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SYNOPSIS 

A comprehensive and. rational solution is proposed 

for the. dischargecharacteristica of vertical drop 

falls. A vertical drop fall being essentially a broad-

crested:tweir 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-

istics is: based on a_ simple: equation of discharge obtai-

ned by theoretical considerations and.diniensiona3. 

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 anth the relative influence of. tb.e: 

factors that: determine the, flow: pattern. The effect of 

these various dimensionless ratios. on the discharge 

coefficient is determine& from original experimentsi 

covering wide range of the significant ratios.. On the: 

basis; of the form of water-surfac.e, profiles over the 

experimental models, the,- broad-crested weirs . forming 

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

normal and,long. 



This study includes the discharge character-

istics of vertical drop falls both in the, free flow 

and submerged flog conditions. 
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1. INTRODUCTION 

1.1 GeneraX.-  

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-

tion&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 measure 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 advancements 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 involved. in the mechanics: of flowing water, 

attempts, were made and, will have to be made, to gauge the 

flow to the highest degree of accuracy possible. For, 
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a. proper knowledge o± the rate of flow of water is 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 Flow Measurement in Open Channels.- 

Irrigation engineers employed weirs of various 

typps for the gauging"  ofwater flow in open channels 

for many years. The rectangular sharp-crested:weir 

with Francis' formula for determination of discharge 

over it, has been quite popular. C.ipoletti weir is, 

in some casesomployed obviating the necessity of mak-

ing corrections for end-contractions. For accurate 

determination of low discharges, triangular or V-notch 

weir 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 names of water flowing 

over the weirs will have to be: aerated or ventilated, 



if the head-discharge relationship is to remain un-

affected. This, again means, a clear drop in water 

level across the weir, 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 pprpose satisfactorily. 

Attempts were. made, therefore, to overcome this 

difficulty. For channels, "rating flume" consisting 

of a. shortrectangular section of fixed dimensions 

built in the channel, was. employed. In this , the 

stage-discharge relationship_ would be established with 

the,help, of currentM'eter. This_ has its limitations. 

Firstly, the,backwaterseffects from down-stream would 

affect the. stage-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 theithroat,of the 

flume, there will be a local drop in water level, in 

accordance with the Venturi principle. The applica-

tion of continuity and energy equations to the known 

sec tions and observed._ water levels will yield the 

value of discharge. This. method, though free from 
the backwater effect, suffers. from the. disadvantage...  



OP 

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's the discha-

rge will be independent of depth at throatand there-

fore could be computed from the upstream observed 

reading above. Ofcourse, if the flume is submerged 

deeply, tuft) 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 	; a, 

throat section with parallel side walls:: and._ floor 

dropping att 2.67 to 1;; and'. an outlet section with 

rising floor and side-walls: diverging at, 6 to I. 

It 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, Lindley 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 available 
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for various sizes. 

Obviously, then, it is more advantageous to 

eliminate completely such gauging structures, if the 

measurement of flow of water in the irrigation system 

can be accomplished to the same degree of accuracy 

with the help of structures,that. form a part of the 

system itself. Therefore, full advantage of the, ori-

flee and weir discharge characteristicsof falls, 

checks, head-regulators. on canal system and wairs..  

across rivers which form control sections for the 

water courses, should...be exploited for gauging the 

water flow; and this.aspect of. the problem needs fuller 

investigation. 

1.3 &raossJ14 11eIgzultgaj.ja.t,- 

In this. thesis an attempt has been made to study 

the "discharge characteristics of vertical drop falls:';  

that exist in irrigation systems. By vertical drop 

fall is:meant al hydraulic structure of the form of & 

suppressed broad-crested weir with e_ horizontal crest 

and vertical 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- m the irrigation systems in India. and 

wairs• (or "anicuts") with a vertical downstream face, 
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acros&rivers. The discharge characteristics. of the 

vertical drop falls were proposed to be studied on the 

basis.of their form being that of a "broad-crested" 

weir. A. proper knowledge of the discharge characteri-

stics.of'vertical drop fallsj of which the."Sarda,Type" 

fall is_, typical, would obviate the necessity of con-

structing special gauging structures. like_. meter falls 

and Parshall flumes, resulting in economy. For insta:- 

nee, 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 (vertical drop) fall on 

a.. canal will serve the dual purpose - that of. creat-

ing a-drop in the canal as well as that. of aimetering 

station. Similarly, a weir with a, vertical down-

stream face 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 thehead,of water over-  the 

weir: 

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 



weir. Though, no greater accuracy than of the_other 

weirs 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 ppsitive 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 ordinary 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 &trapezoidal shape. In the 

case of smaller falls, the section always has both the 

faces vertical. The corners of the top_ of crest are 

invariably rounded. The crest functions as a broad-

crested (or flats-topped) weir with suppressed end con-

tractions, the leading channel confined between the 

vertical side walls having the same width as the length 

of. crest. The formula, suggested (13) for the 



computation of discharge does not contain 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. It is felt, as,in fact 

it has been qualitatively established by previous in-

vestigations, that.. the.. rounding of theiupstream corner 

of the crest 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 crest,on 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 is usually inclined, the magnitude of the incli-

nation being arbitrarily fixed by the designer. In-

variably, the formula suggested: for the discharge does_ 

not include any factor that accounts for the effect of 

the slope of the upstream face, which evidently depends 

upon the degree of inclination also. There have been 

some experiments, usually made on models of individual 

structures. to study this aspect 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 



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 ancLcritical 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 Gin the 

discharge equation, 

= C B h3/2  7 

where Q = Discharge 

B =Length of crest normal to flow direction 

h =Observed head over. creat. 

However, earlier researches have shown that actual 

observed. values_of G have a variation within a very 

wide,: range, depending upon the length of. creat,  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.been experiments, 

on broad-crested weirs showing the variation of the 

discharge coefficient C with the head on the crest. 
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But these were mostly on very long weir 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 study was to investigate the, 

variation of the discharge coefficient, Cl.with an 

extended limit of h/L so as_ to cover the full range 

of flaw over the crest functioning as a_ broad-crested 

weir. 

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, 2, 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 vertical 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 downstream water 

level will not affect, 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, thefefore, 

will not be affected,by the_ variation of water. level 

downstream. At a particular limiting degree of 



submergence, the modularity of the broadcrestecLweir 

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-

modulart range of functioning of a broad-crested weir, 

for a given head upstream, the discharge coefficient C 

depends upon the degree of. submergence. The limit 

between the 'modular' and 'non-modular' range is the 

'modularity limit'. Although the 'modularity limit ' 

ist,.usually stated. to occur 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 not 

precisely known, although some. exp:eriments to deter-

mine: this were done for individual weirs of a parti-

cular design. Hence, the practice (13) 5.0 far, has 

been to calculate the discharge over the submerged 

broad-crested weir (in non-modular range) as consist-

ing of as flow- above the downstream water level occur-

ing as a free weir discharge and that below the down-

stream water level as orifice discharge. Experiments 
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have, however, shown that the ac tual discharge does. not . 

tally with that calculated by the above procedure. 

Submerged discharge being of very common occurence in 

vertical drop falls, the fifth object and one of the 

chief objects_ of this investigation was to study the 
i 

discharge characteristics_ of the: fall in the submerged, 

range. The scope of study of this aspect, proposed_ to 

be covered, was to investigate the precise value, of the 

limiting degree of submeiTence at "modularity limit" 

and its_ variation, if any, under-  the influence of possi-

ble other factors and also/ the variation of the dis-

charge coefficient C with the degree. of submergence, for 

different.values of. the ratio of upstream heads over 

crest-to length of crest, (hilt). 

It is_ stated,  earlier that the vertical drop fall 

has the characteristics of a broad-crested weir with a. 

horizontal crest, anct vertical downstream face. The 

term "broad-crested weir" is, however, generally poorly 

defined. This is. classified as such on the basis of the, 

geometry 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 direction of flow. Experiments have 

shown that at sufficiently high head._ to crest length 



- 13 - 

ratios, the nappp of_ overflowing water tends to spring 

clear of the weir crest, 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 weir crest becomes a, reach of an open channel, in 

which the frictional resistance, 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 a. more logical defini-

tion of a, broad-crestedcweir based, on the flow 

pattern over the crest and the discharge characteris2- 

tics. 

To sum up, the objects and scope of this_,in.vesti-

gation are broadly, to _evaluate the discharge chara 

cteristicsof vertical dirop,falls, from a. study of the 

variation of the discharge coefficient: with pertinent 

variables like, 

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

of flow. L. 

(a) 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. upstreai face. 

(5) Submergence of the weir. 

Notatlog.-  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 Apppndix.I. 
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2. REVIEW OF PREVIOUS. STUDIES  
■•■ 
- 

2.1 Genpral.- 

As,the vertical drop falls have the hydraulic 

characteristics of-a-broad-crested_vair with hori-

zontal crest and vertical downstream face, it is 

pertinent to review briefly the studies, made earlier, 

on broad-crested vairs of the said form. 

2.2 Blackvell'sExneriments4- 

The first recorded experiments on broad-crested 

weirs.- were those made in 1850 by Thomas,E. Blackwell 

(2) in a .. side pond of the Kennet and Avon Canal, 

England. The crests experimented on were horizontal )  

3.ft. long in the direction parallel to the flow and 

lengths of. 3 ft., 6 ft. and 10 ft. perpendicular to 

the flow direction. The side4 faces were vertical. 

The discharge was volumetrically measured and the 

conditions were geinerally favourable: for accuracy. The 

maximum head over `the crest was 1 ft. The value of 

discharge coefficient C I  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 Ftelev and Stearns Experiments.- 

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 1877. The weirs were 'suppressed', 

5 ft. long and 2, 3, 4, 6 and 10 inches wide. The 

discharge was.. measured volumetrically. The head ranged 

up. to 0.894 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. ItLis to be.obser-

ved, in this connection, that in order to know the 

discharge over a. bread-crested weir by the Fteley 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. tables given by them. Further, in order 

that_ the discharge calculated by the above procedure. 

should be correct, the approach channel conditions for 

the given broad-crested weir and the hypothetical thin-

edged weir, the_discharge coefficient of which would be 

employed in 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 	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 coefficient increase& with the 

rounding, and ha& given a correction formula for the 

head, 

It 0.41 r 

where 'K' is a„, correction to be added to the measured 

head before applying in the discharge formula, and 'r' 

is the radius of rounding. This formulat is stated to 

be_: applicable:. for heads, of not less,_ than 0.17 ft. and 

0.26 ft. respectively on weirs with radii of and, 1 

inch. Eteley and Stearns hacL further shown that: the 

affect_of rounding the crest corner decreases with the 

length of crest IL in the direction of flow, and that it 

also decreases when expressed as a.. percentage, with 

thea head. Thus, the effect of rounding, of upstream 

crest corner resulting in increased: value, of the dis-

charge coefficient was first established. by them, 

though the formula given by them cannot, be said, to be 

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

Though a_ few hydraulicians like Blackwell and_ 

Fteley and Stearns investigate& the effect of varia-

tion of the, length of crest L, it remained. for H.Bazin 

to elucidiate the whole:problem of .. flow over broad- 

crested weirs in a. series or masterly studies, condu-

eted__in the.. years.. 1888 to 1898, well aAno fated. by 

a. W.. Rafter (1) ands Horton (2).. These studies., were 

remarkable, as; regards, detail . and.. minute research. 

