IHA }

nl

1 i

ERES

T LENOT)

bk 4o

pbh

’

-
+

o v “N“fl'(mﬂvt -

b
L .

P

bk

¢

(REST (X)

-y
P

"

}
T
;
T

R N

»

oty g

}

L

i

o

T4

y

o

|§wl

DISTANCE  ALONG




o kot b s
i

R

'
fo e
‘o
!

hoe - s
[ H
‘
»h {
et

]

S

bbe

4

LI
0SOET

AT

fw O CBEST
HGAT P

A

o
i

i

L
CREST.
h

|

R

r.P
ROOED. T07

4

i

Al
(RHEN

[

[

pibys

i1
|

d

*nw

i

e e 5

lﬂ

]
Jebp s <

b

R
o

Bt

A

ful

&

i

It
b

Tl =
iTi ot L 3
bl
R H
e :
-~ 3o
STRA

b byt

bt frrvrimnh e

1

L
of

et

i

"

b g P

iy

by

oy o

1

Lok 4

;

sapatont

’l

NG CREST

i

: ’M

i

et}

kb
AR I

pse

g

bt

+
it

L Wwﬂ‘ eihd

e

!

yRE)

+
H
i

dabe

I
i
!
}

il
4 iy
{
RN
.

+

. ‘., ‘
ioe & ” 7
STV H \:
Tor -. ‘,
,. s

M

- DISTANCE



SHETY  JOINVLSIg

(x) 152

/!

q‘...L‘.;

baaa b

IOR YrAB
et

o

g e o

ey

41

H

——
)

¢
=

!

Fomm A v upkey. e gu

e

t

4

: +- - ; 4
; S Bl D 2o 2 S
) -
- i
T BW i
- : - N "
: )
R N
T R o I +

st b chac)

v

Phrs b gonbda
| =iialiet
PO

L

« ik pte

o

T

Podo b
PR o

i

1

3 i 4

A
T T S

R

g

\‘v-#-44 DR

: !
A popebee o
[P

A R
T
oy

TSR S
>

A v dh

ke b dnde ey

B

i

it b
b s s oot e ¢

i

!
g o
i . 3

o

¥ R

b o

doads R A

s

P .

i
e

g b
RIS SOl S Gl St Wl a0 s 5%

5 P




(L) Forosirr?s O£ T T T
‘ < —

MR L e E

= ;
1 B S A N (09 S S B S S I 5 O A £ WA L&x o gv & ki 33~ -
" :
. -
i b % N 4 .
- Bt ol SR S =
- - + 3 \i - b f
. I - v —f e > |
B : = 283 - 1 Y1 W
- \ -
- ¥ 3 E — - < - - '
wid I =t i Y = =
. > " - X b . )
. r ¥
7 b
4 ¥ -
N T - - E
Iy e "y
[ O S
I I3 H
- ~t T 1
= ud T =
S 0
= t
. as [E SRR 3
‘ !

4
!
+

§

FRNES NS

oot e i gk 4

3] ‘
- i
3 3

P G L3

v«i——-—w
{ H-»—-.vuv
o
O

L
L
1
bt

1

P &

SR e e

|

i
i

H
SRSRSREA SuRRs

-

1

P R

ST S

T P
- + Lo
3 b g P e ol
3 b 34—
y b A ¥ i &
I B S S S S
18 -
4 - i S0 TGS (e 5
S S N S SR
EE SN P i 4
T3 (e .
J S S P 4.
- 33 Rt o i 4
v | S S-S S ST i £ 1 2 4
U T P B

B s SR o

B t

PO S

6

77 []
OISTANCE ALONG  CREST

N
i

8"

9«

I
EERN .{Lw.«f--’q
it 14‘4'*
o 1iob

td

.

s

"

vhrr

)

-

'
Ct

apf e




.43 FP &= S A e = ASCP S LT T

P
f oo

4
1t
1

ta

|
e

14

-
T
e

Fopetde

2 .2ad Y
e .‘T.,,.

i
s

WY
{ 0

bt dubods £

S e L e
' 1

Py bt s
IR

i b

|l

e

ey g

.

e

R

by

f‘""TJ

i

v b

I
i .4‘.‘:.1', 4-._.
Tttt
pd b p:rim—?

o

7
T
I

"
4

f

b

b

tald

0FL
L4

()

5

ALONG ~ CREST

[
i
70"

e

. 1 —3 -
L ; SR "
s : = 3. - w
: 3 + ¥F N
[ S S P B £ i P SR el v =<
T S L3 CEITL oL L ST Ny
: R R i v
~ YL N P -
+ - s Lk TR <
= A T i}
: o Tz T S NS S 8
T FD S, b u«rl : 4 ~jw
. s e R T W R SU
i3 - - gy rw‘m.!&ﬁrw
O S . ' i s et o TR
- wm e e e -y a1 ..lmvlﬂ, 0 G A
, : . 4 Sas RS &
FEI 2 SEEEs i
¥ ! T . Y
: r -
+ #- i B
i 4 el s
g -+ E T
e r c ¥ oy
Ir i o R
PP v L I
s w g h : S S
Lo £ S O
PENS T 4 b - 2 -
cb L 1o
\v-P‘H‘YH A.W“ IWY“H.V .
i FobT L
: Pl s
o S
i S

