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Submerged flow over gaits is a Co mma, Phenomenon 

(luring high floods. The discharge passing oi'er the i'eirB 
reduces considerably because of the effect of sut exgen<e. 
The reduction in discharge cuntity is evaluated by 
arbitrarily chosin some value of the coefficient of 
Discharge which norms »r gives such orror in the stream 
flow data* 

The work done in this field has been reviewed for 
d fferent types of weirs both for the purpose of laboratory 
measurement and field xneasurement. ifortwiately the volume 

of Literature in this subject is rather not much considering 
the importance of the subject. 

ThA ral tion between the d ,scharge ratio and the 
submergence ratio has been am y e 	. ' erent types of 
weirs tat ng the eperimrntsl data of some eminent hydraulic 
engineers* The analysis suggosts diatinctly dif 'ere t trends 
for both sharp created and thick weirs e. g. oee broad crested 

etc. 

separate formulae core3,ating discharge zatio and sub- 
mergence ratio for both the sharp crested and thick weirs have 
been proposed for use of field engineer. 
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Side slope of the trapezoidal Channel, Horizontal 
to vertical. 
Side slope ©f the trapezoidal notch, Horizontal 
to Vertical. 
Weir area corresponding to head Ill  

Weir area corresponding to head % 

Base width of trapezoidal Camel 
Base width of trapezoidal notch. 
Coefficient of ditcharge or constntused In 
general equations 
Coefficient of discharge due to weir flow 
Coefficient of discharge due to orifice flow 
Discharge coefficient proportional to Froude's 
number  
Depth of tail water below theweir 
Height of V notch 
Area of water way in the trapezoidal channel 

Area of water way in the trapezoidal notch 

Acceleration due to gravity 
Read over crest upstream of weir s  . fE , + ha 
Head over crest downstre of weir, B2 H + 
Upstreaz► depth of water over crest 
Downstream depth of water over crest 
Head due to velocity of approach 
Difference between T»ESA. Upstream and T.E.L. 
Downs troam, El 0 S2 

» 1, Difference in head water and tail water 
levels. 



K 	Constant used in some equations 

L 	Length of the weir 
Zffective length of the weir after deducting and 
contraction effect 

Im' 	Uset as exponent b7 Vtille—vim+e- 

n 	Number of and contractions or exponent 

" P 	Reight of the weir from Channel bed up to crest level 
Q 	Discharge under submerged condition per Unit length 
QI  Total discharge over the weir in submerged condition 

.Ql 	Discharge under free condition for head Hl per unit 
length 
Total discharge over weir for head Hl in free  condition 

Q 	Discharge under free condition at head % per unit 
length 

~/+ l 	Discharge ratio 

Submergence factor  
al ~3 

Submergence ratio VHl 

Velocity of approach 

1 a  Angle of V notch 

Coefficient of dynamic viscosity 

Mass density of water,fluid mass per unit volw e 

Surface tension force per unit length 

Reduction. factor due to effect of submergence. 
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CHAPT1:R I 

1.0. GENERAL 

1.1. A weir, as it is normally understood is a barrier across a 
river or a stream for the purpose of diverting part or all of 

the water in to a channel which takes - off from the upstream 
side for irrigation or Power generation. In India, the weirs 
have been constructed on several rivers of north and south for 
more than a. century. With more stress on agriculture and 
irrigation more nos. of weirs are being constructed In the 
country at the present moment. Weirs are normally of low height. 

cratGsas11TóöiTfjiatet the upstream during the 
Period of normal flow and the excess water trickles over the 
top of the weir, kno n as the crest. During the monsoon 
period, the flow passes over the weir submerging the entire 
structure. The presence of the structure is only felt by a 

slight depression of the water level there ('ig.i). 

1.2.. x1sting weirs are also being utilised for the measure- 
ment of stream fir. The usual formula is 	CAA,  .E/2  where 
C is a_ coeff icient which depends on the shape of the weir 
profiles  H1 is the head over crest, 1 is the effective length 
of weir and q,9  the discharge required. For normal flows$  a 
fairly accurate estimation of stream flow data is obtained from 
the weir formula. 

1.3. As the head over crest increases due to flood flow the 
water level downstream of the weir also increases. As this 
pro; ess goes on, the downstream water level or tail water level 



submerges the crest of the weir by a considerable height. 

This phenomenon is known as submerged flow over the weir. In 
this condition the stream flow data becomes unreliable because 

of the arbitrarily chosen value of the coefficient of discharge 
in the weir formula. Although many attempts have been made 
to study this aspect ® hydraulics  People have been 

partially successful because of many uncertain factors. A 

little more about this aspect of effect of submergence on the 
coefficient of discharge in a weir will be studied by the 

author on different types of weirs. 

•4• C) 
R~0 DIFFERENT TYPES OF WEIRS 

e.l•4 1 - In the hydraulics laboratories, the weirs are most 
extensively used for measurement of flows. L w it 'is_a_notc1 

The tUfferuit types of weirs .fie 	 jr to , Ina 'j , „ 

trapezoidal shaped etc. are put in this category. 

The approach channel is the channel leading up to the 

weir and the mean velocity in this channel Is called velocity 



1. 
of approach. If the nappe discharges in to air the weir has 
free discharge. If the discharge Is partially under water the 
weir is said to be submerged or drowned. 

2.2 	Weirs can also be classified in a different way. 
A. According to their shape at right angles to flow. In 
this category are rectangular, triangular, parabolic, propo . 
tional, trapezoidal, circular, cuspidate parabolic etc. All 
these are in the category of sharp crested weirs. 

B. According to their shape in the direction of flow. The 
types of weirs in this type are broad crested weirs, ogee type 
etc. The different types of weirs classified under A & B 
above are shown in figure 3. 

t-5•o 
Definitions:  

uppDe $ sell_. Weir i 
A sharp crested measuring notch whose sides are flush 

with the channel, thus eliminating ( suppressing) end 
contraction of the overflowing waters The weir may be suppre-
ssed on one end ,two ends bottom or any combination of them. 

ntracted Weir t 
A sharp crested measuring notch with sides designed to 

produce a contraction in the area of the overflowing water. 

i 
The opening in a weir for the passage of water. 

Rec t.a ularWeit: 
.A sharp crested measuring weir with a rectangular notch. 

It may be contracted or suppressed. 
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icroad Gres  ed _.'Wit  i 
A spillway or a measuring device in which the nappe is 

supported for an appreciable length ( much larger than the 
height of the Heppe over the crest) at the throat in the 
direction of flow- 

A contracted sharp crested measuring weir notthh with 
sides that form an angle with its apex downward; the crest is 
the apex of the angle. 

iroa O 'r f al W%1: 
A weir that is not submerged. In case of sharp edged 

weirs, there shall be free access of air below the nappe of 
falling water, and the tail water is below the bottom of the 
notch* In broad crested weir, the tail water is below the crest 
and the flow is in no way affected by the elevation of the 
tail water.  

gee eir 
A weir having crest of ogee shape. 

t 	s P 	2 

A measuring wOir whose notch Is bounded on the sides 
by parabolas. 

A measuring weir having circular crest. 

A weir in which the rate of flow is simply proportional 
to the head over the weir. 
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goefficient of  7ischarge: 

A coefficient by which the theoretical di,Jhare of 
water through orifices weirs or other hydraul structure 
must be multiplied to obtain the actual di sch rge . 

LS locy.  of AAc r 	s 
The mean velocity in the stream 7nmediately upstream 

of a weir or a dam or other structure.!  

Velocity Meads 

The theoretical vertical 
body may be raised due to its k 
the squa*e of the velocity di di 
due to gravity. 

Yéight through which a liquid 
etic energy . It is equal to 
d by twice the acceleration 

2.4 	The following ar the discharge formulae for some of 
the different types of it s; 

1. Rectangular 	 R = Cd1 L' / g ( H+ha)3/9  ha3/2] 

2. Triangular / 	t = . Cd1  /2g tan 0 d15/2 
2 

3. Broad +ire ted Weitss 	Q = CL! ( 'A •+ h)3/2 

4. Ogee 8 aped Weir; 	Q = C.L' L 11+ ha)3/2  

Where 'C' is the coefficient of discharge which is 
di `f ent In different weirs. 	 #r 

►•6.0 
3+Q SCOPE OF DISSERTATION 

4.16.1 Many attempts by different questers have been made 

to piece together experimental data from various sources on 
flow over submerged weirs. As submerged flow at its best is 
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unstable )  it is not difficult to understand why these attempts 
have been only partially successful. Even if some experimental 
data can be pieced together its scope would not be sufficient 
to represent the picture as a whole. Therefore an attempt is 
made to pool all available data on the submerged weirs and 
to analyse it to derive some statistical and graphical 
correlations to aid in the design of subaerged dams and also 
to get general idea' about the correct measurement of flow 
under submerged conditions.' Study has been made to probe it 
a general equation can represent all types of weirs under 
submerged conditia s . It is a well D no fact that the 
coefficient of discharge in a weir is affected by many factors. 
out of which the effect of submergence Is one of the manor 
factor . In this dissertation attempts are made to study the 
effect of submergence only on the coefficient of discharge. 

t70 w5. W60 
There is 

subject. The c 

A 

lot of Scope to do future work In this 
tion of the submergence and the discharge 

ratios may be done for' wide range of discharges over 
different widths of the 
though Various discharge ra 

. From the data analysed, 
are allowed over the we .rs 

no definite trend $  as to whethe the rate of flow has any 
bearing on the core »ati ► of Q1  d 81, could be established. 
The aspect of scale effect also couid\mot be studied. For 
very low range of discharges the viscos± and surface tension 
effects may be Predainent and these must a o be considered. 
Further studies in these regard are needed. 
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i a studies may also be made to analyse the effect of 
the height o tae we; . From a very low valve of P/H1 to high 
values the effec of this non--dimensional parameter on the 
discharge ratio maybe established. 

The geometry of th weir is another very Important 
factor. Although some studie have been made on ogee type 
crests very few studies have bee made on broad crested 
wreirs. ]Different shapes of broad car ted weirs and other 
weirs over a wide range of discharges m be subjected to 
model testing up to almost 100 percent subme ence. This 
may be done in the same manner as that of James. «Woodburn 
in the non modular range of flow. 



CHAPTER-2 

REVIEW OF WORK DONS 



to 

C 	 2 

R1VI1 OF WORK DONE 

2.0 INTRODUCTION 
Submerged flow, defined as the condition that exists 

when the tail water at a dam or a weir Is at an elevation higher 
than that of the crest, often occurs during floods at low head 
dams and weirs. Submerged weirs conserve elevation and should 
have wide application in the design of gravity systems where 
savings in head loss mean saving in construction costs. 

2.0.1 	Despite the considerable importance of the problem$  
published data on submerged flow over dams are exceedingly rare. 
Therefore engineers hesitate to use submerged weirs for liquid 
measurement and control in open channels because of lack of 
design and performance data. These early theories satisfied the 
limited experimental data of the persons postulating them but 

Core- -fie w'l1^ 
failed to eenwha :e the other experimental work done later on 
to check the theories. 

2, 0.2 	It may be mentio ld here that a t of work has been 
done for free flow 	different ty s of weir. These works 
are not reviewed ere being beypni the scope of this 
dissertation. 