Bazin investigated.: a large number. of broad-

cre.sted weirs with different crest wi.dths, varying 

slopp.s:lof upstream and downstream faces; and curved 

profiles. Hef: also studied eNt submerged weir behaviour.  
in a:_ general manner. 

The weirs_ were tested_ by Bazin, in a. long; cham-

ber, at_ the head of which a. 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 aa. well asl the 

head over the_ standard.: weir 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_6.56 ft. length in the direi-

ction of flow. and of 2.46 ft.. height. Other -  experi-

ments made. were for four narrower weirs_, with heights. 

of 1.148 f t . and 1.64 f t . and o ther shapes having 

various upateeam and downstream slopes. Bazin studied 

the effect of. rounding of upstream 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 .ands described in detail the names; 

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 a; volume of 

air 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, tha.t of the stream below 



the weir. Depressed nappes are unstable, producing:, 

variations in the. interior pressure. 

(31 Napp.es wetted underneath.- When the downstream 

water level rises and the air under the nappe, 

appears completely, the.. nappe 	wetted underneath. 

The water enclosed by the. overflowing nappa does; not 

partake in the translatory 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, as long as, the difference of water level 

on the upstream and. downstream side does. not descend_ 

below, a_ certain limit. When the difference of level 

reaches thea limit, the' nappe springs suddenly to the, 

surface, undulating' in the meanwhile. 

(5) Adhering nappes 	The. nappe, is in close contact 

with the downstream face of. theb weir, contrary to the; 

nappEL wet ted underneath, I  the. malts of turbulent., water.-  

below. which, does not partake in transla tory movement. 

Bazin had-, observed that, the value of the 'coeffi-

cient: of. discharge of the, weir is changed, very little, 

as the nappe changes.. its. form from 'free' to the 



'depressed', '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 crest only for values of. 

heads below: i to 2. times. the crest length in thee dire-

ction of.. flow. Between these two values, the na.pp_e 

will be in a_statei of instability tending to detach 

self from the horizontal crest under the influence. of 

any external clisturbanc.e. Once the head exceeds_ the 

above limit , the.: na.ppe. detaches, itself. completely from 

the horizontal crest and the weir will be functioning 

like_ at. sharp-edged weir, 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 

C = C (0• 7040.185 L ).  
where C. = Discharge Coefficient for broad-created. weir . 

CZ-- Discharge Coefficient _ for sharp-edged weir. 

He further observed that when h/L =: 1.5 to 2, 

C/G3.  = 0.98 to 1.07 if the nappe adheres. to the crest 
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and c/C.1 = 1.00 if the nappe is detached and h/L 

greater.  than 2.0 . Bazin considers, that his formula 

gives accurate results for adhering nappes with 

lengths of crests..up to 2 to 3 ft. For a. crest,6.56 ft. 

long an& h 1.476 f t. , he found the result by his. for-

mula- 93.0 of that., given directly by experiment. 

It. may be., remarked, that Bazin 's formula gives 

ratios. Clai  which continually increase as h increases, 

L., remaining constant and which continually decrease as, 

L. increases h remaining constant. However the? 

formula. gives a_ constant ratio-  for all widths. or heads_ 

where h/L, ratio is,unchang ed?. In other words, it means., 

the: discharge coefficient C. of.. broad.. crested weirs 

depends. upon h/L ands increase in the- same manner as, 

Um discharge coefficient of a sharp-edged weir, if 

h/L_ remains the same. Fteley and atearns 's experiment, 

gave a, discharge ratio which is less than unity, but 

which varies, in an irregular manner, depending upon 

the head_ and...length of weir 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: linear functions, of. the head. 

Further, they show,. that.. the. rate of increase. of 'the, 
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coefficients as the head. increases, becomes rapidly 

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 . For the narrower weirs the coeffi-

cients tend to increase rapidly almost from the start 

towards the, value_ for a...sham-edged weir with detached 

nappe.. 

From the, experiments on weirs-  with rounded up-

stream corner: with lengths of crest; 2.624 ft.  and., 

6.56 ft., Bazin found the effect of rounding to a: 

radius. of '0.33 ft. was. to increase the discharge coeffi-

cient. by 14A. andl 12%, re spec tivel. The experimental 

results?. of Fteley and Stearns, are comparable, in this 

connection. They indicated . the coefficient. to increase 
3/2. in the . ratio of (, h 0.7  r )3/2 to h... 	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. 

Bazinis 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 B4zin that rounding the, upstream crest, 

corner of such weirs resulted_ in increasing the dis-

charge coefficient by 10 to 155 percent. 

Bazin expOrimented upon the effect of. submergence 

of, the weir. He found that unlike the, sharp-edged 

weirs, raising 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 experimentt on a. crest, 

of. 6.56 f t . 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 expezimentg: 

An important contribution to the study of weirs 

was_ made by thea experiments conduc ted in thea Hydraulics 

Laboratory of Cornell University. The-- experiments were 

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. Williams; 

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 Waterways Board Experiments:- The 

experiments (1, 2) were made in a. canal 418 ft. long, 

16 ft. wide and 10 ft. deep. A. rated standard sharp?. 

edged weir fixed on a.. timber bulk-head situated 60 ft. 

from the,  upper end of. thee canal, was, used to measure 

the discharge_ of water., which also passed_ over the 

experimental weir placed in a. section of the canal 

Plumed to 6.56 ft. width with an approach channel of 

the same width and 48 ft. length towards the lower. end. 

of the canal. The: experimental weirs were about 4.5 ft. 

high and 6.56 ft. long perpendicular to the. flow.  

direction. 

Among the- llany experiments2made, four series of 

experiments.. (.1 I  2) were made on flat-topped crests. 

They were extensions on Bazin's weirs, the cresta 

tested.,having; lengths-  of 2.62. ft. and 6.56 ft. in the, 

flow. direction and, 4.5? ft. high. These weirs.. were. 

tested, both with square corners and corners roundect 

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 University experimental  

while in Bazinia, series, the.y were limited_ to 1.4 ft. 

In these experiments, some wera-made..with upstream 

slopes; but these., were on crests. having width of only 



0.66 ft.-too small for the. heads tested to function as 

broad-crested weirs. No studies were-made on the 

effect„of submergence of weirs. 

The.results of the tests indicated (2) that the 

discharge coefficient varies linearly with the head, 

the values. being generally higher for the weir of 

shorter length than for the weir of longer length. TheL 

effect of rounding_of the: upstream crest, corner was to 

increase the discharge coefficient by about,7 to 8 per 

cent for the weir of length 2.62 ft. and_ 12. to 16 per 

cent for- thewair of length 6.56 ft. in the range of 

their function as broad-crested.weirs. 

(b) U. S. Geological Survey Experiments.- 

These experiments.. were carried out to know the, 

flow characteristics of dams used_at„gauging stations 

by thee U.S. Geological Survey. The experimental faci-

lities availableJatgornell University Hydraulic Labo-

ratory were.. availed of. The weirs with a horizontal 

flat. crest and .vertical faces, that wereJexperimented 

uppn were ,all of height 11.25 ft. The. widths of they 

crests,vere 0.479, 0.927, 1.646, 3.174, 5.875, 8.98, 

12.239 and: 16.302 feet. The nappes in some of these. 

experiments were partly aerated. 



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 C to 

change with the variation either in head h or length 

of_ crest L, the value of. C being from 2.62 to 2.64 . 

It_igas also observed, confirming Bazin's results, that 

the. coefficient C slowly increased with the head and 

decreased as length of weir increased.. The detachment 

of thee 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. 

Richard 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 chartlthere are three series of 

lines. One., gives, the head, on the. crest-, the second. • 

the_ discharge 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 comparatively low. heads, all these 

broad-crested weirs, give the same result, for the same 

head. At a. particular point or head, however, for 
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each width of crest, the quantity of discharge begins 

suddenly to increase much faster in proportion to the-

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 lines-is met represents the head at, which 

the sheet. of . overflowing water- jumps over the. crest, 

without, touching it. For all higher heads, the sharp 

crest; conditions prevail. 

3?rom the diagram, it, may be obsrveds that each 

line breaks, away 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-1 quantities of discharge 

over the -broad-crested weir read from the chart) in 

order to give the discharge over similar weirs (for the. 

same head) for: various, heights of such weirs. These. 

tables were. prepared on the assumption, 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 Wood]Durn is 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 at critical depth at. the same point on the 

cress. of. weir for all discharges, so that the discharge 

could be :determined with the help)of aL. single: measure 

ment ..at the section of. critical depth formation. 

The; experiments were carried out in a. rectangular 

wooden flume . 2_ f,t . wide and 47 f t . 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 on weirs, of length of.. crest (in the 

flow,: direction), from 10 ft. to 15.5 ft. The: range of 

head.: was_ from 0.5 ft. to 1.5 ft. an& the,: discharge, 

from 2.0. to 11.0 c.f.s. Woodburn made. tests on 10 ft. 

long level crests consisting of one series with sharp 

upstream corner and one,  series each with upstream 

corner rounded_ to radius: of 2, 3.1  6 and 8 inches. No 

studies. were made:: on the -effect of submergence of. 

crest. 

Observations made on the weir prOfiles 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 coefficient fora the smaller-  heads 

may be. attributed _.. to the± relatively larger effect, of_ 

weir surface- roughness in that.: range. 

It was. found, that, varying the curvature of the 

weir entrance 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 for the square cornered entrance, was considerably 

lower showing values of the coefficients from 6% to 8% 

less than for rounded entrance. 

Woodburn continued., his study in the Hydraulics: 

Laboratory of the State. College of Washington, where he 

conduc.ted time tests._ oribroad-crested. weirs with level 

crest 2 ft. long and. heights. of 4, 8 and 12. inches- in a 

gaass.edevalled flume 1 ft. wide. The, upstream corners 	. 

of all the: three wairs 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 weir. This was a. very significant conclu-

sion, dismissing the earlier assumption by Lyman (3) 

thatb i t varies in the same. manner as for a sharp-edged 

weir. 

2-7 /151.."8........QL&91(—LZnfe 

Dr. Hunter Rouse conducted experiments. on the 

depth at a. free ,overfall (6) at the end of a long;-  milds 

channel and.. had shown that.the depth at the free over- 

fall could ..be conveniently used ase_flow-meter with-

out calibration. 