T
Do d
Il aarai



LAlQoFT

'

LREST LENGTH

raay av h

Vb
"

Ay
Yoa o

Ses v dan o

VERTICAL
70T RADIS

y

MOFT .
70y

i

4
FACE.

i sy oo

i

CORNER L RAUAPEL'

|

L CREST
.
G

[

,.."r~,

i

et g o

-

Ly

vobebed
b, { .
i s
L
i

Lo
T
M ataner v

e

b
o

-q—&Jw},J,,e..‘, e

- sitgpet - b

"W‘“H‘
e

ot

o

by g

+

i
)

i

SRl L

s

-

b
f

b pob

A
il

L doke

-

o ed
! ¥t

s D

et ¢ 4

S

"

bee bt e

%

boa g

e N

Y

by y

Ay

o frdoqe
N

+ !
Bab e tot

SEsh

‘:‘

P 4o
ER ot & Y

b -
+ ¥ e

le?
- Mh
-y

bt oo de

ALONG  CREST ()

DISTANCE



Ry TRl S S

PS> VW T &

et 3

,{T

’

1i
§ i
LCREST,
/o

-

i S~
Ll B W«HA
R W 5
; : o
i ) Sy e
mm ~
i3
P N

e b
CREST

T

§

CAL

P
;vm*r/;

!

GHT

HE/

T
CREST.
"

v
ok

"Z‘miz

i

bk

UHDED. |

1o
boehad

RO

yFRLES.
/v:f/e |

BTH
ARZ

P H‘#}L

|
v o

L

e

R

{4

EREERNOp

)i

4

vt
b

S B S

MONG  (REST (X)

DISTANCE




(A D> 796 garm s
" “ = .

AOOS LT T T T

\
/10”

) T T T )
A e et — X 3 1 ¥ & . PN Sl C % IS 1E I~
. S Y I SR S G- S 1 £71 ! CL TN o o= 0 1 T : pan o i N
; -3 + - S0 S N S Sy N i S3 -
1 T . a— -3 LN EY " g
. . .
- ¢ B e DG Wik S5¢ G-
IR N O S
IR SO0 N 00 T 3 - .
BRE H NN - 3 - 1-1 1=+ x
: i
T : 1 .
- 1 L - — P . :
: - T S S0 S 3 3
3 3 e
3 ¥ - - 5 $ - b 3 3 3 ~ | :
- 3o ! 4 ;
i— a Rt : A e Ak 5 L3 E:
1 t - -4 ! ™
1t b $o R S U N - ;
- - St R i b S e B S i S S O -+
P S ' S S S - + 4
I Y i ) U8 O 3 1L TR b - A s
S, - a
iy - ﬁ . e — P H CE S At = 8 7o
Do T S R i i O S SV D S S S S S
: — L - S - . R4 -
LS b , nEC SEESEEE Y
1 % . 2] L3 * ol xw 1 e
b -~ L ] 3 . :
Py S . * . AN S S
4 A - g SN SRV U - b
L i ¥ - - A g I S 1 b
1 W BN AN M H
i -4 —ie b S AN A0 O S . TRUUSE ST S TR SEPI T 5 b
- L 5 o N _— i 3 L.v'».rrv«r B ‘y_.\|J.

4’/
fx)

CREST

AL O,

L‘L -jef hede

i
j
;
+

f

T

3
SRS

1
I
+

4
¥
:

i
I

5
DISTANCE

.9![ )

S S S N

— 43 +
B § =
i anas 5 =

t
i
+

S A0S S . T RT T C ] PR
- < - L SN I
e SRR
7 I HIGUR B S >
sy - ot~
1 3 I
ek

"“":”“T' e beptpe
L

[ S f+ e dor

v

kit

1 bebd et

ik

+ 7 oo
o e
i

il

T

4 Q-»;v-de o
t

b
i
\

kf s
.



(A T X AP S A OIS LYA T T T,

|
¢

et
SRNE
i

e

v

5

- v
S S 3 ild 5 v
0 e O 3 S w4 i - i - -1 S
: bt o SN s 3 bty -5 .4
Ny — . - _ 3 o iog
. T ; - > it aes g
¢ 3 ot b b
b i -t 4
T PO S . { 3 Aoa v 3
.w\ i—s - - H “M 4+ %
. rf 1-h -1 is
- Lr . M. |.AT ‘Ab ; . !ﬂ' : ‘,v! .IM ‘nln.
[ ST -4 v L
Lvi " F + o+ .T - $- e g 4 Q!.%
- Fogmed-e 4 oo w3 1 Coh
. [ A A 4 g P
¢ S e e A T N [PSTONS —.
T 3 - .T}”ﬂ.»f v ’ . e
i -+ -1 A I S - B
: , i IS 5
IS S S : I v
- R - - :
-3 by 1 ¢ -
R F -3 o I
—+ & S
r 3