2.1 	The formula which Is being used to determine the 
approximate discharge over submerged weirs is as follows: 

Q = Cdl  •. j L f2g { gl"H2 " # Cd2  L H2 /2 N1iH2 ) 
 4-0Xc' e 	P-60 tj • S. C3o\J; r Rc) 
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In order to derive the expression it was necessary to 

make some simplifying assumptions. Possibly one such assumption 
was first made by Nancay Dubuat (Principles d' Hydraul.ique Vol. IF. 

P• 203#1816). Be considered the flow over submerged weir to be made 

up of two parts. 

l) a free flow with effective head equal to the 
difference in upstream and downstream levels, and 

(2) a submerged orifice flow like wise operating 
under a head equal to the difference in upstream 
and downstream levels. 

The difficulty with the above equation is in the correct 

assumption of the values of Cdl  and Cd2 which are only to be 
obtained from model experiments. For practical problems where 
approximate discharge calculations are required a value of 0.62 

for Cdi  and 0.9 for Cd2 is usually assumed. Rif .  
Prof • NS • 6ou;In2 Ra 

2.2.0.  hr,.C.rested WeirsA 

2.2.1.0. Probably the first man to attempt measurement of flow 
under submerged condition was Zoannis Poleni5, Professor at the 

University of Padua, Italy in 1717. He wrote a book DE MOTU 
AQUARE MIXTO on the flow of water through submerged rectangular 
notches. A translation of this work into Italian was published 
about 1767w but Poleni's work has rarely been mentioned subseq*0 
uently.. Yet his experiments and analysis merit careful study 

today. 

2.2.1.1. P o len . i s experiments were conducted with an apparatus 
(Fig.4) at a stream 12 ft. ( 3.66 m) wide and. 3 feet (O.9i5 m) 

deep. The weir tank P, was 30 Pouces in diameter....,.. 



1. H 
(old french measures s 1 pied = 12 pouces = 144 lignes 

1.066 ft. = «325 m.) * A rectangular notch IGEL, was net 
vertically with its crest GE at different elevations with 
reference to the tail water. Rates of flow were measured by 
means of an orifice tank & which in turn was supplied with 
water from another large tank T through spi$ots Y. Tank 3 
was 42 pouces In diameter and 21 pouces in depth below the 
level of an overflow M. The bottom of this tank was provided 
with sixteen orif .eo, 	* each 8 lignes in diameter (1.8 cm.). 

In Polenl.'s first experiment, notch IGEL was 3J/2 lignes 
(1.38" 0  3.5 cm.) wide . Three orifices di sdharged water In 
to the weir tank under a bead of 21 pouces (22,4"  ,, .569 m.) 

The water level inside the tank P under these 
conditions was 36/4 lignes ( 0.78 Inch , 1.99 cm.) above tail 
water. Poleni. systematically varied width of notch, submergence 
of sill below tail water level and rate of flow.. The data 
summarized in Table 1 may well be the first to be obtained in 
systematic experiments on submerged weirs. 

Head on the weir notch versus a factor proportional to 
rate of flow per unit width of notch discharging freely are 
shown in figure 5. The observations deviate on the average 
less than 2% from the equation KQ/B = x.0.080 91.6  where$  

N = number of orifices open 
IQ 100 N 
B = Width of notch in lignes 
$lam Head water depth in lignes 
t = Cudt. per sec* 
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SM24 RY OF EXPERIMENTS ON FLOW THROUGH RECTANGULAR NOTCHES 
BY .7OANNIS POLENI t  1?2.? 

( 12 Pouces = 144 lignes 1.066 feet 0.326 m) 

B= 

 

	

Width of 	fl=tai1 water X 	N = no. at 	-S2= Head water 

	

notch In lignes j depth in X 	orifices X 	tail water 
X lignes. X 	Open. 	X differential in 

33/2 65 3 35/4 
31/2 55 6 25 

65 9 42 
32/2 55 12 58 
31/2 55 15 294/4 
31/2 108 3 1.1/4 
33/2 3.08 6 41/4 
3)/2 108 9 84/4 
31/2 1138 12 126/4 
3)2 108 16 43 
38 65/4 3 10 
38 66/4 6 85/4 
38 65/4 9 33 
38 65/4 12 42 
33 65/4 16 203/4 
as 48 8 12 

38 48 16 119/4 

79 35 6 10/4 

79 36 16 63/4 

Coned...../ 



J- 4. 

IJ 

as O(Free) 4 1s 

88 O(Free) 8 23 
88 O(Free) 12 122/4 
88 O(Free) 3:s 3? 
62 Q(Free) 4 85/4 
52 O( 'reo) 8 34 
52 O(Free) 12 177/4 

O(Free) 16 209/4 
38 ©(Free) 3 8V4  
38 0(Free) 6 133/4 

38 O(Free) 9 179/4 
38 0(Free) 12 64 

38 O(Free) 15 63 

rrrrrr ... 
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2.2.1+ 2.  f olen$ s C onc_1usign.a  9 

It was clear to Poleni that velocity of efflux was 
proportional to square root of the head on an orifice discharging 
freely. He shoved experimentally that free discharge through a 
rectangular weir varied as the three-halves power of the head. 

He reasoned that velocity distribution in the section of the notch 
between head water and tall water level was parabolic and velocity 
in part below tail water level was uniform. 

Hence the discharge factor for a rectangular weir notch 
according to Poleni's analysis can be expressed as -- = ( I I. H2 

1 	2H 
11- 	• Hi  

( This was done by F.T. Davies Ref.S ) . 

2..2.1.3. An analysis of Poleni's experiments on the effect of 
submergence of flow through rectangular notches is given in 
figure 6. Data was Plotted by Mavies with discharge factor 

as ordinates and submergence factors S 	 1 
Ri 

as abscissa. Mavies found that the curve based on Poleni's data 
tallied accurately with that of his own curve based on tests 
conducted in 1948 at the carnegie Institute of Technology. This 

will be discussed later. 

Poleni's curve can be represented by the equation 

(1+O.5 I) 	um , 

Where Q s submerged flow 
Q1= corresponding free flow for head H1 

& 	S = submergence factor =  
a.l J Hl 
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2.2.2.0. Some experiments were conducted in 1877 by A.Fteley 
and F.F.Stearns6  for ascertaining correctly the gaugings made 
for conveying the water from Sudbury river to Boston for a number 
of years. Most of their studies were for free flow conditions 
over sharp crested weirs. However some experiments were hastily 
done by them under submerged conditions. 

2.2.2.1. The experiments were done first with 5 ftU1.53 m) long 
weirs with depth varying from 0.07 to 0.83ft(2.14 cm to 25.3 cm) . 
Subsequently a second weir was tried with length 19'(6.'9 m) and 
head range 0,47 to 1.63 ft. (0.1435 in to 0.497 m). 

It was found by the investigators that 
Q C L ( Bj+ 	) 	where 

2 
C z Experimental coefficient which was found to 

vary with 
HI. 

L = Length of weir 
SI = Upstream water level - crest level 
HQr- Downstream water level - crest level 
h= Upstream Mater level Downstream water level. 

The coefficient C which depended on H J Hi ratio 
was determined from figure 7. The heads Hj & 82 were also to be 
corrected to include the velocity of approach. The above formula 
was not applicable for H H. less than 0.08. 

2.2,3.0. ,T,B.Francis7  also made some experiments in 1883 to 
compute the coefficients C and C' in the general submerged flow 
formula which can be written as 
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Q C d 	.L J 	(Hl  - 12 ).+ C d 2.L H2  ,J2  $1-U2 

C.L. 4H1-H2) *C'.L ' j 2'H2 

The first term of the right ode eapreilioo is the 
usual formula for computing the f3.o over a weir in which there 
is no obstruc tioax to the flow f'r m the water on the downstream 
side using for the depth of th weir fl-' 112  i.e. the part of the 
whole depth Hi  which Is abov the level of water on the downstream 
side is treated as a regu r weir. 

The second teem is the usual formula for the flow 
through an orifice o the length L and height 112  through which 
water is dischar d under a head HrH2• 

2,2.3.1. Francis took C - 3.33 (ps units) which was found out 
by experiments given in Lowell hydraulic xperiments(la ). 

$•29 tr \ems. U.AJ, 
The term C' was found to be equal to 4.5988( fps units) by 
experiments conducted by him. The formula could also be 
expressed as follows: 

d = 3.33 L / H M I 	(Hi  + 0..381 02) C f.p.s units) 

I f n a no,. of and contractions 
3.33 ( L.-O.. n H 	Hi-t 	Hj 	0•381 H2 

f.p,s. units). 

2.2.4.0 James R. Villemonte3. had conducted experimental work 
at the hydraulics laboratory of the Pennsylvania state college 
based on an application of the super-position principle. He 
obtained a general discharge formula for submerged sharp 
crested weirs. Results of the experiments *eo proved that:- 
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(1) Triangular and parabolic weirs are more accurate 
measuring devices than proportional and rectangular 
types and 

(2) That sharp crested submerged weirs can be used in 
practice with confidence, if certain design and 
operational specifications are satisfied, 

2.2.4.1, As a first approximation to the proper form of sub-
merged discharge +Q, as a function of the upstream and downstream 
heads Bi  & B2 above the weir crest a simplifying assumption can 
be made. Assuming that the net flow over the weir is the 
difference of the free flow discharge due to head Hi  minus the 
free f3w discharge due to head H2, then 

This assumption implies that the head H2 does not 
directly affect the flow of water due to Hi  and liflewise„ 
that head, HI  does not prohibit counterflow due to H2' Its 
use i thus equivalent to the application of the Principle of 
super position which. is frequently used in evaluating the 
combined effect of several independent conditions* 

The equationg  „  ,  	Q 	should not be 

expected to give a quantitative relation for determining Q, since 
interaction and other perturbing influences have been .entirely 
neglected* These effects would probably contribute additional 
higher order terms in 

t 7  ;ilw'oik 
The experimental tests show that Q1Q1 is related 

functionally to 1 - 	• but that the appropriate function Is 
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not the simple linear one of equation - 	3. 	... (2 ) 
Qi.  

The results show that this relation ship may be expressed 
in the form 

.. ..~. 	f (3, .. ,.0108  
Q , 	Qj 	Q1 

or since t~l 0 C1 E 7 and 'iQ2 o c2 H2n2 

then  _ = i (  c2 n2 )ra 
Qi 	 C, HP1 

##a 0 ►. 	(4) 

where K and in are constants to be obtained from experimental data 
and the C's and n's are the coefficients and exponents that 

appear in the free flow discharge equation obtained from previous 

calibration or by use of an appropriate standard weir formula. The 

values of C's and n's for the weirs tested by Viflemonte are shown 

in figure 8. 

For any given type of weir the coefficients C1 and C2 
and exponents n1 and n2 should be equal, Then the equation (4) 
reduce$ to 	= K (~. 	'`  where S is the submergence ratio 

. The constant K and the exponent m which account for the 
H 

inteiaction effects were determined separately for each weir 

type by the algebraic method of averages. The results for the 

seven weir types tested by Villemonte when averaged arithmatically 
showed K equal to 1.40 and 'm' equal to 0.385 for a practical 

submergence range of 0.00 to 0.90. The maximum variation of each 
from the average is less than 1 percent. 
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Thus, the general discharge equation for all sharp 

crested weirs with crest curvatures expressed by continuous 

single valued functions is 

For all sharp crested weirs regardless of crest 

curvature the more general form of equation (3) should be used. 