Based on theoretical analysis and experiments, he 

concluded that: the depth ye  at the free overfall will 

be 0.715 of critical depth with parallel flow ye  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 overfall; 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 ye  /ye  = 0.715 given by 

Rouse is open to question due to different values 

observed_by other experimenters.. M. P. Obrien (18) 

appears to have the lowest value of. 2/3 y  Corking 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 rather 

generous spread. 

2.8 Exagrialats ga=tel:- 
In addition to the classical experiments desci-

bed above, there have been several model experiments.  

made ( 7, 10,,151  17, 20, 21, 2a) for the determina-

tion of the discharge 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 qp-
stream corners as a gauging device. The discharge 

coefficients plotted in the. graph gradually increase% 

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 hfig less, than 0.45 andh less than 70% 

degree of submergence for gpeertreT values. of. 	gpeater 

than 0.45. The, range_ of experiments. was however 

limited in his studies.. 

A., survey of the previous_ experimental work will 

lead to some general conclusions, regarding the flow 

over broad-crested weirs, with horizontal crest and 

vertical downstream face. 

ivlos_t6 of the, work done, and the, results obtained. 

therefrom are empirical in nature and; apply to the 

particular werirs tested:. No general characteri stics of 

flow, readily applicable to other structures, of the 

form of broad-crested weir were given from ' those tests,. 

However, certain trends indicated.by the experiments, 

are , no tewor thy. 

1. 	regards the variation of the: coefficient 

of. discharge Or with the length of crest. L I  it appears to 

have a. constant value around 2.60 to 2.65 till a. value 
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of head to crest length ratio 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. broads. 

crested weir-  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 Fteley and Stearns is; too small to permit any gene., 

ralisation of_ the effect. Bazin madeJ experiments with 

only a single:radius of 0.33 ft. In tioodburgs. tests, 

variation of. radius in the range of 2_. to •8 inches. had 

no affect,on the discharge coefficient. From Wood-, 

burn's experiments. (5) and similar' experiments by 

Smith (22), it appears that the rounding of upstream 

crest corner has. its effect on the discharge coeffi- 

cient 

 

only 

 

upto some; degree_ of curvature, beyond_which the effect 

absent. 

3. The height of the-weir was shown to have no 

effect on the_ discharge. coefficient a by Woodburn's-

experiments. made.with three. different 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 aret  generally, conflicting. Experiments 

conducted by C.W.. P. Research Institute, Poona (20) to 

design a. suitable section for Kosi 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 e.xperiments 

done by the above Research Institute, in connection 

with Lloyd,Barrage revealed an optimum slope of 1_ in 

30 for the best value of the discharge coefficient (20).. 

Experiments.. dbne at the. Putijab Irrigation Research 

Institute, in connection with Trimmu Barrage (10) 

showed that the., coefficient, increases with flatter 

upstream slope. Studies., by the U. S. Bureau of Recla.r. 

mation (11) in connection with the BoulderCanyon 

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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crest height ratio (h/P) greater than 1 and. vice versa. 

a. 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 thee 

different, studies, has. been in large. variance. Bazin's.: 

experiments,: (1) showed.: thei modularity limit at; a, 

degree, of submergence as:, high as. 5/6. C. D.. Sanith(22.), 

obtains._ a, .value of.. about; 70% for h/L, ratios: less.: than 

0.45 ands much smaller values, for AA ratios... greater 

than 0.45:.. Experiments by Punjab Irrigation Research 

Institute, Amritsar in connection with Hanumanna.gar-

barrage design (20.) showed 80% degree of submergence. 

aX the. modularity limit . P. K. Kandaswamy has5 reported.,  

(21) a. limiting submergence of about . 66%on the basis, 

of tests.,.; conducted in connection with Kodiveri anicut. 

In addition to the lack of any knowledge of the 

fac tors , influencing the modularity limit 7 there is no 

available experimental data from which the flow cha-

racteristics of bread-crested_weirs_ in the non- 

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



investigations (21, 22, 23), mostly on individual 

structures of specific forms; but the data_ obtained .  

from these experiments doesnot,permitany generalised. 

conclusions, especially in the range of high degree 

ofsubmergence, on account of the limitethrange of 

experiments. 

Thus, itLmay be no ted, that, a comprehensive 

study of. the discharge characteristics of broad-

crested weirs.,on rational lines., readily useful for 

application to any structure of the broad-crested weir 

form, has not been made in the earlier studies. 



3. THEORETICAL CONSIDERATIONS.  



3. THEORETICAL CONSIDERATIONS 

3.1. Critical Depth on Wear Crut.- 

When water flows over a. broa&-crested,_ weir, which 

the basic form of a. vertical drop fall, the flow 

undergoes a transition from the tranquil (sub-critical) 

to the: shooting ( super-eri tical) state:. Therefore, 

the vertical drop fall functions as a_ control section 

and_ they flow, will take place_ with critical depth, some-

where .on the.= crest of the broad.. created weir forming 

the said mtructure. If the. critical depth can be: mea-

sured, the.:: discharge can be computed by the_ traditional 

equation 
= 

where 	Discharge per unit width of weir 

and_,_ ye. Critical depth of flow,. 

This elementary method of discharge calculation, 

however, is not. satth"actory, when accurate value of 

discharge is., required to be determined. The flow: 

depth does:: not correspond . to the critical depth ye  

everywhere on._ thea weir crest. In fact, the precise 

location of. the control section, where2 critical depth 
forms?  is._ not known. Woodburn s. studies: (5) on broad.. 

crested weirs have; revealed the fact that; there is no 

single section on the weir-crest; where the flow will 
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take place with critical depth for all heads and 

discharges. It has since been realiseth that the: cri-

tical depth section is not constant, but varies: with 

discharge weir: geometry and, cr e s t: roughness.. 

The traditional discharge, equation for a:. broad.lr 

crested weir wast derivect on the basis of. "maximum 

charge" theory. Belanger first suggested.., around 1849 , 

that the discharge over a broad-crested,i.weir will. be 

the maximum obtainable for a, given total head" ("charge"). 

For a total head H =(12 +-  vo2 
 consisting of_ static.. 

Tg 
head • h and headl_ due,. to the.- velocity of,. approach vo  

andl a.-_crest.., sufficiently long in the. direction of. flow, 

the;,  depth y (see. Fig. 2) is. supposed. to fbrm in such a. 
t manner: that the dis.chargeT will be a maximum. Thus, the 

critical depth .1a.sE understpod4 generally, as the depth 

of. nowt,: over the crest such that the discharge 	a„ 

maximum possible for. the given total head. The dedu-

ctions:. from the) "maxlmum• discharge' theory, however, 

are not... found to holdt in the. facw of. experimental 

evidence. This-: will be., evident from the following 

analysis: 

Let. K be the ratio of the: depth of flow over 

 y to the. total headi H, vi the velocity of. flow 
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over the crest, and cv  a coefficient of velocity to 

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, 

= cv.,4/2g(11-y) = cv  AEg171. 1)V1 - y/H 

v A/TITC131.41ei 	 (2)r 

q_ = y.v. = K.H.v 

= 	K (, /1-K ) 	H3/2 	 (3) 

Designating the: combinedtweir coefficient as G1  

G H3/2 

By comparing ovations (3) and (4) 7  

= cv. 

Obviously, the. maximum discharge- is obtained 

when O1 is. maximum. For a given form of the. entrance 

edge, CV, may bee assumed to be unchangeable. For. maxi-

mum discharge, therefore), 

- cv K  
347:1C 

Q 

The,above evation. gives. K =, 2/3 	(5) 

Thattmeans, if. the. maximum discharge theory were to 

govern, the critical depth occuring on the.. crest would 
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be y = 2/3. IL. for any type of crest, irrespective of 

its length, roughness, or the form of the upstream 

crest corner. 

This deduction from thEL maximum discharge theory 

is. at, variance with Observdd experimental facts. Wood!. 

burn 's_ profiles (5) and, experiments. by U.S.Geological 

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

Recognising this. discrepancy between they tradi-

tional "maximum discharge''' theory and_ experimental facts4 

it was _. suggested by Boss, in 19193 and. Bakhmeteff in 1912_ 

that the:_ problem should_ ber;,  approached:„ from energetic. 

considerations. They proved independently, that.: the 

flow in transition from tranquil to shooting state 

passes through as critical depth ye  for which the total 

head, for; a. given discharge, is_ a minimum. That; 

thee total energy line . is at its_ lowest . Thus 7  bar° a.. 

given total head H = (it + 02 
	

, the. critical depth 
2g 

on the:: crest y and the resulting discharge cLwill be 

such as: to makes the contents. of energy at critical 

depth section a minimum. 
• 

If a. discharge: Q. flows=, witha uniform depth and. 

with parallel stream filaments in an open channel of. a, 



• • (7) 

• • ( ) 
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given form such as in Fig. 4_ an& if the depth y 

there 	at certain "specific energy of flow" El  that 

corresponds to each depth of flow. 

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

the bottom line of. section 

E = Y + 2 = 7 +- 
2g 	2ga_ 

where .a. represents_ the-  cross-sectional area. of channel 

atz depth y. 

The3 graph in Fig. 4 shows. the contents. of speci-

fic energy E, as it-"varies_ under.  different depths of, 

flow: y. This energy curve is tangent to the, horizontal 

axis, an& to a, straight line, drawn through the: origin at 

45°  and: passes through a minimum point a.t, C. The ordi-

nate ye,  t a. point C. is the critical depth, where. the 

discharge in the channel flows with the smallest con-

tents .of energy per unit weight. 

It, is known that for a canal of any form the 

critical depth is. determined by the equation 

(alb  ) cr =12/ g  
where: b is the width of water surface at the depth ye  . 

For at rectangular canal, the, critical depth is given by 



L 
- e- 	 D /7,414/11 



• • (8) 

the-: well-known formula 

3.  
Ye 	q2 

g 

On the energy diagram (Fig. 4), flow over a. 

broad-crested .weir- is shown by they movement from an 

initial point A. corresponding to the. energy content li v  

down along thez.- energy curve, toward C. Only an addi- 

tion of' energy from extraneous.; sources, which is 

obviously impossible, can bring about a- furtherlower- 

ing of. depth below, C. Thus, the: critical dekth corres-

ponding to point C, is the natural limit, to which the 

surface,: level may lower ands which will establish 

at the end of the crest. 