334 F

+ 7

e t
rTo o Fi R i bt anabis el b anan 1 SN
»‘L,. + F Q. P 3 H T .- ja : : JH . M - N h
P S TR RSN Sa NS i EORS IRRCRE I
4k V(Mylwsrrls ..,T! - ..ﬁ» e B NS T Lo w - o Ny
R S S iSRS IEREDS I
Shn o w” s RS e | S
: : A SO SO AR ¢ p
S EDEREEE: S P b
B SU X [ BEERR T to ! I
= > S RN P [ :
- SR ST o
. §5% EERR TR SR SR
Tt MO Ok : .
. S P ; :
N g . :
1o R R v
N S . SN -~
s LR N w
Gl : Ty
o4 b . -
T S0
* EE - %
) © : G
- 4’. « - H N : -
N : : |
. 2L T 1 5 R -k
Tt - - ses A H&&www i dooneg
H HR S B 0 S B Poroee i3 o
w - 4 o3 [ R I I R B
. H A P A o | g ERE A B B S SO A - 1
v(>w - . = . - - b B -y I ‘4”‘.?&1 S w
Ey B i i DS SR - Cpo b neg A H
N s Yo o : -3 ¥ o T :
) . ‘ TR ,. i o 3




-

¥ (033

-rx" 9 / "l
LENG
NEWLHT

Lon

FiG- 45

Nen g

be v

I
4

7

P
R

F

T
4

7

QR

FATIZAL
NER

y-i
GORN

il
BOTH FAC

flor:4
SHAP

PR

pow
L

0

B R SV S
- iR
- - 4
s ‘
. -
B T e
PO -
“+
St
N
N .

g & b
I

e

re

.‘r_.

Sy

:,.‘

T

by
TR T

L
gt

v

et

WP

A O LA T T

o>
e

)

B ‘T' -

fobvarbn

)

H
.

b

T e e I gy

LR S

T el
b I A
IO s R
[ F—

it vy

R S

e

B AvLI*fA * i
i w 1M 3 -3 it

— P S S [T O
SRR TEE RSy
- 8 g b M H Coe 4 b
e JER | T4 dedeg S
1 1 3 mm R SR S
oy 2 = H pMM$w :
Ly L S
PEL b

s

i + L
I TS SV I Py SR
e
-t

|

5
‘,‘.J..?..

CREST (1)

G

b
A

e

K
DISTANCE AL

;-

WL

bl

i
|

3”

N o

o

l:'u
i

s .

deqe

TP

e ey woeabayd

S Y AR
/;/// 7

!
™

S S
i

A S A
it
A L .
b v

o e

1§
g b
L

i

[S PSS
)

Fohd e e
palad

o Ay

g
by

ol
Yo vty
E,

SN g ey e
i

. ij‘-f+~. -
-




& .

(A) 22750 LFLEM HO  ANOILEATTT

. 202 S
; H : : 1 g : * pe——" Y -r S - -
w A4 HiS 3 T -+ i : - oy méLr,L, ]+ 4 -4 -4 W N H B gt e o
% [ . - - . + < bt M } » . FOR A
' N AR X w - -+ + ta = T N3 =t
g b - wdd ~F 4 - S - =
Ao H
e bk w 4 14 -
¢ 4 |3 £ . SRR S e
-4 43— 4 : - o et g - B -4 b4 1+
0 . L 2]
e : §
i - -4 -3
P S 3 H i o =
s - RO - I -
‘ 3 |.{1r|. T ™ ! 7
o
. H
S S
e — 4 [ Rl
44
. _ L.
W ~ +
e " ! E
B3 , ‘ - 1 : :
o g H - [
N - b i .
- -4 o + - |
b T 5 ] = H E A-, i
Y A B 8 0 e e
! ;, " k2 = G 1 3 i -
s - ] - "
- e b = .
A ] - i_ry#
S . B S
; . =N
i idﬁ -4
+ -4 Gy ok
+ R s - e JPI
i . r . i EXE s
i - 3 T . i
e - ll.. s R a mmth N Um
- = £ - R BT = o 9 I I B 3 yHy
It | o 3
-~ . 4
R - = -3 £
L4 b = r(,:zM
g X g 4
4 E
3 4
- A
.
. ‘wafw.
X
P
-3 f -
4 SR Y
oda i
b -3
R c o5
31 ] E 3.
] 1" € 3
T H ..
- A i B
_f TR i 1
T ...
i S 5
4 E 2 1
NE . &
L T U I ES - $ O S JOU. JUESE - . . H - R - . . 3 B T e 35 .
0 S e i S 00 V0 S A S LA S A : - - 06 4 38 = 2 MG FNEMNS S
L = S & H : c 4 A -
i . + -3




	MIED62489.pdf
	Title
	Synopsis
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Conclusions
	Bibliography
	Appendix