Assuming the same constants to apply the equation for this case 

is 

Q = Qi ( 	Qom. ..... )0.385 	 ...... (7) 
Qi 

2.2.4.2. , op~rilen al t_ ~~r i ~w ~■~ ratrr 

The sen experimental weirs described in fig.8 were 
mounted in turn m way in a steel Vlume 3 ft. (0.91 m) wide 

3 ft. (0.91 m) deep "ad 25 ft. (7.6 m) long. Discharge was 

measured by a calibrat4 standard 900 triangular sharp crested 

weir placed near the ups t am end of the flumes and the degree 

of submergence was controUe by three 6 inch (15.25 Cm) vertical 

outlets passing through the flu floor at the downstream and 

and adjustable in elevation. 

The same testing procedure wa used for all weirs. After 

calibrating each weir for free flow by +co arision with the 

triangular weir s the discharge was held con Cant and the degree 

of submergence changed 10 to 15 times from _0.0 to about 0.95. 
Upstream and downstream head observations were ten'for each 

submergence setting using point gages reading in 4 n(lQ cm) 
stilling tubes. For each type of weir the same procedure was 
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followed using three additio 4r.' constant discharge rates. 
Detailed observations re recorded on the behaviour of the 
nappe and downstr /r 

 e
flow conditions. 

The experimental results show that the dimensionless 
terms ç 	and I • , Q2 , have a consistent functional 

1 	 Q1 
relation for all sharp crested weir types. A logarithimic 
plotting of simultaneous values of Q/Q , and 1-SA for each 
experimental weir (Fig.9) shows the general confirmity of all 
data with equation 5. fte cons tan t K and exponent m were 
evaluated as 1.00 & 0.386 respectively. 

It should be noted that as 6, increases the term 1i-BB 
Yo S 

decreases. All tests at submergence ,O.90 were excluded from the 
calculations so that the results would typify more closely 
practical submergence conditions. 

The confirmity of each test with equation (6) is 
illustrated in Fig.l0. The degree of submergence is plotted 
against the percentage correction that must be applied to Q 
computed.. by equation 6 to give the measured discharge rate. 
Average curves are shown for each constant discharge series, 
together with their ranges in P/R1 and equivalent free flow 
heads ti • The point of transition from surface to plunging 
nappe conditions is also indicated. 

2.2.4.3. Conc .usiona, 
Results of experiments conducted by Villemonte agree 

favourably with those of earlier workers .Values of Q,/Q1  found by 
equation 6 are compared in Table 2 with a summary of existing 
data on rectangular notches compiled by Vennard, Weston & Stevens. 
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Also values of Q/Qi for two other types of sharp created weirs are 

given. 

As a result of the study the following conclusions 

were drawn by Yi ilemonte . 

1. The experimental work indicates that t~1Ql and 

1 	,,, , have the same functional relationship for 
each weir tested. In addition it is reasonable to 

expect that this relationship should be applicable 
to general group of sharp crested weirs. 

2 The effect of submergence on weir discharge 

decreases as In$ increases but the stability and 

consistency of such effect are Improved as out 

Increases. Therefore# triangular and parabolic weirs 

are more accurate when submerged than are 

proportional or rectangular wears. 

3. The accuracy of the submerged wens will be 

improved if the tail water basin is sufficiently wide 

and deep to permit free circulation of water under-

neath the nappe. In this way Interaction effects 

are stabilised. 

4. An application of the principle of superposition 

might be valuable in studying the effect of 

submergence on other hydraulic structures. 



2.2.5.0. When aXtthiln,-plate weir is submerged that As when the 
tail water risesiciently above the crest of he notch,head 

water will also 	 If the rates of discharge emain constant. 
Conversely, if head va\erllevel is fixed abov a thin plate. 

woir.,rate of dischargediminish as tai. water rises above 
the crest. Discharge 	 submerged we is expressed as 

a fraction of discharge overYvait if it were unsubmerged 

but functioning at the same 	depth. This fraction of 
discharge Q/Q1 is a function ergence factor 

5 	OL 	in which 

Hl = Head water dept above rest. 
H2 = Tail water de 94h above c st 
al * Area of segn4t of weir no h below the level 

of the hea water pool. 
a2 = Area of sgnent of weir notch elow the level 

of tail water pool. 

2.2.5.1. A simple formula was presented by F.2.Mavies59 who 
conducted flow tests in 1948 at the Caracigh Indtitute of 
Technology on si different shapes of thin plate weirs(Fig.11a) 
under submerged conditions, to express relationship bl een the 
discharge factor Q/Qj and the submerged factor a2 " H2 	for 
each. shape. 

a1*00 ~► ~11*45 5 ~r Q 

	

~ 	
14*105 	

~~.. " e 	M av i 0 o-'€  

	

b.-4 ecat- gave „Y.d.9 r do-J k-4ae . WL&ItJ taut in e~ 	rv~ krw... 2.2,5,2. Alperlme t_st 	 4 tea^ 	s d~Jt~ 

The-tests-were-on 	ank- 3: —(-2f96-m)-lord , 
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4 ft (]..22 m) wide and 3 ft. (Q.9l m) deep . f it plates of 169g  

galvanised sheet metal were bolted toga vertical bulk head frame 

3.2 ft.(.98 m) upstream from a tail. gate 2 ft.(0.61,nt) wide which 
controlled tail water eleva loons. Head water nd tail water 

depths above the crest pf each weir were ,,red by means of open 
tube manometers co nected to the si 'of the tank. A calibrated 
venturimetor,yaS generally used o measure rates of flow. A 
calibrated Vnotch weir wa serf for measuring very small 

dish. 

The coefficient C in the equation Ql = C. al 
as a function of head for free discharge, for each of the weirs 
tested is shown in Fig, ll( ) 

Tests, in eneral,, to determine effects of submergence 

were conducted as follow After ate of flow became steady the 
venturimeter and head water 	e, and tail water gage were 

recorded. These observations 	converted respectively in 

to discharge) beat water depth and 	water depth. 

2.2.5.3.nai.ys .e of pate jt ir~i~n~urrni ~n  

For each observation of iI,2 and Q a fictitious dis-

charge (Ql) was calculated from observed head water depth and 
coefficient of discharge for that particular weir (Fig.li(b) ). 
The ratio Q/Ql it the discharge factor. For each test the 

corresponding submergence ratio H2'fl1 was also determined. The 
discharge factor was then plotted as a function of the submergence 
ratio in Fig.12. I t is seen from the figure that the sutro weir 
is most affected by submergence and the weir least affected in 

the cuspidate weir. 
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The relations between Q/Ql and the submergence factor 

IS# for all weirs tested are shown in figure 13. 	Tests of all 

submerged weirs follow a single pattern and one curve can be 

drawn to represent adequately the discharge factor as a functicn 
of the submergence factor for all weirs tested. The equation 

is , ,Q, -. 	__ 
~l  2 

2.2.5.4. conclusions_ by Mayies: 
Navies found that the results obtat *d by Poleni 

(para 2.2.1.) and himself are strikingly similar. He had restated 
Poleni's formula interms of the submergence factor 1.60 which has 
been previously mentioned. 

2„2.6.0. Another 	study of the effect of submergence on 

trapezoidal. notch was done by V.Mandrup Anderson and Niels Dahl9 
at the hydraulic laboratory of the technical university of 
Denmark in 1961. They observed that 

• 

Where 	Q 	Submerged discharge 

Area of the water way of the trapezoidal 
approach channel. 

F= Area of water way of weir notch. 
C= Discharge coefficient with free nappe which 

is a function of F!/1 	_ 	 _ - 

4 
rn the above formula C7 is e. Auction of Froude's number 

which is given as.. v , . It will thus be seen that LJIIT wi.1.1 
cancell at numerator and denominator leaving discharge as a 
function of lid/El which is nothing but (I.. H2/N j) or (I-Si ) 
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2.2.6.2. Tests with weirs with a free nappe corresponding to 
hd/H1 ? 1 	are treated first. By this arrangement a relation 
between the discharge coefficient Cy and the area ratio F'/F 

'4 
has been found (Fig.16)-- it will be seen from the Plot, a 
smooth curve ,can be drawn in such a manner that great majority 
of the test points have only cc parative .y small scatter. only 
when Fe/ ' is higher than 0.6 • .0.? I Is the deviation too great. 
This is due to the fact that the discharge coefficient cannot 
be expressed by just one parameter as done here. It is also to 
a oertaln extent dependent on the geometric sh+ e, 'With fair 
approximation this curve , in figure 18 satisfies the equation 

0.021 + 0.505  

where 0.2 < Ft/F < 0.6 and a$ < 1,25 

2.2.6.3. Tests with submerged weirs were treated next and a 
relation between th€ hd/E1 ( which is 1 - 8l/fl1 ) and the 
reduction coefficient was found on the basis of the knowledge of 
the discharge coefficients for }deirs with free nappe. (Fig.lo) . 
A smooth curve which approximates the test results as far as 
possible is drawn. The deviations (4 to 0l ) in this case also 
may be due to geometric shape. 

The curve satisfies the equations 

0.392 r 2.00 bdJE1  - 2-31 (hd✓Ui)2  + 0.916 (bd/E1)3  

2.2.1.4. Hence for trapezoidal weirs the validity of the 
formula Q 	• c . F 	g Hl has been proved convincingly in 
which' depends on the submergence ratio and OF depends on Fl/F. 
it has also been proved that geometric Shape also affects the 
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results although it can be of secondary importance because of the 
small deviations in the test results. 

2.3.0. HIGH COEFFICIENT WtIRS(OGE HIPED) 
2.3.1.0. Edward'3oucek10  made a comparision between a series 
of current meter measurements of discharge over the low 
University dam ( in mid western U.S.A.) and the discharge over a 
1:12 scale model of the dam. The range of discharge studied was 
such that both free flow as well as submerged z'low conditions 
were compared. Both the model and the prototype ' exhibited a 
considerable reduction of discharge due to submergence. However, 
the model tests demonstrated the inadequacy of single valued 

relations between the percentage submergence and the reduction in 
discharge capacity. 

2.3.1.1. The results of the model tests for free and submerged 
conditions are shown ttn Fig.14(a) & m(b) . Following usual 
practice the diminution in discharge capacity due to submergence 
Is indicated by curves in which the submerged discharge, 
expre Aed as a percentage of the unsubmerged discharge which would 
obtain under the same energy head f  is plotted against the 
submergence. For submorCence lower than 455, the relation 
between discharge and the energy head was not affected by 
the submergence. It is also seen that for different discharge 
rates on the model different curves are obtained. It is also 
interesting to note that the sequence of change from a lower 
discharge to a higher discharge is systematically from right 
to the left exept for the case of lowest discharge which does not 
confirm to the above. This may be due to the fact that the 
energy head over the model was only 0.1 ft in which case 



37 

 

 

 



38 

Visca .ty and surface tension might have played some part for 

this irregular behaviour. This point however could not be 
thoroughly investigated the Soucek. 

This means that, the ratio q/Q 1  at the same energy 
head is a function not only of the submergence but also of the 
discharge flowing over the model. 