Theianalytical relation between the different 

parameters of. flow may be determined as follows: 

By equation (3), 

q = ev2.K2(1-K).2g. H33 	 (9) 

The,condition of minimum energy gives, 

2 
g Yc 3  = g K43 113  

By equations (4) and (10), C12 = g K.  
• • (10) 

Or 	= 5.67 r312 	 • • 	(11) 



2c  v2 

- (2cv +. 1) 

• • (14) 

• • 

By equations (9) and (IO), 

cv2 
	(1-K) 2g .113  =: g e H3  

Or 	2 2c (1-K.); = 

From the :above equation, 

and cv ■■■ 
AINIO 

r 	, 

It: is clear from. equation (13), that in contra-

diction to the utnaxiiiim discharge!' theory (by which K 

is.. always 2/3), under actual conditions K. is, always. 

less-:, than 2/3, 	cv, is. always. less_ than unity. The 

precise value of K, however, is unknown, as it, is a. 

function of_ the, velocity coefficient cv  • The: velocity 

coefficient, in its turn, is depen.dent. 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 whir can be: seen to be of prime 

importance, both from the point of view of location of 

control section as well as the magnitude of critical 

depth for a given total head. 
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If the: upstream crest, corner is.. sharp (see Fig. 2), 

seRaration will occur just., downstream of the, entrance 

to the. weir , and. the_ critical section will coincide 

with the maximum elevation of the separation surface, 

where., the specific energy attains its true_- minimum. 

Flow, beyond this. will be in super-critical state. and 

hence:.- the. weir surface: coul& have a. downward slope with-

out affecting the, depths upstream . The cr1 tical 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 CI); applies, only to 

rectilinear mo tion an& will no t, be applicable 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 thea end of. 

the crest - again a. zone, of curvilinear motion. If the 

weir crest; is of great; enough length, a. central region 

of_ essentially parallel flow, will form, which is, free 

from the curvilinear effects at bo th ends . If_ the.. 

fluid_ were, frictionless, the depth of flow would, be. 

critical everywhere :in this region. Actually, an 
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appreciable_ boundary layer is formed on the. crest, in 

which are. concentrated, the viscous. sear losses which 

are 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) 2  as. follows. 

For negligible. boundary shear, the traditional 

discharge, equation for a.. broads-crestedL weir im 

Bye. ve  = 3.0.9 B. H3/2  • • 

where.: B is the width of weir-. With boundary shear along 

the - walls. and. *bottom, both B and 1:1 must be, correctedl 

for displacement. thickness. 6 of the_ boundary layer. 

he equation then becomes, 

Q 3.09 (B - 2 a ) Of - S )
3/2 
 .. 	(16) 

3/2 	 3/a
3.09)B H 	(.1  - a 6) (L- 6 ) . (17) 

B 	H 

The two terms in the. parenthesis evidently represent a 

factor CI smaller-  than unity, which can be; calculated 

from the equations_ for boundary layer thickness. 

• 
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Laminar boundary layers exist upto Reynolds numbers of 

Rx  = ar; 3, x: 105  for which 

1.73 	 • • 	(_18) 
x 
	Rx  

where x represents the length of crest. surface__uR to 

the. section at:, which the thickness of boundary layer' 

is 6 . 

Turbulent boundary layers may be calculated. for 

smooth boundaries.. above R ", 3 x: 10$, fromthe, 

expression 

0.63 cr 	 (19) 
x 

wherein the local coefficient.. of boundary resistance 
f 

cf  may be obtaine& from a. graphical representation of. 

1 	= 1.70 ÷- 4.15 log10 
	Cf) • 
	(20) 

For purposes. of -this, calculation, it is suffi-

ciently accurate to assume_ the velocity 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. 

different length. For various ratios of. head.. to 

length of the weir II/L, he, e.stablishedL the, general 

trend of the discharge coefficients, which is. given in 



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 is of similar 

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

nearly by 5 per cent. 

Discharge Coefficients, of broad crested.weirs.. related, 

to H/Is 

H/11 	0.05 	0..0.7 0.075 0.09 0.10 0.11 0..125)0.13: 0.15_; 

Gobs. 0.902.0.909 0.916 0.922.. 0.925 0.925 

atheor°-'93a• 0.95a 0.964L 0.970 0..975 

The above analysis is. only approximate, in as 

much as the boundary layer displacement thickness, can 

not.be correctly evaluated. Few measurements of boun-

dary layer _in water have, been made on account of in- 

strumentation difficulties and. therefore little progre-

ss in this, direction has been made. However, this 

analysis.. shows:: Qualitatively how, thei magnitude_ ands 

position of_ critical depth is_ dependent: on several un-

known factors. 



3.2 Curvilinear Flow on 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 headL to length of cres.t 

ratios, thee curvilinearity of flow at, the two ends will 

merge into each other., there:: being insufficient length 

of.. crest, for a_ region of: parallel flow. to form. In 

such cases, the flow: takes, place- with curvilinear 

motion along .the-J entire length of crest with the sheet 

of water' in at convex. curvaturei The equation (.8) for 

discharge, derived under- assumptions of parallel flow. 

will no longer be, applicable. The, requirements for 

the,: flow, being "parallel"', which underlie the, whole  

theory of_ yard. ed.l. flow, were formulated,. by Belanger, 

as. early as 1828. In this3 case,,  and only in such a:. case.. 

the-.- potential energy, 	+ ply) in the Bernoulli's 

equation is: identical for all aid. every point of the: 

cross-section (Fig. 5(a) below) andL 	everywhere 

equal to the depth y, which accounts for the; simple! 

expression of siedific energy given by equation (6). 

The:physical characteristic of parallel flow: is that 

the.. pressures: within a, cross section are distribute& 



	MORA 44101110-4 	AR Mak* 

PEA  II  lira 
Fig. 5(a) 

- 50 - 

hydrostatically, the. pressure diagram being thee hydro- 

ata tic triangle abc (Fig. 5 (a) ) 	
'I 

Fig. 5(b) 

If the- surface and the stream filaments; are_ 

curved convex, as it, happens over a. broad.rcres.ted.t weir-

of relatively short crest c.entrifugal forces bearing 

upward will', come into action thus. diminishing the 

hydrostatic Rressure. The.. pressure distribution will 

now; be_ given by the,,  curve abc t in Fig. 50). The 

diminished pressurea caused by the curvature.; of flow 

will result in corresponding increases in velocities. 

Therefore, the ideal rectilinear velocity diagram in 

Fig. 5.(a).. is; modified-into 	b" in Fig, b(b), with 

increased., velocities. Thus, it, is seen, that the 

discharge will be increased, above the value. obtained 

wi th parallel flow. However, the.: magnitude.:: of the.. 

increaseddischarge cannot; be evaluate& theoretically, 

aa they curvilinear-  stream-line . pattern is complex and-, 

is; not . subject to a. mathema tical analysis.. 
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It is to be noted, in this connection, that the 

specific energy of flow varies from point to point in 

cuisved, flow, the, average contents per unit weight being 

given by 

S (p/w + d 	dd 	(21) (2_ 

SY  v. dd 
0 

Bakhmeteff,  , 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 valuer 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 

between the theory, according to which thea minimum 

contents: of energy were..%,  to be. reached ,at, the.. very end 

(downstream), of the crest. and the., observed .fac t shown, 

for etimp_le. in Woodburn '5: profiles_ i, B, C1  (5) 

namely that thee critical depth ye  = 	4_2A 

fOund to 	at: some:distance from the: end of the crest. 
2 Evident. ye= 3 	ig will be formed in the section, 

• 
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Mere 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 expenses of a-. further redu-

ction of energy made possible, by the fact that the 

surfaces becomes. convex with thee curvature:: increasing, 

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

They above :analysi sl clearly showm that; for rela,- 

tively large heads or relatively short, crests, the 

flow: of water will take places with convex. surface, andt 

stream filaments, on account.. of which the discharge: 

coefficient, for a given head will be greater than for 

crests,  over which a zone, of parallel flow; isz, formed. 

However, the: phenomenon of increased: discharge.) is not 

subj ec t to a, rigorous mathematical analysis . 

H. Es Doeringsfield an& a. L. Barker (9) attempted 

to establish a.. rational discharge: formula, involving no 

empirical constants, by the application of pressure-

momentum theory to the,  broad-crested weir functioning 

in the modular range. In the resulting formulal  the 

discharge.; coefficient C: was= expressed by an expression 

involving the total head on the. crest H, height, of 

crest: P., andi.a. ratio of head to flow depth on crest K. 



Nocperiment s_ conducted by Doeringsfield and Barker to 

evaluate the value of. K showed.. that its_ value varies 

in a. wide range from 1.73 to 2.12, and an average; 

valuer; of 1.93 was suggested. 

It, should be noted, in this connection, that the 

pressure-momentum theory was applied_ on the basis:_ of 

certain as 	(a), thee flow: on the weir crest 

is parallel (b) th-e-  pressure distribution on the 

upstream face .:of thp3,weir is hydro statically distri-

buted and:, (.c ) the frictional losses:. from the upstream 

end of the: crest tor7the:. section of parallel flow are 

negligible. 

xc_ept: for the first assumption which can bei 

true, in the case „of relatively longer crest si  the 

other two assumptions are evidently not justified. 

Hence the results obtained.. from the application of. 

pressure -momentum theory will not, be correc 	FUr then 

the-, range, in which the.? value of K. varies:. is. so great, 

that it is. hardly justifiable to accept an average? 

value? of_ 1.93 suggested', for application in an accurate 

expression for the_ discharge • c.oeficient. 
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3.3 Eatctsa....2resitftighl.- 

As thea flow_ of water over a. broad-crested , weir is 

essentially a phenomenon associated with the; formation 

of. critical depth on the crest , it may be_ logically 

assumed that: the height. of the.. weir crest ha s3 no 

effect on the: discharge coefficient.. except that, if 

any, on account:. of the change of flow. pattern and the 

cons.equent curvature. of stream filaments, on the- crest 

which may result: in an increases,  in the value. of the- 

coefficient 

3.4 gefect of Slope of 'Upstream face . 

effect of the- slope of the:. upstream face': 

(Fig. I) is a pp.rt of_ the: effect of the geometry of the 

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

derable effect on thee discharge.,-  coefficient. The:: fun-

damental physical characteristic of the. slope.. of thei,  

upstream face ;of. a.. broad-crested weir, is. to Rrovide... 

an of 	transition to the bottom flow boundary, 

like) in fluming of channels, anth thereby reduce_ the: 

energy losses occuring: at thee entry of flow over the. 

crest. Thus, a, larger effective head. is available with 

sloped upstream face. than with a?. vertical face, in which 

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

greater. However 1  the magnitude of slope for the, 



minimum loss, of energy should be, logically reasoning, 

dependent upon the stream-line pattern of flow immedia-

tely upstream of the crest, which again is. a function 

of head on the ,  crest III  the height.of the: weir P and 

possibly the; length of crest; L. 

3.5 Submerged.. Flow. - 
The_. functioning of the:broad-crested weir is no t 

affected.by the increase, in the downstream water level 

upto a certain degree: of 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 this., "non-modular" range the 

discharge depends upon both, the upstream and downstr6am 

water level. The:limit between the above two ranges is, 

the. "Modularity limit". 

On the problem of submerged: flow, P .K.Kandaswamy t  

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 seen that; with a. steady increase 

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 it, falls into the relatively deeper 

downstream portion of flow. 

The, theoretical considera tions 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 basectupon a_ combination of dimensional analysis 

and experiments. to evaluateJ thee discharge coefficient 

in relation to significant dimensionless_, parameters 

which d.esctibe.; the flow. Such an approach to the: 

problem is used .here. 

3.6 D 

The variables describing the flow. characterist-

ics:of 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 

the.:following three classes.- 

Ca.) 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 direi. 

etion B, there radius, of rounding of the upstream 
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crest corner 	 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 the: crest h measure& in the uni-

form flow section upstream of the weir, the 

vielocity of flow over the crest v, the; width 

of_ approach channel 13, 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, measure& in the-

uniform flow section downstream of the weir 

also enters._ the consideration. 

Those which define the properties_ of the 

fluith flowing over the crest: the mass-_ den-

sity ? , the. specific weight w,, and then  

dynamic viscosity A. . Except when the head 

is very small )  the 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..1 formed, as_ 

f(a, P, B, r, k )  h, v12.11„ w, tv ) 	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 IV as repeating variables, and 

combining these in succession with thea remaining 

quantities, 8 dimentionless ratios may be formed. 

Thus, equation (22) becomes, 
I 

f 
A,gn 	 P B L h k Z 

	0 

• • (2.3) 

The: first of the above ratios is in thee form of 

Froude number.. However, the weir is a control stru-

cture, and under the, assumed conditions, the Froude 

number is:not an independent variable. That is so 

because-; v and h cannot 	varied independently of. each 

o ther 	Mer efore this, characteristic number is„ beat 

described as a, coefficient. of, discharge- and. rewritten 

in the.: form cd  QJ (Big h3/2). In engineering 

practice, the gravitational acceleration is usually 

included in the; combined_ discharge coefficient 	cyg 

which is2, a more convenient definition for use, though 

it lacks in dimensional purity, having the dimensions 

of 	. 

The second of the_ ratios in equation (.23.) is.  
the Reynolds number. 
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Equation (.2a) can hence be written as_ 

h h 1_,r_, h 
L. R B k h Z. .. 	(24) 

In the above equation (24), the coefficient of 

discharge is shown as.; a. function of a. number of inde-

pendent length ra tios involving the head and_ the 

physical dimensions of the weir forming the vertical 

drop, fall. 

In the, following aections of this thesis, the 

effect of each of these dimensionless parameters. upon 

the discharge coefficient C. wilL be investigated.. on 

the, basis, of original experiments conducted. for' this 

purpose by the, author. 

we' 
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4. EXPERIMENTAL EQUIPMENT AND PROGEDURE. 

4.1 ExiDepimental Flume . - 

The: experiments were performed in a_ 41 ft. 

long, and...1 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. ft. 

above_ the, laboratory floor, and. in which the, experi-

mental models_were fixed; and.. the- second 16 ft. long 

with its. bed level awl, at labora tory floor elevation,  
and:. in which the calibrated, standard rectangular. notch 

is installed,. for the., measurement„ of discharge. The 

front side wall of the flume, a.t the higher elevation 

is eat3-glass for a length of. 15 ft. to permit.. visual 

observations of the water surface profiles, ands other 
I 

necessary details. The: rear 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, 

inch. thick brass, plate_ forming the bed.. of thea 
r- 

flume for a_ length of 2. ft. in the centre:: of the upper 

flume.. and, which spans, a. hollow in the. masonry of. 

padestal below provide& fora fastening the models on 

to the plate. 



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

Fig. 8. View of the experimental sot-up 
from the downstream on dg 
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Flow of water in the flume is created by a closed-

circuit system. A centrifugal pump suRplies_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 valve 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 	forebay. Thus uniform flow 

condi tions. were established. up.stream of the experimen- 

tal model. 

A. tail gate.hin.ged.at its bottom and whose. 

position could be adju-sted_by an attached screw device 

provided, for the adjustment of water level to any 

desired elevation on the downstream side.of the.. experi-

mental model. 

The,:. water in the upper flume dropped, into thee 

lower flume over they tail gate. and after: flowing 

through the lower flume: and:. over the: calibra ted notch 

installed at, the: tail of the . lower' flumecwas conducted 

into thee sump-+ situated alongside: the flume) and: from 

which the water was again lifted. by the pump. The) 

turbulence, of_ water falling from the tail.gate was: 

reduced by the damping_ screens in the lower. flume) 



before the flow reached the calibrated. no tch, so 

that uniform flow conditions were established in 

the flow upstream of the no tch. 

4.2 Experimental Models.- 

Experimental models were. made.. of seasoned 

teakwood planks 	inches. thick, jointed together to 

form the required shape. The, surface: of the models 

was.. sandpapered and pa.inted., to make; i  it hydrodynamical3..y 

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 the3,  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 andt the walls, of the, flume 

was: prevented completely by wa ter sealing the joints, 

with plasticene. 

Aeration of napper over the experimental models 
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was3 provided by means Of three holes j- inch diameter 

drilled through the ,downstream face of models, in which 

were fitted snugly the ends of three aeration tubes 

supplying air at atmospheric pressure. The tubes.. 

passed through the hollow of the model and, holes dri-

lie& in the brass,, plate forming the bed of flume and 

then to the outside through the hollow, in the masonry 

padestal below. 

The,,models tested. in this investigation had 

three. heights - 1.0 fit. 0.75 ft. and 0.50• ft. The, 

lengths:of the, crests were_ 1.25 ft., 1.00 . ft. and 

0.333 ft. The slopes of the. upstream face ranged, from 

vertical to I in 4. The_ experiments were__ made with 

upstream corner• of. crest, sharp_ as. well as rounded 

to radii of. i-, 1, 1*, 2 and: 21 inches. 

4.3 gx-oerimental 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-valve on the supply line. The 

establishment 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 modularity limit, both the 

sluice-valve:.: on the.. supply line and. the tail-gate. had. 

to be operated simultaneously to establish the re-

quire& hea d and tail-water: elevations . This • invo lve & 

at, trial and: error procedure of operation of. the above 

saith controls:, requiring, in most, of. the runs 7  30. • to 40 

minutes' time in each run for the flow. regimen to be 

established.. 

After the flow regimen was.. established, obserl-

vations on the instruments_ were made an.d: recorded. 

The head, of_ water upstream of, the. crest was, 

measured by means of. a. ppint-gauge reading upto 0.00.1 

ft . 7  to ca ted, centrally in the flume.. and situated_ at, a 

distance of_ 4 ft. upstream of. the experimental model. 

The head__ on the experimental model was s,et_ at ten 

stages in increments of 0.0.5 ft. in the range of 0.05 

ft. to 0.50 ft. The observations of other variables 

were made after establishing the head. in one of the 

stages, in each experimental run. 



66 - 

A. point gauge, reading upto 0.001 ft. mounted 

on a. platform supported on the rails at the top of the 

of. the_ flume and se t. in line w. th the down-

stream end of the crest of the: experimental model 

enabled the: observation of the depth of flow] at the..  

said section. 

The tail-water. elevation was:. measured by means: 

of a . ppint-gauge reading, upto 0.001 ft. installe& in 

a.. stilling well situated at a. distance) of. 7 ft. from 

thea downstream endi of the. crest, and _uniform flow, was 

found to be. practically established, at that section 

in the flume. 

The._ discharge of water. was:measured with the-

help:  of a sharp-edged rectangular notch 9 )inches. widize 

and with its. crest inches above_ the bed of. the flume, 

a‘t the laboratory floor level. Before the; experiments 

were started, the notch was- calibrate& by volumetric. 

measurement of water for each head over its. crest. up 

to a. head•: of. 0.55.. ft. andL discharge3of 1.1 cubic.. feet.. 

per. second. The.i head, of water above thea crest_ of the 

calibra tact: notch was measured with the. help, of. a:. point. 

gauge reading upto 0.0005 ft.. mounted in a. stilling 

well situatedi at. distance! of 4: ft . upstream of the 
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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: 

calibra te& notch . 

They surface profile of: flow. over the crest of. 

models in the: experiments: were observethwith 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 the:: surface; profiles ware drawn. 

4.4agsaks,Lthg.ezagziagilk.- 

The experiments in the investigation involved 

in all 60 series each series consisting of. 10 to 

14'._ runs . 

The study of_ discharge characteristics_ with 

free, overfall covered. 48 series„ of experiments. Sub- 

mergence studies were:-imade in 12, series of. experiments-. 

The : free overfall experiment s. had the_ upstream crest 

corner sharp, as well as: rounded. to radii of k, 1, 1*, 

a- and. 2 inches. The:: slopes of. the upstream face: in 
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the_ different experiments were vertical, 1 in 	1 in 

1/3, 1 in -I, 1 in 1, 1 in 2, 1 in a and_ 1 in 4, cover-
ing the entire range obtaining in actual structures. 

The models were tested with three different lengths -

0.333 ft., 1.00 ft., and. 1.25 ft. The: heights_ of 

crests%were 0.50 ft., 0.75 ft. and.1.00, ft. 

Submergence studies were made by 4 series .of 

experiments on a, model 1.00 ft. long, 1.00 ft. high 

with sharp upstream corner, 4 series of experiments 

on the above;model with the upstream crest, corner 
radius 

rounded to a inches,  andi 4L series: of experiments on a. 
A-  - 

model 1.00 ft. long, 0.75 ft. high with upstream crest 

corner rounded to 2" radius. The heads in the four: 

runs of each series were0.20 ft., 0.30 ft., 0,3Q Vol., 

0.40 ft. ands 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 0.2a ft . to 

0.50 ft. 

4.5 iicauracYolakarmaoiag . - 
In view of the shortcomings of they experimental 

arrangement, a consideration of the, accuracy of some 

of the: observations is necessary. 
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Point-gauge readings were read to the nearest 

0.001 ft. except those in thea case of point-gauge at 

the calibrated notch, where they were read to the 

nearest 0.0005 ft. At,higher dischargesp the wavy water 

surfaceimade it difficult to take the readings. accura-

tely. However , 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 I  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 ban& of 

plasticene clay, which was__ used as a water-sealing 

compound_ and: plaeedi between the ends of the models 

and;: the side wall& of the flume, was_ projecting 
of 

slightly above.- thee surface Amodels and_ was causing a 

slight distortion of the_ flow pattern. However, this 

was. local at they side ends of the models: and: does not 

seem to have had: any effect ..on the discharge.. 
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5. EXPERIMENTAL REffiULTS 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 parameters describing 

the flow, as_ analysed in chapter- 3.,on the discharge 

coefficient of vertical drop falls, both in the free 

flow and submerged flow condi tions . The. results of 

these experiments are presented in the tables. of Appen-

dix II 7  arranged in the following order:.  

gree  

Tables A. to 10:- Experiments on vertical drop falls 

with sharp/ VS corner-  and vertical WS 

face: with lengths of crest, L =: 1.25' , 

I.00 /  01333 ' and heights, of crest 

R.= 1.00, 7  0.75', 0.50' . 