A part of the relation between submergence and the 

ratio Q/Q j  obtained on the Deep waterway Dam by the U. S. Board of 
engineers is also Shown for comparision in Fig.Curve U. S.D.w.) • 
It is seen that the effect of submergence obtained by Soucek was 
only a small fraction of that obtained on the Deep waterways Dam. 
The effect of submergence on the model of the University Dam was 
not appreciable until the submergence exceeded 45% where as the 
Deep water way dam was affected by much lower submergences. 

2.3.1.2. Soucek opined that the use of a typical submerged flow 
data can be nothing but a rough approximation. The fact that 
the Q/Q , VS E2/Hl curve plots to be a smooth c rve - appears to 
have given rise to a prevalent belief that in genera $ the effect 
of submergence on the discharge over a dam can be represented by a 
single valued curve relating submergence and discharge ratio. 
Attempts to plot submerged spillway data in this manner 
invariably lead to a wide scatter of observation points. This 
in turn leads to the opinion that submerged flow over dams is 
a far more unstable phenomenon than Is really the case. 

2.3.1.3. The conclusions by soucek were that 
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1. The effect of submergence on the discharge is 
affected by many other factors including the 
shape of the spillway. 

2. It is not possible to express the effect of 
submergence upon the discharge by a single valued 
relation between the submergence and the discharge 
ratio. In the range covered by the tests the 
effect of submergence is greater for higher 
discharges. 

2.3,2.©. United States Bureau, of Rreclamation11  has conducted 
some experiments on ogee shaped structures and obtained very 
useful informations about the effect of submergence on the 
coefficient of discharge. The scope of their study was quite 
wide*  In addition to the above, the studies also furnished 
Information regarding the effect of the level of downstream apron 
on the coefficient of discharge and also the types of flow that 
existed immediately downstream of the weir crest. However only 
the relevant Points will be discussed here as the other subjects 
are beyond the scope of this dissertation. 

2.3.2.1. Two small dams were subjected to the :model tests. The 
sections of the dams and some coordinatf6a of the ogee are shown 
in Pig,. Discharge coefficients were first determined for the 
free flow conditions then redetermined for the various conditions 
involving submergence. The difference between the two is termed 
"The decrease In the coefficient of discharge due to submergence". 



This factor expressed In percentage of the free flow coefficient 

has been plotted for practically all combinations of flow which 
can occur on small dams with horizontal downstream aprons. 

2.3.2.2. 	Proced~ are. t 

Free flow was allowed on the models and the relationship 

between head on crest and the coefficient of discharge was 
established for both i the dams* This is shown in Fig.2E.12 

After this the movable floor at the downstream side 
was fixed in a particular position and a constant head was 
ma .ntained on the dam. The tail water depth th was then made to 
vary from a point of no submergence to almost $0 to 95% 
submergence. About 6 to 8 runs were required for this. During 

each run measurement of discharge and downstream water level were 
noted accurately; The same series of tests was repeated while 

a second head was maintained over the crest of the dam. These 
were again repeated for different other heads on the dam as well . 
as. for different floor positions at the downstragm. 

The coefficient of discharge was obtained for each 

run and the decrease in the coefficient of discharge due to 
submergence and also due to the presence of the downstream, floor 
was obtained for each run by subtracting the coefficient of 
discharge as computed above from the free flow coefficient 

- ig (Fig.) for a corresponding flow condition. 

2.3.2.3. The results were plotted in Fig,. One of the finding 
Is regarding the types of flows encountered. 
f -g -e, The vertical dashed lines- indicate the percentage 
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decrease in the coefficient of discharge due to the effect of 
downstream floor where as the horizontal dashed lines indicate 
the decrease due to the effect of the submergence. 

The curved portion indicate that the reduction in the 
coefficient of discharge is due to both submergence and the 
downstream apron. 

2.3.2.4. The results obtained from model studies gave an idea 
about the general relationship between the degree of submergence 
and the reduction in the coefficient of discharge. It is seen 
from Fig.l7 that the coefficient of discharge only gets reduced 
if the degree of submergence exceed beyond 45% or so. 

2.4.0. . BROAD CR SThD W1RS 
2,.4.1.0. tames G. Woodburn made a number of tests during 
1928 -29 at the University of tMichigan c broad crested weirs 
of various designs in a rectangular wooden flume 2 feet(0.61 m) 
wide. The crests varied in breadth from 10 to 15.5 ft. (2.05 m*o 
4.72 in) and in slopes and combinations of slopes from level 
to 0.085, The range of head was from 0.5 ft. (.153 m) to 1.5 ft. 
(.955 m) and volume of flow from 2.0 to 11.0 cusecs(0.0566 to 
0.3.12 cwuecs). 

The purpose of tests was to obtain experimental data 
in regards to the following two advantages of the broad 
crested weirs over the sharp crested weirs. 

is Its adaptability to the use of the hydraulic jump 
to reduce to a minim= the head lost in the weir,& 



2. The possibility of producing flow at critical depth 
with a resulting siople relation between depth and 
discharge which is independent of the confusing 
effects of velocity of approach. 

2.4.1.1. Coefficient of discharge of various weir models were 
determined both with over fall and with tho weir submerged. The 

data thus obtained permitted a study of the effects of submergence 
on the coefficient to discharge. 

The tests in which the jump could not be produced'  when 

the weir was submerged, the coefficient of the submerged weir 
was on the average 0.219 less than for the weirs with free 
over fall, The remaining tests in which the hydraulic jump was 
formed on the crest under the submerged condition the coefficient 
of the submerged veirs was on the average 0.081 b less than for 
w lrs with free over fall. 

The submergence was created by backing up the tail 
water. to an elevation only slightly lower than the water surface 
at the downstream end of the weir. 

2.4.1.2, Unfortunately no degree of submergence was indicated 
by Wood burn. By inspection of the water surface profiles 
given,, it is estimated that where the hydraulic Jump occurs 
this submergence may reach 7$$ to 80 as a maximum with no 
material change in the coefficient of discharge. The ability of 
the broad crested Weirs to operate under submerged condition, up 
to about ?5 to 8, with practica ly no change in the coefficient 
of discharge gives it an advantage over sharp crested weirs. 
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The broad crested weirs operating under a considerable 

degree of submergence requires the measurement of head at one 

point only. 

However$ Wood burn did not investigate the effect of 

higher submergence on the coefficient of discharge. At greater 
tail water conditions,, the upstream water level will fluctuate 

and the coefficient of discharge will reduce. 

2.4 2.O.. Edwln Samuel Crump13 devised a new method of gauging 
stream flow with little afflux by means of a submerged weir of 
triangular profile. Tests made by him on a model weir of 
standard profile show that the modular coefficient of discharge 
is sensibly constant and that the ratio Q/Q1 i.e. actual 
discharge to modular discharge is a unique function for a given 
value of head over crest, 

2.4.2.1. In the submerged condition, the discharge is a functiox 
of two independent variables instead of one as in the case of 
modular range. The normal procedure Is to first establish the 

value of the modular coefficient IC' from which to calculate the 
free discharge corresp cling to the upstream head over crest anc 

then to ascertain theman~ r in which the reduction factor Q/Q1 
varies with different degrees of submergence. 

2.4.2.2. In majority of the cases the modular coefficient 'C' 
is not constant but Increases with upstream head. If 'C' 

Is not constant the relationship between the reduction factor 

Q/Q1 and ratio of. submergence is not unique but is different 
for different values of H1. In seeking a form of weir likely 
to prove suitable 

/.for double gauging, it was realised that the best & ,possibly► 
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the only chance of success lay in finding a weir which avoided 
these difficulties and complexities. It was found that in the 
case of all weirs which are rounded or have a flat fact in the 
vicinity of the crest ,'c t increases with Hi where as all weirs 
investigated by Bazin exhibited for each particular profile an 
approximately constant value of 'C'. 

2.4.2.3. Results of model tests on triangular profile and other 
profiles are shown in figure 20. Curve 'A' is plotted from 
results of Francis and Ytely-3teMas for the sharp crested weir. 
A point to be noted is the very wide range in values of the 
modular limit. 

In model 'B' the modular limit was reached at a 
submergence ratio of 288. The model OC I was Crump's Standard 
weir for double gauging. It is seen that this has a high 
modular limit of 70 and that with submergence ratio of 80% 
the departure from modularity is only 1. The model 'DO which 
is an idealised replica of the standard design of old Indian 
Weirs, has a very high modular limit of about 94$. 

2.4.3.0. The irrigation research institutel4  at Roorkee had 
conducted model tests in order to study the relationship between 
Q/Q1 and the submergence ratio under different heads for the 
Sarda Canal main regulator at M.2.5-440. The model was 
constructed to a scale 1*20 and it was run for various discharges 
for recording corresponding water depths at upstream and down-
stream ends under submerged condition. 

2.4.3.1. From the observed data curves were fitted between Q/Q1  
and percentage submergence for six different depths ranging from 
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4 ft. to 9 ft.(1.22 m to 2.74 m) at the upstream end. A general 
relationship was obtained 

Q/Ql  = 1 .0 C ss, and a relationship 
0 , 361 

was also derived for C C = 0.4613 II i where I is between 
4 ft. & 9 fts(l.22 m to 2.74 m). 

2.4.4.0.. Richard 1. Smith15  conducted model testing on broad 
crested weirs corresponding to the inundated Levees or roadbeds,. 
in the Louisiana State U.S.A. The purpose was to calibrate the 
inundated road bed, acting as a weirs, for two conditions of 
flow; first, when the weir controlled the discharge and second, 
when the tail water was high so that control of the discharge 
had passed to conditions downstream from the weir. 

In the analysis of the observed data the specific 
objectives were three folds 

a) To determine the criterion by which it could be 
ascertained when control of the regimen passed 
from the submerged weir to tail water conditions 
downstream. 

b) Calibrate the heed-  discharge relationship for the 
condition within modular range i.e. within the 
control of the weir. 

c) Co-rrelate the variables head water and tail water 
elevations the rate of discharge for the condition 
when control of the regimen was downstream from 
the weir. 
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2.4.4.1. Models were prepared with broad crested weirs having 
crest width of 4.5 ft. (.L6.3 m),, height 0.425 £t.(0.12 m) and 
in one case having upstream and downstream slopes I In 1 and in 
the other case upstream and downstream slopes 1x2. The flume was 
5 ft. (1.53 m) wide and the maximum flow available was 1 cusec. 
The models were operated in the range of discharge (O.024 cumecs). 
At each discharge rate the tail water elevation was varied 
through a full cycle of progressively higher and progressively lowE 
elevations in successive runs. 

2.4.4#2. " "or the weir having 1:1 slope a relation was derived 
for Q.  

2 Q 	J g  ro.98 (H2/R)T 0.663Q,3(R2/H1) 

aimilarly for the other weir having 1*2 slope* 

R = H V2  7g 2.86  2.98 / 	a. QZT +0.991 H2/ it 3  

These were for the condition beyond the modular range. 

2# 5.0, to the previous paragraphs some notable works on 
submerged flow over weirs have been dealt with. It is not 
possible to deal with all the previous works on the subject 
although the Important ones have been studied* Besides these 
Invostigators o  some others e.g. Vennard and Weston, Cc xi  
Koloseus, Dominguez etc. have also thrown much light on thee 
sub,3ect. But in general the volume of literature on this subject 
is rather limited. 