Tables, 11 to 25:- Exp_eriments on vertical drop falls_ 

with sharp VS corner and: sloped VS faces 

varying from 1 in * to 1 in 4, with leng-

ths of_ crest, L := 1.00 '1  0.333' and. height 

of_ crests P 	0.50' . 

Tables 26 to 48:- Experiments on vertical drop falls 

with vertical WS faces and upstream crest. 
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corner rounded with radii from k" to 2i-u 

and length of: crests. L. = 1.25', 1.00' and 

heights of crests P 	1.00'10.75'10.50' . 

§....uDgeriggijIta:- 

Tables,49 to 52:- Experiments, on vertical drop falls 

with sharp U/S corner an& vertical U/S, 

faces, length of _crest L = 	height 

of: crest L = 1.00 and. heads on crest, 

h 	0.20' 0.30', 0.40', 0.50_', through- 

out the, submergence: range. 

Tables, 53 to 60 :- Experiments-, on vertical drop falls 

with upstream corner rounded_ to 2" radius'  

vertical U/S. faces, length of crests. 

L. =, 	, height of crests-, P T 1.00', 

0.75' and. heads. on crest h = 0.20' 0..30 

0.40 0.50' throughout the., submergence 

range. 

The above- tables show the observe& values. of the. 

variables as; well as, the discharge - coefficients, G com-

puted from the formula,. G. =• Q/13b.3/2 . In these,! experi-

ments, the width of the crests yam 0.985 ft. C.5  an& Cr  

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 III are presented the observed. sur-

face profiles of the flow. over the. crests of vertical 

drop falls func tioning under free flow. conditions. 

These: cover experiments with vertical upstream faces, 

and 	
s 

upstream corners, sharp as well rounded 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' 0.501  . 

The: results obtained._ from these experiments, have 

provided, sufficient data. to illustrate several signi-

ficant points regarding the: flow characteristics_ of 

vertical drop: fails. 

5.2 EA ternal Flow Pa t tern - 

Before  proc,eeding to an analysis of the variation 

of the discharge.,,. coefficient, as outlined in the previous, 

chapter it; will be useful to consider certain 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 . 

auk form:- In all the: series of experiments__ involving 

free discharge, the nappes were aera ted, 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, the water surface in the down-

stream channel was high enough to submerge the holes 

in thea downstream face of models provided for aeration 

of the nappes. Above; this range, thee flow, depths at_ i1.1 

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

The:: nappe forms observed in these experiments were 

in conformity with Batifi!s observations (1,2): 

(a) "Adhering nappV:- For very low. heads, the nappe) 

adheres to thea downstream face of the fall. How-

ever, these heads wereE!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 were aerated_ as_ des-

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 napppP: For higher heads and discharges, 

on account of the higher tail-water levels, the 

nappes weedepressed. That is, a part of the air 

under the nappe is entrained by th.e. moving fluid 



Fig. 11. Free flow over crest 0.333 ft, long 
and 0.50 ft. high, under a head of 
0.10 ft. 

Fig.12. Free flow over crest 0.333 ft. long 
and 0.50 ft. high, under a head of 
0.20 ft. 
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and replaced by water, leaving the remaining,  air at a 

pressure less than atmospheric. 

(.11) "Happe wetted underneath": For still higher heads 

and discharges with correspondingly higher staggs of 

tail-water downsteeam of the. models, all the air under- 

math the nappe_ is_ entrained and replaced by water? and 
1:51 

the- space formerly occupied air. is. filled with eddying 

fluid. This type, of na.ppe,,, is illustrated, in Fig. 134 

The experiments were 4erformed with the maximum 

value, of h/L = 1.35-only, due. to limitations3 in the: 

experimental setup.. Therefore, "freer napp.es, free al-

together of the flat: crest _an& in contact; with only the 

upstream face of the3weir forming the fall, were: not 

observed, in these, experiments. 

It was of interest.; to observe, if any changes in 

the: di scharge.: coefficient and flow: pattern would. occur 

duai to these:; different conditions; of. the2nappe. There-

fore, one series.. (Table: 5) of experiments was.: conducted 

by varying the condition of napper on a crest_ of. length 

1 ft . and height 1 f t. by suitably altering the.: 

stream headih and thee tail water level, and. the2 surfaceJ, 

profiles for these:,  conditions were observed (see Fig.32). 

It, was seen that the effect, of the:. "depressed'? and 

"wetted underneath" napp& forms. on the flow surface., 



Fig.13. Flow with nappe 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" nap.pe, 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 changeiin value, as the nappe, form was, altereth 

through the above mentioned three types., as may be seen 

from their values, in Tables 4 and, 5. This, again., is 

in accord with Bazin s experiments (1) . 

T.his aspect of the:: flow, pattern is of signifi-

cance, as the nappes under field conditions are., usually, 

not aerated. Therefore precise.: discharge determinations, 

in the 3. field, on the, basis_ of laboratory data., will not 

be affected. 

However, it should be expected that_ if the, change; 

of. nappse from one form to another can bring about a con-

siderable change in the.; flow pattern ands 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_: Cres t  

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 	plotted as shown in rigs. 9 and. 10. 

Fig. 9_ shows the profile.. for a crest with sharp_ upstream 

corner -while. Fig. 10_ shows3 the profile, for a crest, with 

well roundedcupstr eam corner. These., profiles, have been 

madb. 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.7at, the concer-

ned section above the crest, by the piezometric. head. on 

the crest h. The right hand,. ends.. of these curves rei. 

present, the: dimensionless flow. depth at, the downstream 

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: upstream 

crest corner, where thea flow. acceleratBs the flowa 
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depth to head ratio y/h decreases 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 aboVei this separation zone. Thea flow becomes 

supercritical beyond this. control section. It the; 

crest were: rough enough to produce,. deceleration of the 

flow., a slowly rising.; water surface profile-, over the 

approximately parallel flow-  region of the crest should 

bei expected. 

Furthers  when the crest is relatively long, the 

flows depth must eventually approach, again, the criti-

cal depth on the crest as the:,  flaw continues, to decele-

rate with increased distance along the crest. At this 

critical valuer, the specific head will be a. minimum at 

which this discharge rated is physically possible. A.  

further energy loss must, cause_ oL an adjustment of depth 

by the formation of a. standing-wave pattern 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 

different values of 1-1/P, ten& to superimpose, having 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 observedi by a comparison 

of Fig. 10 with Fig. 9. The profiles for both the 

sharp:and, rounded ups tream corner have? the same! gene-

ral shape. However, the profiles for the crest with 

roundedlupstream corner of Fig. 10 are displaced verti-

cally upward. Assuming that the flow is critical at, a. 

point just upstream from the drawdown zone,  over the 

dOwnetream end of the crest for crests having; a. zone: 

of parallel flow, on it s  the, critical depth ye  for weirs 

with rounded upstream corner may be observed._ to be 

aroundi 0.64 h, as the; average, y/h value:: in they region 

of parallel flow, (Fig. 10.) is around!. CL 64. This value 

is; in general accord with the t(oretical equation la 

for. K = y/h derive& earlier in Chapter a. The differe-

nce, in theactual value, of 0.64 and thea theoretical 

valuer of 2/3.imay be) ascribed to the. energy loss- _ due: to 

thel resis tame; offered by th(v crest surface. 

CjaaltUsstigni_of rjagglauta=.oa t-c t 	. - 

On a study of the pattern of the surface profiles 

of flaw 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 ft. long crests and 0.06 ft. on 3. ft. long 

crests. That... is, the standing wave type of flow, takes 

place-3 for' 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 bEL, entirely curvilinear, as may be seen 

in the Figs . 9, 10, 12, 13, 20, 21, 26 andi_ surface; 

profiles of lippendix III. It is further observed from 

these.. profiles. that, this curvilinear. profile, is somei-

what; lower vertically than that for thea 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 ratio becomes about 0.35. for 

crests with sharp.. upstream corner and, when the, h/L 

ratio becomes about 0.25 for crests with upstream cor-

ner well rounded. This value-E varies,  for small degrees, 

of rounding of the upstream crest corner. The above 



mentioned bounding figures are not precise_ and vary 

slightly with the height of the crests; or in other 

words with h/P values, As_the.h/Lvalue,exceeds the 

said values, it_is evident.that_the,water surface. 

Profile must eventually approach thatof the_ upper 

water surface:: of a sharp-edged weir. 

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

pect to the flow pattern and classified as_follows:- 

(a) Short weir ; with entirely curvilinear flow: on the 
crest 

Cb) Normal weir ; with curvilinear flow, zones.at the 

beginning and attheLiend of the. wear crest, and a 

central zone-of essentially parallel flow. and 

(.c) Long weir; with a standing wave: pattern of flow 
on thea crest.. 

The-approximate limits for these: weirs are: the 

weir is short if h/L ratio is greater than 0.35 for 

weirs with sharp U/S corner and 0•25 for weirs with 

well rounded,U/S corner; the weir is long if h/L ratio 

is. less than about 0.06; the weir is normal between 

these,  two limits. 
444. 6.2499 (1.471,1,4! LigRA,e/ yVTRSITY 

300414,fin., 
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at: th 4!. • 	. 	a en 	f 

It is. quite evident that. flow over vertical drop 

fe.11s.:will be critical at a, point near the downstream 

end, of the crest at. the transition between a. normal 

and a long cre s for ores ts with sharp upstream corner 

and ate some point:. in the . zone- of: parallel flow, on the 

crest for normal anal long crests with well rounded up7. 

stream corner . Hunter: Rouse l (6) established. that the 

ratio of. depth at; a frees overfall to the critical depth 

will be 0.715.: Then, thea critical flow.. depth on verti-

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 ands long crests are observed_ 

(see-Fig . 9, 10 andi surface profiles in appendix - III) 
to be about 0.39 ..ais for cr est S-3- wi th sharp: upstream 

corner and about 0.46 h for crest ss with well rounded 

upstream corner. This, therefore, means that; the cri-

tical flow.. depth in terms. of the heal. h is. 0.545 h for 

crests, with sharpy upstream corner and about; 0..643 h for 

crest wi th 	-rpunded_.upstr eam corner. This, value:! 

fore ores ts.with well rounded/ upstream crest_ corner is 

in good agreement, wi th the maximum depth of. the profiles 
fn tie. zone of paratteL flow, in r410; Cri kcal. viepth kii25 114 far-riled 
in the range. ot experiments. made.-, near the.? downstream 

end of. crest, for ores ts7with sharp_ upstream corner. 
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5.3 	 Le h o. h D 

The,: dimensionless parameter most important in 

fixing the value of they discharge coefficient C. of 

vertical drop falls is thei head, to length ratio h/L. 