2.6.0. R 	XTULATt ON s 	 ' 
Summing up the review work it is noticed that some 

of the investigators have only tested sharp crested weirs of 



different shape a« g. Pleley and stearns, Francis, Villemonte 
and Marries. The others have tested with practical profiles of 
weirs as they exist in actual cases i.e., ogee, Broad crested 
shapes etc. 

2,6.1.0. Fteley and Stearns and Francis had developed empirical 
formulae and tested its correctness by model testing. They had 
not investigated about the generalisation of the discharge with 
respect to submergence ratio. Fteley and Stearns however, did 
notice the change of coefficient of discharge with respect to the 
submergence ratio. 

2.6.1.1. Viltemonte and Mavies Worked on similar lines on 
similar types of weirs. Each of them had developed a discharge 
equation for all sharp crested weirs expressed by a single valued 
function. Mavies had introduced the conception of submergence 
factor defined by aaj  H2  • However by comparing their basic 

formulae It is observed that the submerged factor '2' of Mavies 
is functionally equivalent to Villemonte's S ,m  where B1, is the 
submergence ratio N2/Hl. 

2.6.1.2. Mandrup Anderson and Dahl observed that the discharge 
can be found out by a single equation neglecting small effects 
of geometric shape. They also suggested that the reduction 
factor due to submergence can be realated to Si. However their 
study was only on a particular type of weir i.e. a trapezoidal 
notch. 
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2.6.2.0. 2dward &oucek and the U.S.B.R. made their experiments 

on high coefficient weirs (ogee shape). According to U.S.B.R. 

the coefficient to discharge is not affected up to a submergence 

of 4fi percent. 6ouce observed that a single valued relationship 
is not possible because of other factors coming in play. 

2.6.3.0. Three investigators have tested broad crested weirs 

under submerged condition. Woodburn's tests were conducted in 
the modular range of flow although the results have shy that 
the state of modularity extends up to a degree of submergence of 

70 to 80%, However his tests were not conducted beyond the 
modular range. 

2.6.3.1. Cr rip made his studies with different shapes of weirs 
although weir with a triangular profile was suggested by him 
for discharge measurements. His study has shown that no single 
relationship can be derived for all types of ,weirs as seen fran 

Fig,20 here different weirs have g. dist~iuctwy different 
characteristics as regards the relationship between the discharge 

and the submergence ratios. 

2.6.3.2. I.R.I. Eoorkcee also derived a general equation for 

the discharge relating 6y and Bl but their test was l .mited to 4' 

Ili, < 9' and also they studied one type of weir* 

2.6.3.3. Richard Smiths experiments on a typical broad crested 
weir revealed that the geometry also affects the discharge under 

submerged condition. He suggested two different equations for 
two weirs having different geometrical shape. It was also 
revealed that beyond the modular range both head water and tail 
water affect the discharge. 



2.6.4. Thus the review has shown that all the investigators 

do not agree with h the fact that a single valued relation can be 
established between the degree of submergence and the reduction 
in the discharge for all types Of weirs. 



CBAPT1R.3 

Tli 011=ICAL ASPECTS 
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CHAP TL'R 3 

3.1.0. GENERAL 
Flow over different types of weirs can be expressed 

by the equation 
e f ecttve 

Q1 G.L. 4 in which L' is the length of weir and 
Hi the total head over crest and 'C' a coefficient • known as 
the coefficient of discharge. Out of the many factors that 
affect the coefficient of discharge; the most important is the 
effect of submergence which is being discussed in this 
dissertation. However it will be worth while to mention also 
the other factors that affect the coefficient of discharge. 

3.2.0e FACTORS AFFECTING C 
2.2.1. 	he effect „of depth of apr... hs 

The nearer the sill is to the bottom of the channel 
the less the contraction at the sill and if the depth P is 
small compared to H1  the diminution of the contraction will 
considerably affect the flow. For sharp crested weirs U.S.B.R. 
observed that If P> 0.2 H1, the flow is not affected. For 

about 
the ogee crest, at P/H1 =,2.$ the coefficient does not change 
taking the head over the crest same as the design head for 
which the ogee profile is made. 

3.2.2. ffect0X Heads Differing From Design Head; 
When the ogee crest is formed to a shape differing 

desgned 
from the i4e shape i.e. when the crest has been shaped for 
a head larger or smaller than the one under consideration, 
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the coefficient of discharge will be affected. 

In saected weirs it is observed that for larger 
head over the crest the coefficient increases. 

3.2.3.  Effect (if fUpstream Face Slop®  i 
For small ratios of ••P/ j ,sloping the upstream face 

of the over flow results in an increase of the coefficient. 
For large ratios it will decrease the coefficient of discharge,. 

3.2.4. 

The vertical distance from the crest of the overflow 
to the downstream apron and the depth of flow In the downstream 
channel are factors which alter the coefficient of discharge. 
Depending on the relative positions of the apron and the 

C4,Sc,rCt 
downstream water surface five df a ar t characteristics of 
flow occur. 	F e;. V s r3 R 	Ve 	 19 

I. Flow continues at supercritical stage. 
2. A partial or Incomplete hydraulic jump occurs 

immediately downstream from the crest. 
3. A true hydraulic jump occurs. 
4. A drowned jump occurs in which the high velocity 

jet follows the. face of the overflow and then 
continue in an erratic and fluctuating path 
for a long distance under and through the 
slower water. 

bYtaxS 
r5. No jump occurs. The jet beams away from the 

face of the overflow and s.de along the surface 
for a short distance and then erratically mingle 
with the slow moving water underneath. 

In the first three cases the reduction in coefficient 
of discharge is mainly due to the 1e pressure effect of the 



downstream apron and is Independent of any submergence effect 
due to tail water. The parameter ( d)'Hj is less than 1.7 in 
the above case. However if b_ _ __,,, is more than 1.7 the 
downstream apron has not effect of the reduction of the 
coefficient of discharge. 

In such case the decrease is only due to the effect 
of submergence, U. S. B.R. observed in their experiments on ogee 
shaped weir that up to submergence of about %,there is no 
appreciable reduction in discharge. 

Geometry plays an important role in affecting the 
coefficient of discharge. For this reason different types of 
weirs have different coefficients. The value of *C' changes 
for each type of shape of the weir profile. 

3.2.6. Other factors such as approach conditions, effect of 
piers etc. also affect the discharge coefficients. 

3.3.0. DI NIONL8 	CTB IN 8UBMRRGBD k`IOW 
r-suhmer-ged-f- .-aw 

snha-r a  a- :  o lex- yes 
tion_of-coef `i-ci-en-t-ef 

In the previous chapter 
It is shown that various iivestigators have tried to 
determine the coeffi t nt by conducting model tests. The 
experimental +roe -ficient which is obtained from tests is a fu-
nction oft non-dimensional factors associated with the 
problem,e`f flow over weirs under submerged condition. The 
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non-dimensional constants are v y important as it enables 
the behaviour of problem 	similar type to be predicted 
providing the linear d ensions are geometrically similar, It 
will be useful 	d termine the non-dimensional factors 
involved in t d phenomenon. If co..relation is made between 
these fac14s then the problem will have wide applicationo 

3A.0 The flow over a weir In a submerged condition s  
provided the height of weir is Sufficient as specified, 
depends upon the following factors: 

H1 & H2  the upstream and downstream heads over 
the crest. 

.9 	acceleration due to gravity 
mass density of water 
Dynamic viscosity of water 

Gctuet rr of the ieir V1ll also be a parsmetez. The nci- 
1Gion1eø3 pararnetex will be a simple ratoct the 

iporant geometrical pacers; 

i.e, 	7 	3 	4 groups. By dimensionless analysis it 
can be shown that the four independent dimensionless groups 
governing the problem area 

1. Reynolds Number 	V Hi P 

9. Froude Number. 	«..,.  _....  
/g1 

3: Weber Number  



4. ;submergence ratio 	B2 
El 

For conditions where the value of Reynold' s no 

is more the ,5x1 as is usuaUy experienced in the 

P 
rote-type t the viscous and surface tension effects are 

igible: The iteyn©:.d' a d weber nos • can therefore 
new. 
be dropped out of the problem: 

	

. ~~ . •r., ,~' - 's tar +''~ ~.a +,~ E+~~'t. .mot irKSi 	w+ '1 	i'5 	+4 r~ ICtii7 fa G' 

Ui 
in sul erg ed flow problems• From the model tests cooreiation 

studies can be made between the discharge ratio, and the 

submergence ratio. The 
a core tion can give directly the 

reduction in discharges for different degree of submergence. 

.8.0 The discharge Per unit le.Igth in submerged condition 

can be expressed as t = C5. 	in which C$ .$ the 

reduced value of coefficient of discharge due to effect of 
submergence. under the Same head HI in free flow condition, 

the discharge Ql = C ' , In Which *C.' is the coefficient 

in that Condit Oil. 
Bence ,,.$.,. 	Cs 	Reecrroli.n 	\J \emon ) 
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CHJ' TAR - 4 

4.1.0 G1 Nr- AL 

Possibilities of doing experimental work, different 
type of submerged weir were explored. The studies necessit-
ated arrangements for volumetric measurements of discharge 
for correct evaluation of the discharge factor. It was found 
that the tank required was of quite big dimensions even to 
store water for a minimum period of five minutes. Very small 
size tanks were available in the laboratory which -could not 
serve the purpose. Manufacture of new tank of bigger 
dimension would have meant time and cost. By reducing the 
discharge over the weir the tank size could be controlled 
but the effect of viscosity and surface tension would have 
become more dominant, there by complicating the study of 
submergence effect on discharge factor. It was, therefore, 
considered desirable to depend on the actual experimental 
data on submerged weirs collected by different eminent 
hydraulic engineers of the world. This data apart from 
being accurate would also serve as - a broader base for 
evolving suitable relations for the engineering proffession. 

tee 
submerged flow probl s2, the subrgencé ratio is he 
pr1cipal factor ich is corelate with the c efficient 
o._4eehage. In order to establish the relationship 
between 81  and ...Q.. 1. experimental data has been collected. 



4. Submergence ratio 	_2 
Hl 

3.6.0 	 t-r-eb . 	 i. ohe-effec 
of viscosity and surface tend are not at all important. 

These variables will be 	erring when there is very little 

flow over the weirs ,,.-t in submerged weirs these will have 
-Ae~~ g~61c so effects. So hese factors can be ignored. 

3.6.0 The Froude t s number for submerged flow phenomenon 
over weirs is also less than one. As the degree of submergence 

increases the Froude' s an uber also gets reduced 4s such no 
suitable co-relation can be made between the discharge ratio 
and Froude's number.. 	(Ref - Perna 2-2.6• 0 

3.7.0 Thus (only parameter 	! is the most important 
in submerged flow problems. From the model tests co-relation 
studies can be made between the discharge ratio and the 
submergence ratio. The corelation can give directly the 

reduction in discharges for different degree of submergence. 