The significance: of this parameter 	in the_ fact , tha t 

it governs to a major extent, the flow.. pat tern on the 

crest. As already remarked 4 curvilinearity of flov 

sets in from h/L ratio of 0.35 for crests; with sharp 

upaream corner and 0:.25L, for crests .with well rounded 

upstream corner. Thee. curvilinearity of the flow con-

tinue&: to increase in degree with still higher. values 

.of h/L . I.ta was shown in article: 3.2:1  that the dis-

charge coefficient will be increased on account of 

convex: curva ture,  of. stream filaments., which are obtained 

in the flow. over-  a. vertical drop fall with large values 

of h/L . Thus it should, be: expected.t that with increas-

ing values:: of, h/L, the: discharge.: coefficient . goes on 

increasing for the range of. rg.. functioning of the verti-

cal drop_ fall as: short. weir . 

The_. discharge, coefficient: C is shown as t function 

of. h/L ratio in figure, 14 for vertical drop falls:. with 

vertical faces, and sharp upstream crest corner 2 in 

figures 16 and, 18 for vertical drop falls_ with vertical 
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faces and well rounded upstream crest corner and in 

figures 22 and23 for vertical drop falls with sloped 

upstream face andt sharp upstream crest corner. In all 

these.,figures7  the. general trend of increasing values 

of the discharge coefficient with increasing values of 

h/L ratio may be observed. 

It may be , notedf.that.;in figurez 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 effects of_ the 

models tested. If a mean curve were to be drawn thro-

ugh these points, that, would show, increasing trend of 

discharge coefficient with h/L ratio in this initial 

range of h/L upto 0.50. However, the_.following consi-

deration will show,. the.iinconsistincy of this trend. 

The.) normal crest; (h/L less than 0.35) profiles show. 

almost_ complete geometric similarity (see fig . 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: line representing a constant value andL passing 

through the experimental point of. maximum value corres-

ponding to h/L = 0.35. This constant value_ may be seen 

to be.2.657  which is._ in general conformity with Bazin's 

results (1, 2) and Woodburn's- results.. (5) of tests, on 

broad,,crested_weirs of large crest lengths in which the 

scale, effects::, are a minimum on account, of large absolute 

values_ of heads on crest. A short transition connects 

this constant value, portion of the curve with the remai-

nder of the curve . 

The, curve representing the:, variation of the dis-
h/t, 

charge coefficient,C withA on falls with sharp upstream 

crests is compered with -curves plotted from data. of 

BaMn's experiments and U.S.G.S.(Cornell University) 

experiments-in Figure 25. 
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Figure 17 shows the curve representing the varia-

tion of the discharge coefficient G with h/L for verti-

cal drop falls with well rounded upstream corner, 

compared with that_ from Bazin's data. 

5.4 E_ 	 c e 	 D cha 	- 
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 ft,. These_ 

tests covered three different lengths of crests - 1.25 

ft., 1.00_ ft. and 0.50 ft. The results of these tests 

are given in the tables of kipendix II. 

Thee results of these tests. indicate that the 

affect of the height of the crest on the discharge 

coefficient is very slight .for vertical drop falls, with 

sharp upstream corner and nil for vertical drop falls 

with well rounded:upstream corner.. Thee discharge 

coefficient curves obtained for the_ three crest heights,  
of 1.00 ft., 0.75 ft. ands. 0.50 ft. for vertical drop 

falls with sharp.  upstream corner are shown in Fig. 14. 

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

391  43, 45 ands 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 

coefficient 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 flaw_ over the crest near the upstream 

crest, corner is not affected. by the_ height of crest as 

eviden6ed by thea 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 section. 

Asp, the flows depth at the critical flow section 

is not .affected by the_ crest height, P for vertical drop 

falls with well rounded,ups teeam corner, as evidenced. 

by figure 10, the: dischargEL coefficient; C is no t, affe-

cted by the.,,  ere st height. 

Thus, while thea 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, falls and 

such other structures. 

5 5 gaggt lo:_it 	ape ratio on the discharge 

Coefficient . - 

The ratio h/B in the_ equation 24 of. article! 

3.6 is_, a, measure of the.. shape of the discharging 

water stream. This., parameter is seen to be .of. no 

significance., as shown by Blackwell 'a., experiments;. on 

broad..?crestectiweirs..with widths B of 3 ft. 6 ft. and_ 

la ft. No tests, were, Made in the present investiga-

tion to study this. effect , all the, testa having been 

doneAn the same flume of. 1 foot width. Even from a. 

theoretical consideration, the: only effect of the 

width B of the vertical dr' _op., fall is . in thea reduction 

in the. effective width of flow. channel by an amount 

equal to the:: displac.ement, thickness 6 of • the, bounda-

ry layer: formed along the side walls. This reduction 
in tile elfective wed 	howeyer 	is of 	He 
magnitude.- in all of the, practical structures. on the 

relatively wide channels. 

5.6 Effect of Rounding the Upstream Great Corner 

on the Discharge Coefficientt . - 

The. rounding of the upstream crest corner of, a. 

vertical dtop fall causes the removal of they 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 rdsults in an increase in the discharge 

coefficient above thatwith a sharp corner. This 

variation in the discharge coefficient is signified 

by the r/h ratio in the discharge uquation 24 of arti- 

cle 3.6 . 

Tests were made on crest lengths of 1.25 ft. and 

1.00 ft., with the radius "ofthe rounding of the up-

str.am crest corner of j-", 1", li", 2"' and 2i" . The 

results,of these tests are shown in the. tables 26 to 

48 of.. Appendix II. 

In figuresJ16 and 18 are shown the3 curves repre-

senting the variation of the discharge coefficient Cr  

with h/L for different degrees of rounding represented 

by r/h values of 0, 0.08, 0.16, 0.25, 0.33, and 0.42 

from the: data_obtained from the experiments.. It may 

be: observed that the.coefficient of. discharge Cr  in-

creases with r/h ratio upto a.. value, of r/h = 0.33, and 

thereafter remains constantfor higher values of r/h. 

Further, the_. rate of increase in Cr  decreases, genera-

lly1with increasing values of r/h, finally coming to 

zero for r/h = 0.33. The values,of Crfor r/h = 0.42 

do not differ from those of Cr  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 -coefficient for 

the "well rounded crest" (corresponding to r/h = 0.33  ) 

compared with similar curve from Bazin' s' data. 

In figure- 19 ares shown the_, curves of variation 

of the dimensionless,  factor. C.1./C representing the in-

crease in the., discharge,  coefficient due to rounding 

over that with a sharp crest, corner, with h/L ratio. 

The; values of. CC/C1 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 CrX 	de-c.reases 

with ha and after reaching a certain minimum values 

increases thereafter for higher values of_ h/L . Further, 

the h/L value, corresponding to the minimum value of 
0 

C:1,/Ca,:: also has, a. decreasing trend with increasing 

values::, of r/h. 

In this connection, it may be pointed., out that 

in Woodburn's-CS) test series on broad-crested weirs, 

rounding of theupstream crest corner by 2", 4", 6" 

and 8" roundings caused no significant variation in 

the a discharge_ coefficient. Further the discharge 
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coefficient was. about 9 percent greater than theacorres:,  

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

The lack of variation in the,value-of C above 

a certain degree of rounding (r/h = 0.33) may be inter-

preted by analogy with similar data for contracted 

openings. Kindtvater and Garter (25) showed that the 

discharge coefficient for contracted openings increased 

almost linearly with the.:values of r/b from r/b = 0 to 

r/b = 0.14, whereab is tote width of the opening; the 

coefficient remained constant after r/b exceeded 0.14. 

JL similar variation in thwdischarge_coefficient for 

orifices is seen in the literature. 

This phenomenon may bei explained by the,fact 

that the.:. flow separation 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 

possiblea and no further increase in the_.discharge 

coefficient is _possible. 

5.7 Effect of the-Slopeof Upstream Face on the_ 

Discharge Coefficient.- 

As,already explained,in article,3.4, the, sloped 

upstream face of a vertical drop fall acts like a 
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Fig. 20.Free flow over crest 0.333 ft. long, 
0.50 ft. high and upstream face sloped 
at I in 1/30  under a head of 0.20 ft. 

Fig.21. Free flow over crest 0.333 ft. long, 0.50 ft. 
high and upstream face sloped at lin 3, 
under a head of 020 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 discharm 

coefficient. 

experiments to determine: this effect, were made 

on crests having lengths of 1.00 ft. and 0.333 ft. and, 

heights of 0.50ft. by varying the upstream face slope. 

In addition to the vertical face (zero slope) faces 
with 7 different:, slopes - 1 in +, 1 in 1/3, 1 in k, 

in 1, 1 in 2, 1 in 3, and,' in 4 were tested. The:  

results of these testsare, presented in the tables 
11 to 25 in Appendix.,,II. 

Figures. 22 andt23 show the curves relating the 
discharge coefficient_Ga(for falls with sloped upstream 

faces) with h/L. It is_evidentfrom these figures 

that the effect of sloping of theupstream face is 

tancrease the discharge coefficient with increasing 

flatness of slope: in the. range of slopes tested, 

namely from vertical upto 1 in 4 . Further, it. may 

be observed, generally, that_the:rate of increase in 

the-discharge coefficient decrease8with increasing 

flatness 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 

c,harac teris tics of the structure . 

In figures 24 and 25 are shown the curves of 

the_ variation of "slope: factor" Cii/C, representing the 

increasea in thee dischargw coefficient doer to sloped-., 

upstream face:: above that, with vertical upstream fa.ce 

with the- h/L- ratio. The values_ of 	/G. are computed 

from the concerned curves in figures 22 and 23. As is 

evident from these curves, the slope... fac tor ini tially 

increases:-with h/L up to a_. maximum value anth then de cre:1- 

ases.. for still higher- h/L ratios: Thus, there is; a. 

maximum value? for each slope: corresponding to an 

optimum value: of h/L. Again, the. optimum value'. of h/L 

corresponding to the:maxim= slope factor value has a. 

decreasing :trend with increasing flatness of slopes.. 

Further, for higher values of h/L, the . values of they 

slope, factor for flatter slopes.. tendisbe,  equal. 

5:8 Effect .of Boundary Roughness on the Dipcharge  

ff..ittWici. - 

In model testing, the simulation of boundary re-

el:Ls tance is one of the most: 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 "slopes factor" aile, re2resenting the 

increase--:. in th4Eu discharge: coefficient due...! to sloped. 

upstream face: above that, with Vertical,u/56tream face 7  

with the: h/L_ ratio. The values. of 6:f are computed al .07  
from the concerned curves in figureS 22 and 23. As is 

evident from these curves., the slope factor initially 

increases with h/L up to a.. maximum value and, then decre-

ases. for still higher' h/L, ratios... Thus, there is; a 

maximum value3 fork each slope., corresponding to an 

optimum valuer of h/L. Again the.. optimum value-) of 

corresponding to the:maximum slope factor valuer has a. 

decreasing  trend with increasing" flatness of slopes. 

Further, for higher valdes of. h/L, the .valuesof they 

slope., factor for flatter slopes- tendAbei,  equal. 

5 8glfmt_of_BounarWo 	 Discharge  

kficient.-  

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 los_ses due to boundary resistance , arb. a function 

of. a charact eris tic Reynolds., number and the relative 

roughness . As the scale: is increased, thea relative.. 

roughness, increases and_ the boundary shear force_ be, 

comes disproportionately large if the boundary surfaces 

are; o f the same._ material for the various scales. 

The relative roughness, is generally described by - 
relating the mean height of the' boundary projections 

above the2 nominal aurface level to some significant 

length. In thea analysis.. made; in articles 3.6, thee ratt 

istused, where: It. is the mean roughness height. Lt 

is evident, therefore, that: thelrelative,  effect of 

boundary resistance is the same., in the model an& pro to 

typed only if 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. R.equirements_ of. similitude 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 
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definitive data based on previous studies available. 

However, except when the heads h Mre very small, the 

discharge coefficient= obtained on the basis_ of model 

tests are considered.. to apply to much larger structures 

also with a, very small margin of error. In general, the 

discharge coefficientshould be expected to increase 

slightly as the scale of the model increases. 

5.9: Effect of rt_evrAolds number orl thcL. dip..charge 

Coefficient. - 

The: significance of. Reynolds number 11, is that, it 

describes_ the relative importance, of the viscous forces 

involved. The "scale effect", due to which there will 

bera. va 	i riation n the discharges coefficient with the. 

scale ratio, is__the result of the action of the forces 

dues to the viscosity of. the fluid. The larger the vale 

of. the Reynolds number- R, the ,  less important the, influe-

nce, of: viscosity upon the, flow pattern is. 

It. is seen from equation (23) that, for a given 

fluid, the Reynolds number is proportional to h3/2 or 
the discharge: per unit width of the crest. It isa 

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 
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law. However, the Reynolds numbers obtaining in the 

laboratory tests are generally high enough to include 

the range in which the: viscous: effects.,are negligible. 

Figure 14 shows the plot of the results of. 

tests,made on vertical drop falls having sharp up-

stream corner, with-crest lengths of 1.25 ft.., 1.00 ft. 

0.333 ft. and crest.: heights of 1.00 ft., 0.75 ft. and 

0.50. ft., thus producing different scale: ratios_. The 

scatter of, the experimental points indicates. the, 

scale: effects, which is apparently considerable in. the 

range of h/L =_ 0.50 as seen in the figure-2. 

To get a better appreciation of the effect, 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-crested weirs with 

sharp upstream corner and crest_ lengths of 0.33 ft . 

0.66 ft., 1.315 ft., 2.62 ft., and., 6.56 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 shown 

to have little effect on the discharge coefficient. 
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It is pertinent to note here, that the.: scatter of the 

points is very slight in thea range of WI/ above about 

0.50; but considerable, for h/L values up to 0.50. This 

is dues to the., fact that in this, range of h/L up to 0.50, 

the)heads on the crests and consequently the, Reynolds 

numbers are small enough to cause= appreciable;: scale, 

effects. Theme slight, variation of thal values_ of C above.  

h/L 0.50, may perhaps_ beD ascribed, to some differences, 

in energy required to maintain 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/L. above:, 0.50.. 

5.10 Effect 	erzgaggsn. the discharge.. 

Coefficient .- 

Af ter modularity limit is reached, the discharge 

coefficient of vertical drop falls is 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 downstream head: Z of the; water above the crest (see 

Fig. 3) . The-  dependence of the discharge coefficient. 

on these two variables is-. evidenced by the; 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 Cs  

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 ft. and. 0.75. ft. were_used4 These 

tests were.. carried out with four heads - 0.20 ft.)  

0.30 ft., 0.40 ft. andL0.50 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 then valve on the supply pipe and the tail te3 

the experimental flume. 

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

tables 49 to 60 in Appendix. II. 

Forms of Flow. - Ther following flow: forms were.: observed 

while increasing the submergence of crest by raising the 

tail water level. 

(a) Diving jet;- For small degrees of submergence, jet, 

of water falling over the crest.. retained its wetted 

underneath form, though hidden by its immersion in thee 

downstream channel (see,figs. 3 and.27). 



Fig.26. Free flow over crest 1.00 ft. long, 0,75ft. 
high and upstream crest corner rounded to 
2" radius, under a head of 0.20 ft. 

Fig.27. Submerged flow over crest 
0.75ft, high and upstream 
ded to 2" radius, under a 
diving jet; Z/h.15. 

1,00 ft. long, 
crest corner roun- 
hood of 0.50 ft. with 
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(b) Undulating jet.- When the level of water: was raisedt 

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). 

(c) With still furthet.increase:in the- downstream water 

level, thELundulations of thejet:surface were found to 

bei evened out_ with a_ more or less smooth surface, on 

crests with rounded _upstream corner,. 

In the:case of crests with sharp upstream corner, 

it,;was3found that a standing wave forms near about the 

downstream end of the crest. This may be-explained by 

the fact,that -theflaw. is supercritical on thecrestl  

while that in the downstream channel is sub-critical. 

The modularity limit _ was found to be naached I  gene,. 

rally, at: this stageof submerged flow. 

Cd) As: the downstream water level was raised,further, 

thesurface of flow flattened out to a very even profile 

on the3crests with rounded upstream corner. 

On crests with Sharpy upstream corner, it was 
fhet 

foun&the. standing wave .formed earlier moved upstream 

on thecrest, like.an open channel surge, with they 



Fig.28. Submerged flow over crest 1.00 ft.long, 
0.75 ft, high and upstream crest corner 
rounded to 2" radius, under a head of 0.50 ft., 
with undulating jet; Vh= 0.45. 

Fig.29. Submerged flow over crest 1.00 ft. long, 
0.76 ft, high and upstream crest corner, 	/ 
rounded to 2" radius, under a head of 0,50/ft., 
with nearly smooth surface; ah=0.92. 
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increase in the degree of submergence. 

(e) When the downstream head! was. increased still, with 

a_ submergence_: degree of about 0.92 to 0.95, the 

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 the. crest.. and.. a regain of_ flow. depth 

downstream of the_ crest. (,See. Fig. 29). 

This type of. change of form was. gradual in the 

case of crests.;. with rounded., upstream corner, while,: on 

cresta with sharp upstream corner a relatively abrupt 

changer of. form was:. no tic ed, when the.; surge.. moving on 

thea crest,..suddenly flat tenedi out. This flow„ form evi-

dently indicates. that the flow. over the-a crest is sub-

critical,, and that_ is similar to tb.e.;,  flow in a_ mil& 

sloped__ channel with a local rise; in its bed. 

The flow in this, range: is2 perhaps.. bet ter governed 

by the laws of flow in they channel in which the; fall is 

existing. 

Pischarge Charac.teris tics - 

Figures 30, 31 andi 32 show. the plot of C.s/C agai- 

nst., the degree of. submergence_ Z/h 	Hare,Cs  represents 

the discharge coefficient in thea submerged dischargeJ 

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

being for the same! crest _anth the . same , head. 

It can be s.een 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 1  the modularity limit is, reached 

generally, at: a 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 theJhydraulic design of. 

vertical drop falls, as with a rounded _upstream crest; 

corner, the:  free discharge formula can be; applied up_to 

relatively high degrees of submergence. 

The: modulari ty limit, varies, with the head also, 

decreasing in value with increasing heads. However, 

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 ant_ 0.95 in the:5case 

of crests with 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 C /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 

be..understood, considering the fact that✓  at: high 

degrees of. ,submergence (possibly abode 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 of vertical drop 

falls. This is, perhaps, due to the momentum unbalance 

in the: flow over the crest, on account, of aL change in 

the height of: crest. tiore experiments. are needed to 

investigate this aspect of the problem. 

Thaw genual pattern of. thea variation of Cs/C with 

Z/h 	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.L theoretically, 

which led to they conclusion that they are not subject 

to complete mathematical analysis. Therefore )  a com-
prehensive solution for the, discharge characteristics 

based on dimensional analysis and, experiments, has_ been 

presented. This solution covers. 'bo th the:; free and sub-

merged discharge over' the falls. 

The,., discharge over thee vertical drop falls is., 

influenced by theJ physical characteristics_ of the; crest 

of: fall and they channel in which the: fall exists,. For 

this., reason, the discharge.. coefficient is... expressed.. as, 

a. function of dimensionless parameters characteristic_ of 

the significant factors., influencing the; flow . 

The study of the flow pattern over crests; has_ led 

to a rational classification of broadt-crested weirs . 

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

charge coefficient in relation to significant 
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variables are 

1. 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 valueiof the._. coefficient: is nearly constant. 

2. TheL crest height does not affect the discharge 

coefficient. 

3. The shape of the discharging stream represented by 

4/B ratio does not. affect the discharge coefficient. 

4. Reynolds number of cflow over crest is significant in 

its lower' range, wh'ile:it is negligible in its 

higher range. 

5. They. 	of crest boundary roughness is not,yet, 

fully known andlfurther investigation is:necessary 

to evaluateJit. 

61. 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 

theicoefficient. 
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7. The discharge coefficient increases with increasf-

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 the discharge coefficient upto a limit-

ing degree of submergence. (modularity limit). 

Thereafter, the discharge coefficient falls in 

value appreciably, the:. rate. of fall increasing with 

increasing degree of submergence. 

Ther curves, representing this variation differ 

with the_ head, shape_ of upstream crest corner and the 

height of. crest. Additional experiments.are,needed to 

investigate::: this aspect fully. 
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NOTATIOj 

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. 

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

discharge coefficient in the formula Q = CBh3/2 

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

C.1 = discharge coefficient` in the formula Q = qBH3/2 

for vertical drop falls with sharp U/S corner 

and vertical U/S, face. 

discharmcoefficient,in the formula Q = rBh3/2 

for vertical drop falls with rounded ws corner 
and': vertical U/S face. 

Csi = discharges coefficient: in the formula Q = Cs1Bh
3/2 
 

for vertical drop falls with sharp, U/Sk,corner 

and sloped, WS,  face. 
C = coefficient, of velocity. 

depth of crest below a considered point in the_ 

flow. 
E 
	

specific energy (or head) of flow ,  

F 
	

Fxoude number 
g 

g = acceleration of gravity. 



upstream plezome.tric head of water, above. the 

crest of vertical drop: fall measured at a, 

section of normal flow. in the channel upstream. 
v2  

total head (h+ 	° ) upstream of crest. 
2g 

K_ = ratio of depth of flow: on crest to the piezo-

metric head.upstream. 

mean height of boundary roughness pro j cc lions 

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. 

Q = to tal discharge 

q = - discharge per unit. width of. crest. 

R = Reynolds number- v h f  
/141  

r - radius.. of rounding of. U/S crest corner.  

v = velocity of flow: over the: crest. 

vo - - velocity of flow., in approach channel 

w = specific weight, 

x = distance along the crest with reference to the, 

upstream crest corner. 

y — depth of. flow or elevation of water surface 

over the crest. 

Ye = critical depth of flow. 



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. 

kinematic viscosity 
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