3.8.0 The discharge per unit length in submerged condition 

can be expressed as Q = Cs. P 	3 in which Cs is the 
reduced value of coefficient of discharge due to effect of 
submergence.- Under the sane head Bl In free flow condition, 
the discharge Q1 C } t in which 10' is the coefficient 

in that condition, 

Hence 	, z C 
	ecu-rolc r~ .o V. ll e,mort) 



CHAPTER-4 

COLLECTION OF ATA 
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CHAP TL`'I - 4 

4.1 .0 GGN MAL 
Possibilities of doing experimental work)  different 

type of submerged weir were explored. The studies necessit-
ated arrangements for volumetric measurements of discharge 
for correct evaluation of the discharge factor. It was found 
that the tank required was of quite big dimensions even to 
store water for a minimum period of five minutes. Very small 
size tanks were available in the laboratory which could not 
serve the purpose. Manufacture of new tank of bigger 
dimension would have meant time and cost. By reducing the 
discharge over the weir the tank size could be controlled 
but the effect of viscosity and surface tension would have 
become more r edominant, there by complicating the study of 
submergence effect on discharge factor. It was p  therefore, 
considered desirable to depend on the actual experimental 
data on submerged weirs collected by different eminent 
hydraulic engineers of the world. This data apart from 
being accurate would also serve as -  a broader base for 
evolving suitable relations for the engineering proffession. 

4.1.1 
to-st 	core 
su Aged floIprob9m, the submerge 6 ratio is he 

cipal factor ich.s corelate with the c efficient 
o4.-4e .barge. In order to establish the relationship 
between S and 	. , experimental data has been collected 
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from various investigators working on various types of 

weirs. The purpose is to see if all the different types 
of weirs can be corelated by a single valued function. 

Other investigators have found out common relationship for 
a similar type of weir e.g. navies & Villemonte for thin 

plate weirs. In this analysis,data has been collected for 

different types of weirs i.e. sharp crested weirs, broad 

crested weirs, triangular weirs, trapezoidal notches and 
ogee shaped weirs. It will be useful to mention in brief 

the model set up utilised by the investigators in doing 
their experiments. 

4.2.0 SHE? CRESTED W RS 
4.2.1 J.B«Francis made experiments on the flow of water 

wjN -no 	enc( ccmI-raclo 
over a submerged weir.^ His equation has been described in 

para 2.2.3.1 e The apparatus arranged for testing a 

turbine water wheel afforded the opportunity for testing 

his submerged flow equation* ;he-o•xper1-men-ts the 

.el as resented-from-revolving ;-the-brake-bela strewed 

p tigb.t-and-eecurely-b1nck.ad. The regulating gate was 
opened to admit a quantity of water to give the desired 

depth on the weirs,' n-tire-was-no obstruction-to-the 

f]ow_from_the_water_onthe-downstream-side-O-f- be-Ve4rS, 
'f he quantity of water flowing over the weirs was then gauged 

by the usual weir formula , 0te-leve1 Of -the-water-on-

ds~ rns..tr.eam_side-was then-raised.--a-little-at-a-time-and 

maIntained_long-enough-at-any-desired- hei-ght-to-aUow 
ob.nt.ruc-tions_ to_be_made,. There was a waste weir In the 
canal into which the waters discharged over the weirs flowed 



which afforded ample means for regulating the height of 
water on the downstream side of the weirs. When-the-water 
ia-raised-on-the._downstream-sale-of the weir-s  to a height 

to-obst t=the t1ow-ov.er-the weirs-its-effect is to-raise 
_the-height-of -the-water-on-the-upstream-side-of -the-weir•s 
wut-ay-change inthe-quantity-of-water- flowing fiver 
the-we-ir-s, -and-the-expertmen-ts-consisted-in-observing the 
he hts.-of--t ie--water -above-and-below -under--these. _cir_cum . 

stau'Cee-.. 

The data collected for free flow condition are 
appended in appendix A-3. The data for submerged flow 
condition are appended in appendix B -1 !. The upstream 
water level, downstream water level and the discharge 
passing over the weirs were only extracted for the purpose 
of this study. 

The other pertinent points of the experiment were: 

14 Length of the weir = 22.2 ft. ( 6.77 m) 
2. Height of the crest above channel bed 

= 2.4 ft. ( 0.61 in.) 

4.2.3 Fteley and Stearns also had done experiments 
on submerged sharp crested weirs in 18??. 

The length of the weir was 5 ft. (1.53 m.) and 
depths over the crest. varying from 0.07 ft. (2.14- em) to 
0.8 ft. (0.344 in) . The mean depth of the channel. below 
the crest was 3.17 ft. (0.96 in). The upstream and down-
stream water levels were measured by book gauges. The 
model bad no end contractions. 

The discharge records under free flow condition 
have been appended in appendix A-2. 



The level of the water on the downstream side was 

controlled by stop planks placed in a small dam just below 
the weir. The downstream water level was noted at a distance 

away from the crest to avoid the turbulence. The submerged 

flow data are recorded in appendix B 2. The upstream and 
downstream water levels and the measured discharge were only 

taken for the purpose of this study, 

4.2.3 V.Mandrup Anderson & N.Dahl had conducted model tests 
on trapeziodal notches in sub erged condition* 

The experiments were carried out in a 2m wide hydrau-
lic flume. In this flume a canal with trapezoidal cross 

section was prepared. The dimensions of the trapezoidal 

cross section weres 

Width of bottom 	= b = 0.60 m . ( 1.97 ~ ) 

Slope of the sides 	a = 1.5 

Depth of water 	0.1 m to 0»3 m. ( 3.94 inches to 
11.82 inches) 

At a distance 10 m from the inlet of the approach 
canal a trapezoidal test weir was errected. Behind the 
weir the bottom of the tail water canal was located at 0.3 m 
below the weir crest and the bottom of the approach canal. 
The bottom width of the weir and side slopes, a',  could be 

varied by making suitable arrangements. 

The model was supplied with water from a tank about 

5 m ( 16.5 ft.) above the model level* The discharge was 
controlled by a sluicing valve. The discharge measurement 
was made by a calibrated triangular weir in the return flume 

and also the water levels were measured by suitable 

arrangements* 
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Test results for one setting of the weir having 

a' 0.5 and b' = 0.1 m ( 3.94 in.) are appended in 

appendix A.7 and B.? for free flow and submerged flow 
conditions respectively. 

4.3.0 THICK WEIRS CWF~(~S Noll' 	Stf ~Rp CRETE) 

443.1 B,A.Smith had made experiments on broad crested 

weirs (Fig.21) . Model studies were conducted for two 
v•s id-s 

models having different ,side slopes , One had slopes of 

1 on I and the other hadkslopes of 1 vertical on 2 horizontal 
w 	e-W stream and 4owns-treaslopes-se-th-both-cases-, 

Length of the weir normal to the direction of flow was 

4.95 ft.( 1*51 m ),width of weir crest parallel to the 

direction of f .ow,0.5 ft.( 0.153 m) ; height of weir crest 

above the bottom of channel = 0,425 ft.( 0.13 m.) 

Read water and tail water levels were controlled by 

a supply valve and tail gate respectively. Head water and 

tail water elevations were observed by means of 1/211 (1.25 c~) 

piezometer connection to stilling wells equipped with hook 

gauges. Discharge was observed by means of a weighing tank 

and electric stop clock which read directly to 1/10 second. 

The model was operated throughout the range of discharge 

capacity available upto 1.00 tfa.(0*0283 cumec). At each 

rate of discharge, the tail water elevation was varied 

through a full cycle of progressively higher and progressively 

lower elevations in successive runs. 

The observed data for free flow and submerged conditions 

respectively recorded in appendix A4and B.4 
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Wu y WA 
4.3.2 	E.S.Crump made his experiments over a triangular pimVle 

shape weir ( Fig. 21) . The model was fitted into a rect..-  
angular flume 22" wide ( 0.508 m) and 33 inches deep ( 0.33 m) 
with its crest approximately 3 .inches above the steel floor 
of the flume . The weir block had QJL  upstream face at an 
inc1ingtion of 1 in 2 and a downstream face at an inclination 
of 1 in 5 giving a crest angle of 1420  '. 7'. The block was 
truncated to give an overall length of 14 inches with two 
vertical faces s one, 4 inches (0.102 m) upstream of the 
crest, the other 10 inches (0.254 m) downstream of the crest. 
The machined bra $A angle plate,, forming the crest of the weir 
had eight small holes of 1/1£" ( 1.5 mm) diameter, drilled 

on a line * inch (1.52 cm) from the crest communicating with 
an underlying duct. Two Pitot piers 1 inch (2.54 cm) wide 
divided the effective width of the weir in to one central 
bay of 10 inches (0.254 m) and two side bays of 5 inch (O.127m) 

F-nd co-n I -raI- o 	Ofecii 	a.4-  I,s QieerS 	w'11 he 11..Vrc 
each • In the nose of each pier, at crest level a single 
hole of 1/3.6" (1.5 mm) dia led to a second duct connected to 
the $ manometers. Four manometers were used for recording 
upstream and downstream levels. Discharge was measured by 
a standard V notch situated upstream of the model* In each 
run the discharge was kept constant while the tail water level 
was varied by means of a regulating gate situated at the 
downstream end of the flume. For each setting of the gate 
upstream and downstream water levels were recorded. 

The data for free flow and submerged flow conditions 
are appended in appendix 1-3and B.3respectively. 
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4.3.3 	U. S.S.R. had made a lot of studies on ogee shaped 
weirs in submerged conditions. 

Two small dams having different crest shape were 
subjected to the model tests under submerged condition. These 
are shown as Dam A and Darns in figure 21, The experiments 
were conducted on two different set up. Dam A was constructed 
in a flume 1.52 ft. (0.462 m) wide and 24 ft. (?.31 m) long. 
Dam B was constructed in a flume 1.90 ft. (0.67$ m) wide and 
30 ft. (0.915 m) long. Adjustable floors were provided both 
upstream and downstream from the dam in addition to the main 
floor of the flume. This was done with a view to change the 
head water and tail water depths required in the model 
experiments. Regulation of the tail water was done by means 
of an adjustable hinged gate located at the downstream end 
of the flume. 

During the experiment the tail water level was kept 
at different levels to create different submergence conditions. 
The water level at the upstream of the weirs was kept constant 
for different tail water levels by suitably reducing the 
discharge entering the flume. For different submergence ratios 
the quantity of water passing the weir,, the upstream and down.. 
streamlevels were recorded. 

Data was taken for one set of values of P for both 
dams A & B . For Darn A 0  P was 3.44 it.(  1.05 m) and for 
Dam B , P = 3.54 ft. ( 1.48 m), The data are recorded in 
appendices A.5 and A,.6 for free flow conditions, For submerged 
f low data are available in appendices B.5 and B.6 for both 
the dams. 
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ANALYST 8 OF DATA 

5.1.0 GENERAL 
The ideas about the effect of submergence on the 

discharge coefficients or the discharge passing over a weir 
are not quite explicit and there is a confusion regarding 
the actual relation of discharge with submergence. This is 
why specific studies are conducted for particular weirs, 
spillways to find the actual coefficient under submerged 
conditions. 1n engineer in the field finds himself at a 
loss when he reads that there is no effect of submergence 
as high as 70 to 80% on the rate of flow( an effect which is 
more or less true for broad crested weirs) and on the other 
hand he finds that even a submergence of 2 in case` of thin 
plate weirs is able to lower the rate of flow by 10,'and Incre-
ases with increase In the submergence ratio. No clear cut 
design criteria are available in the literature where all 
types of weirs were considered together and analysed to give 
the effect of submergence on the rate of flow. 

5.1.1 	The actual coefficient,bf discharge and consequently 
the discharge ov the weir 	be a function of weirgeometry 
and flow parameters d the 	ect of submergence. The 
determination of disc 	may vary from weir to weir $ but 
there seems to be a br d reement on the effect of submergence 
on the d.sharge rat3 •. 	It was this reason why the fact- 
or Q/Q1  was chose for analysis ithout going into the specific 
values of coefficient of discharge; 
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A knowlbdge of 	effect of submergence on the 

discharge ratio 
	ble the engineer to decipher the 

exact magnitude of Ais 	ge passing over the weir in 

submerged condit(on. 

5.2.0 EVALUATION OF DISCHARGE UNDER FREE FLOW CONDITION 

5.2.1 Data of different questers on the various types of 
weirs is given in appendices A and B. Since in the evaluation 

of the factor Q- the denominator will be required for 

different heads H, , stage discharge relations are necessary. 
For this purpose the free flow data from the actual observes 
tions was analysed by plotting in double log graph paper with 

el as abscissa and 	` as ordinate and the relations are 
charted in figure 22. The equations relating the free discharge 

Q1 in cusecs and Hl the actual head over the crest including 

velocity of approach in feet are given below: 

Zharp C s ted teirs =. 
l• Francis data Q, 	- 3.35 

2. Fteley and Stearns data ql = 3.446 I 

3. Anderson and Dabl data Q1 = 1.61 Bl•~' 

Ql and Rl in cumec & 'm' 
respectively. 

ARP CRSiE7}L) 
1.56 

(Broad crested weir)= Q1 = 3.72 Hl 

(Triangular weir) 	try = 4.02 g1•?` 5 

6. U.S.B.R. Dam A (Ogee) Q1 = 4.11 Hi•665 
1.72 

U R I)aPn 	(Q $) 	° 3.72 El M • B 	B 

Thick. e 	s (W EARS Nol 

4. R .A. Smith data 

5. E.w.Crump data 
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5.3.0 CFFCT OF SUBMtG1 NCH ON DISCHARGE 

5.3.1 F.T.Mavisa has given a relation corelating discharge 

ratio and the submergence factor '3'. According to him it 

is possible to have one relation defining the effect of 

submergence which he expressed by equation: 

1.00 	( 4.45 $ * 2(10»108 ) 

With a view to study the effect of submergence factor and 
the relations were plotted and are exhibited in fig.23. 

A study of the figures will reveral the followings 

I. 	There is a marked difference in the curvature of 
curves for thin plate weirst ( sharp crested weirs) and thick 
weirs like ogee and broad crested. In the case of sharp f 
crested weirs the submergence Laffect is visible from the very 

outset but in the broad crested and ogee weirs practically 

no reduction in the discharge takes place up to a submergence 
factor of 80► 0.5 
2. 	The data of triangular and U.So B.R. Dam A fall in 

between the tendencies of the sharp crested and broad crested 

weirs 

It will be worthwhile to note that the dam A section 

was in between the thin and thick geometry of the thin and thick 
.1 

weirs and therefore also showed results in betireen. The 

triangular weir tb ough similar to the broad crested profile 
showed different results than the broad crested weir. The 
possible reason is in the effect that where as in the case of 

all the weirs the approach depth was not less than the head 
o•.15 6-k w, Latin p wtl o -n wdF H I r arrn 2 a till" O• 7 9 ti fo A I ~' 

over the crest) in case of triangular weir it was less. Thus 
the effect of approach depth might have affected the discharge 
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in triangular weirs. It was on this reason the data of 

triangular weir was not studied further. 

5.3.2 The submergence factor takes into account the' 

	

For 	10c - weirs, M avi' rn'  
areas upstream and downstream of the weir. For simpl city 
pf corelation and calculations further studies were done 
with submergence ratio only  H2 = ST  he results of 

Maiden has used the parameter '&' for finding out 
relation for submerged weirs whereas others have used 
the parameter 8:. The later peter has beex used. by 
the author for r s a of simplicit3r 

into these two broad categories for further .corelation and 
statistical relations. 

5.4.0 STATISTICAL RELATION BEEN Bl and Q/Ql 

5.4.1 The two limiting conditions for any equation are that 
when submergence ratio Is zero Q/Ql should be unity and 

when submergence ratio is one Q/Q1 should be zero* With this 
aim in view the relation was determined between Q/Ql and 31. 

As would b clear from chap or 3, the two important 
factor governing the ow over s merged weirs are the 
Froude's number and the bme gence ratio. R.ALSmith15 and 

9 att e J e d 
Anderson & Dahl have trie o give some corelation fw~ it1h 	ti 

i3 1 I YV f fz fit' n ctL C~ tic 	- 	liy 	py* a S e) c 7 4 ~- ' '6 /E' 
Froude t s number. Tk _ proach• as-not—formed .n- this-case `~► 

-because The Froude f s umber for sublerged weirs will range in 

very low limits from 0.4 to 0.7 approi'imately end--necessi,ty- 



08 

F T EF Y -: DATA 	 •a 

CO 	( 

('834 ,. 

!: 
04 

a 	_ 468 
- 

x t? 

1, 0.2 

t.a 4 	05 U U 	0/ 	} cc) 	I O Q I 	i b 	051 

a rI' 	A 	Cf C/( 	~~ 	c~    24(tI r r 	Ir'  

TT 
r 

E 

C~ 7 

 

JAIL DATA 	

t 	 • 

)4 	~ 	I.s`.} 	(1I 	C32 	S
• 

7 l i \ T I  1~d V 	 FG 2 ~a C 	 • u 	 y  .. ~ , . 





- 
o€-de f to in g-the - ands s t beZ

__1_ 

a sgeat-to-the -gyps ream 

,channel--or--f -low-  cave -th-e-  crest 	downstream, All the 
more the velocity profs from m of the weir to down-
stream of the weir the char Is quite fast and a slight 
variation in the determin tion f velocity at any particular 
point or the location 	the point an have a large effect on 
the actual determinationn of theeffect o submergence on 
discharge factor. /It was for this reason\a simple corelation 
with the submerg4nce ratio was considered durable. 

5.5.0 	U.P.I.R.I. has given curves for different types of 
submergence in weirs for Ganges river at Narora16, Sarda type 
falls183  Sarda canal regulator. In all these relations 
over simplification have been attempted by giving a straight 
line variation between Qfr 1  & 5l  ( when points are plotted on 
a lo$g log graph paper) . Actual plotting showed that a 
straight line fit for points on double log paper was a rough 
approximation when the submergence ratio was in the range 
003 to 0*9 

5.6.4 RELATION FOR SU1ERGEDHIP CREST 'D 'WEIRS 
5.6.1 A study of the Francis & Fletey & &tearn is data for 
submerged sharp crested weirs as shown In figure 26 will 
show that the points lie on a smooth curve from 3 percent 
submergence onwards. Points for submergence from zero to 
3 percent were not available because in this range the 
discharge ratio wavered arround unity. All the more the 
fluctuations in the readings was perhaps such as no definite 
observations other than free flow could be observed. A 
statistical relation as given In appendix C was tried to 
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cover the points from 3 percent to 100 percent submergence. 

The relation warps out to be 

Q1 	-0.027&1 -$1 ..0.059 

The curve has been extended to join the discharge 

ratio one, of- the top corner ordinate by a dotted line. 

Even a straight line variation of 	= 1 at 31 = 0 to 

0,966 at 6 ~- 0..03 would be a quite accurate assumption. 
1 

The equation so derived can be used for sharp crested weirs. 

The equation given by Villemoutea is superposed for 

comparision (Fig. 28) . It is seen that the two curves agree 
fairly well. Hence the equation suggested by the author 
can also be used for sharp crested weirs between 3;=0.03 to 

S = 1.00. In figure 29 discharge ratio is plotted against 

The equation found by the author is based on the 
data of sharp crested rectangular weir of T.B.Francis7 and 
Fbtely and 3teaa s6. The relations given by ViUemox to and 

Mavies cover all types of Sharp crested thin plate weirs: 
A plot of the authors relation with that of Mavies and 
Villemonte in Fig„ 28 & 29 shown a maximum variation of 6% 
of discharge which may be due to the selection of particular 

data for analysis. Villemonte and Mavis relating may be used 
for all types of sharp crested weirs and author's relation 
mar be taken only as a guide in the case of sharp crested 
rectangular weirs only. 
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Crump, Smith and U.S.B.B.. Dam B data ( Fig. 24 and 25) show 
that though the submergence starts affecting the flow at 
about 45 - 55% submergence the effect is negligible upto 
a 65 percent range of submergence and there is a sharp 

reduction in rate of flow after a submergence ratio of 0.65. 
The relation derived on this limiting value of &0.65 gives 

corelation of Q/Q1 and S. 

~. - 9.815y-7.555 226 

t may be mentioned that no empirical or statistical 
n has been offered by other investigators except 
th1 ; The results from his relation (eqn; given in 

are superposed, in Fig.27 for comparisian:  It 
seen that the author's relation is simpler and has 

the same accuracy as that of nith 

The 11.S.BJt. 11. .B. 	 also has given a set bf curves which 
i be used both for finding the d js apron effect and the 
emergence for ogee . weirs Those curves (F1g` i ar-i I 

• 

be used by the deigning. 
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6.0.0 	Submerged flow on weirs is a common occurence in the 
fie ?d. The usual criteria of finding the quantity of water is 
to consider the flow in two parts with a free weir flow over 
the downstream tail water level and the orifice flow between 
crest elevation and the tail water elevation. To derive an 
equation for submerged flow suitable coefficients have to be 
assumed for the free weir flow and orifice flow*  The deter- 
mination of these coefficients is a subject which is conducive 
to controversies and correct determination of them is an 
experimental procedure. AU the more the coefficients so 
determined will vary from weir to weir and flow conditions. 

6.1.0. J.R.Villemonte & F.T. a-vic were perhaps the first 
hydraulicians who attempted to find out universal equations for 
submerged weirs. Their work however is confined to thin plate 
weir e.g. sharp crested weir* On the other wnd most of the 
hydraulic Structures in the field fall in to the category of 
broad crested weirs. Data collected in the dissertation from 
various Investigators show that the effect of submergence on 
thin plate weir like sharp crested or V notch is very much 
different than from the broad crested or ogee weirs. Where as 
in the former case the submergence effect is obvious from the 
initial stage of submergence in the case of latter a 65 sub-

mergence has practically no effect. With this finding,,the data 
collected has been analysed and stastistical relations have been 
derived hetwrern the discharge ratio ©loi and the submergence 



ratio Si 

6.2.0. For the case of :harp crested weirs the following 

relation holds goid. 

1.03 	0.0270 S1 4 9 0 9 

...~ 	_ 	—   .Lt_ .s 1 	.. 	l.f_ — A._.!i.l.... n —A.--..... 	.► 	a..l~d..._..~. xs .,.,.. ...► 

K 

The equation found by the author is based on the 
data of sharp crested rectangular weirs of 3.$,. 'rancis7 
and `btely and Stearns', The relations given by VilUemonte 
and Navies cover all types . of Sharp crested thin plate 
weirs. A plot of the author's relation with that of 

vies and V llcmonte in Fig; 28 & 29 shown a maz3num 
variation of 6% of discharge vh .ch may be due to the sele-
ction of particular data =for analysis; Viilemonte and 
Navies relat n1 stay be used for all types of sharp crested 
weirs and author's relation may be taken only as a guide 
in the case of sharp crested rectangular ieirs only". 

—6.9. 0. The above two relations can be adopted by field 

The U.S .B.R.. also has given a set to curves whic 
C 

can be used both for finding the d/s apron effect and t 
submergence for ogee weirs'.Thos e curves (Fig, No.19) 

may be used by the designing; 



There is a lot of scope to do future work in this 

subject. The co-relation of the submergence and the 

Lischarge ratios may be done for a wide range of discharges 

ever different widths of the flume; From the data analysed, 

,hough various discharge rates are allowed over the weirs 

io definite trend,, as to whether the rate of flow has any 

bearing on the corelation of Q/Q1  and Sit  could be established 

he aspect of scale effect also could not be studied.1. For 

,ery low range of discharges the viscosity and surface 

tension effects may be Predominent and these must also be 

:onsidered. Further studies in these regard are needed. 

More studies may also be made to analyse the effect 
if the height of the weirs. From a very low value cf P/H1  

;o high values the effect of this not .-.dImentional parameter 

in the discharge ratio may be established. 

The geometry of the weir is another very important 

'actor'; Although some studies have been made on ogee type 

:rests very few studies have been made on broad crested 

relrs. Different shapes of broad crested weirs and other 

reins over a wide range of discharges may be subjected to 

yodel testing up to almost 100 percent submergence. This 

may be done in the same manner as that cfJames-,. G.Woodburn 
n the non modular range of flow-; 

0 
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APPENDIX - A 

In appendix A, seven tables are presented bearing 

numbers A-19  A-2, A»39  A'4, A--5, A'6 & A-?• The head discharge 
relationship under free flow condition has been derived for 
the types of weirs. The effect of velocity of approach has 
also been taken into account while deriving the expression 
for free flow discharge. General explanation for the 
appendices are as follows:- 

The data has been taken from J.B.Francis7 I experiments 
on sharp crested weirs. Column 3, Column 4, and Column5 have 
been extracted from Francis data. The negative values In 
col. 4 show$ the distance by which the tail water Is below 
the crest. Other columns are tabulated by the author to 
determine the head over crest. While calculating the velocity 

head, the energy correction factor is taken as unity so that 

h$  - V2/2g . This is true for all other data collected. 

Data was taken from A.Fteleys and F.p.3te rnd 
experiments on sharp crested weirs.Column 3 and column 4 
which give H , and Ql  respectively were extracted from their 

l 	data. Other columns are tabulated as before. 

The experimental results were taken from the work of 

E.3.Crump13  on triangular weir. Column *, column 4 and 
column 5 were relevant to the author's study. Column 4 gives 
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tail water depths over the crest which means that the flow 
is not free. However it may be seen that for any constant 
discharge the upstream water depth Hi does not change 
appreciably for different values of H§ . This Shows that 
the submergence created by the tail water levels given by 
column 4 has no effect on discharge. As no other free flow 
data is furnished these are taken to represent the free 
flow discharge. 

Data was from R.A.mith'sis  work on broad crested 
teirs. Smith measured directly the head over crest instead 

of .water depths. 

These are taken from U BR. experiments on Dam A and 
Dam B respectively. No free flow data has been given as such. 
or the purpose of author i s study discharge data for 25% 

submergence and less has been taken to represent free flow 
data. This assumption is fairly correct as it may be seen 
in the text that submergence of 5 and above affect the 
rate of discharge*  

The data was extracted from V. Mandrup Anderson & N. 
Dahi's0  experiments on submerged trapezoidal notch. The units 
in this case is in metric units. In all the six readings, 
the tail water level was below the crest. Average discharge 
per meter length has been calculated taking the mean width 
of the notch calculated in column 10« 
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APPEND  IX—A 4 

FREE FLOW OVER BROAD CTh3STED WEIR 

EXPERIMENTAL DATA RECORDED BY R.A. SMITH 'S  

• 51. J b1.No. of -- 1 	 .1 
No,. X the Expt. 	I 	Q 	I H (Hi * h) 

CUSSC3 . I 	ft.. 

With Side Diopes ltl 
1.  1 .0183 .034 
2.  3 .0369 .053 
3.  12 .0610 .074 
4.  19 .0840 .089 

be 26 .3.006 .100 

6.  40 .1411 .126 

7.  52 .1832 .148 

With Side Slopes 2:1 
8.  61, .023.8 .039 

9.  63 .0349 .053 

10.  67 .0627 .069 

11.  70 .0838 .090 

12.  73 .1014 .101 

13.  86 .1410 .082 

14.  95 .1009 0101 
16. 99 .0804 .087 
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Ak'P i TDIX - B 

In this appendix seven tables are also presented 
having numbers B-1, B2, B-3'  B-41  B»5, B-6 & B-? dealing 
with submerged flow over the different types of weirs. The 
data collected from various investigators for their works 
were for the head water ( 1 ) and tail water ( H2) depths 
and the discharge (Q) in submerged condition. All other 
columns are tabulated by the author. The velocity head is 
calculated taking energy correction factor as unity. It 
is assumed that the velocity head is same for both the 
upstream and downstream of the weir. In the actual case it 
may be slightly different depending on the upstream and 
downstream water depths of flow* However the velocity head 
Is so small that this difference is negligible. The 
submergence ratio S 	. and the discharge ratio .4— 

	

BI 	 Ql 
are calculated. t, is the free flow discharge for the 
corresponding head Hl  and is calculated from the relation 
established for different types of weirs in para 5.2.1 
from the experimental results appended in Appendix A. 
Another parameter ( 	} 	has also been calculated. 
This parameter represents the submergence factor '8'  as 
defined by F. T..Mavis According to him:- 

B 	a2 2 
nl t 

Since in the present study discharge per unit length 
is calculated, the ratio a2 is same as BP, 

a, 	 713. 
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A t 

Hence 8 .- B 	! 	(j 2. )h15  Hi 	Hl 	HI  

The various tables furnished in this appendix are 
as follow$$- 

B - 1 Sharp crested weir 
B - 2 Sharp crested weir 

B - 3 Triangular weir 
B 4 Broad crested vein 

B - 5  & Ogee weir B *6 
B w 7 Tr*,p eaoida1 notch 

Data from J,B.Francis 
Data from J.Fteley & 

F.P. Stearns 
Data from B.C,Crump 
Data from R.A.Cmith 

Data from U,B.B.R. 

Data from Jnder son & Dahl 



No.1 	baXS]. B2/Hll (H2/Hx)1.5XQ1r3.361i11'39I . 3/rj 
ft, X 	I 	1 CuSec5 	x. 

1. 071 .07 002 	3.48 	.956 

2. .165 .3,52 .06 	3.51 	.950 

3. .282 .267 .138 	3.72 	.890 

4• 466 .421, *272 	3.96 	.835 

6. 674 .575 .44 	4.285 	.771 

6. 652 .560 .42 	4.25 	.775 

7. .030 .765 .68 	5.20 	.630 

8. 060 .04 .01 	4,44 	.966 

9. 162 .134, .05 	4.50 	.954 

10. 276 	.224 	.106 	4.59 	.935 

11. 254 	.207 	.096 	4.55 	..943 

12. 124 	.1023 	4.0433 	4.50 	.954 

13. 117 	.097 	.03 	4.50 	.954 

14. 234 	.181 	.078 	4.60 	.934 

15. 1336 	.268 	.140 	4.72 	1910 

16. 504 	..387 	.24 	4.98 	.860 

17. 1884 	.625 	.50 	5.62 	.76 



Table 

180.  12 .70 .59 6.20 .684 
19.  16 .049 .01 7.45 .953 
20.  2 .048 .01 7.54 .953 

210 15 .078 .02 7..54 .977 

229 .298 361 7.84 ..917 
23. 1 1 .291 .158 7.96 .904 
24, 8 .299 .164 7.97 .896 
25. 7 .456 .308 8.36 .855 
26. .532 .393 9.11 .788 
27• 2 .055 .015 9.65 .95 
280 12 .066 .017 9.65 95 
29* 0 ..102 .032 9.7 .936 
30.  5 .124 .043 9.7 .936 
31.  .197 0088 9.8 .934 
32  • 8 A.5 .156 10.08 .907 
330 )8 .372 .226 10.42 :878 
34. 10 .374 .229 10.40 .88 
350 .499 .355 '...13 .818 
36. .505 .362 11.20 .814 
37.  .356 .213 11.40 .888 
38.  ) 6 .500 . 365 12.15 r 835 
39. 90 1498 .350 12.20 .830 
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APP ENIXtX - C 

From the analysis of data it was observed that in 
general two types of relations can be established for 
submerged flow over weirs. 

1. For sharp crested weirs 
2. For thick weirs e,g ogee, Broad crested etc. 
For obtaining mathematical relationship from the 

experimental data suitable curves are fitted for the abo, _ 9 

two cases • 

1. pcerss 

It is seen that the points lie on a circle for most 
of the range of submergence. 

The general equation of a circle is : 

X2  - y2  + 2gx + '2fy + c = 0 in a, (x $ y) +ordinate 
axes. 

One Of the boundary condition is that when 
Si = 1.00 the discharge ratio Q/Ql  = 0 	i.e. when x. = 1 t  
y = 0,.. 	Several trial circles were tried and the best circle 

Aaeeing through most of the points from 3% to l00 sub- 
mergence was selected. For 6l  = 0 to 51  = 0.03 a straight 
line was suggested. 

The following values were taken to derive the 
general formula for the circles 
When 	61 	= 4.1 	 Q/Q 1  = 0.95 

81 	= 0.6 	 Q/Q1 = 0.75 
SI 	= 1.00 	 Q/Ql  = o 



Putting these values in the general equation the values of 
constants g I, f & c are obtained. The values are; 

j1 = 0.01350 
f = 0.0589 

e = -1,0270 

The final equation derived in terms of a and S is 

as foliows z. , 

i.03 0.0274 S1  .. 4 A- 0,0589 

2.  ,Xhick W„_ Weirs 
Values of Q`Ql  and 61  was plotted in double log 

graph paper.-  It was observed that straight line relation is 
not possible for the entire range of submergence. The author 
tried to define the relationship by drawing two straight lines. 

A polynomial relationship was assumed and the general 
equation was derived. However It was found that the poly-- 
nomial does not fit properly with experimental points. 

Finally a quadrant of an ellipse was assumed and it 
vu found that this fits best in comparision with the others. 

It is clear that the discharge factor starts reducing 
only after a submergence ratio of about 50% , Different 
Ellipses were drawn taking this limiting point at which 

Q starts reducing.  A  orcn  .. It was found that the curve 
with 61  - 0.66 is the best fit. 

The boundary conditions are as fo lows 

when 	Sl 	1.00 	 Q/Q1 = 0  

	

0.65 	 Q/Q1  --1.0 
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The semi major axes 	= 1.00 

Semi minoraxes 
 = 1 - 0.65 = 0.35' 

The centre of the 41lipse has got the following co-ordinates 

x = 0.65 

y = . 0.00 

The equation of the above ellipse is as follows 

( x . 0 65)2 	(fir 	zero) 	~ 1 

(0.35)2  ()2 

After solving and putting In terms of 	 & 61 
Q.l 

the equation is as follows: 
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