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FLOW OVER RCUNDZID CREST WBIRS

Chapter I

Introduction

Robert E. Horton,in U.S.G.S. Water Supply Paper No, 200 (1)#*,
collected all the data available at that time (1506) on the subject
of weir coefficients. It was thought that dams, particularly dams
forming mill ponds in the northeastern states, could be used as
gaging stations in determining the discharge of various streams,
If the coefficient of discharge of sucn dams were known, it would
be necessary only to determine the head or depth of water flow-
ing over the crest, and then the discharge might be computed. Ho
currentmeter rating of the gaging station needed to be made, and
in the case of large floods it would not be necessary to extend
the rating curve. Also the gaging station would not be subject

to scour and deposition,

While this much used report presented available data at that
tirme in an excellent style, additional data and a different

method of analysis change the results obtained for coefficients

of discharge for rounded crest weirs, The term "rounded crest"

is used rather than the misused term "ogee" which refers to a
reverse curve., The ogee curve is not necessarily in this type of
crest, but it is usually present due to the downstream face of the
dam joining the protecting apron in a circular curve, thus forming
a reverse curve, The rounded crest is one in which there is some
degree of curvature on elther side of the crest, Here the word
"crest" refers to the crown or highest point on the weir. The
term "rounded crest" excludes the broad crests which have been

recently brought up-to-date by Professor Woodward (18).

#5mall numerals in parenthesis refers to reference number in
Bibliography at end of thesis,




It is of paramount importance to be able to predict the
coofficient of discharge in the design of spillways for dams,
When the height of the dam is increased a small increment, it
results in a relatively iarge amount of storage. The amount
of material needed to increase the height of the dam is usually
large, since it must be added to the base of the dam, These s
considerations make it desirable to be able to pass the maximum B
flood over the cresi of the dam with a minimum head. To do
this either the length of crest or the coefficient may be
increased., Cases in which the crest has been lengthened to
nearly a maximum are Keokuk Dam and Grand Coulee Dam, which
have over one-fourth mile of crest length, Practical considerations,
such as the location of powerplants, width of damsites, suitable
conditions for the dissipation of the energy of the overflowing
stream, and cost of gates, piers, and protecting aprons, limit
the length of the crest,

Any increase in coefficient of discharge is of economical
importance. For example, Grand Coulee Dam was first designed with
12 pgates, 135 feet long. After considerable experimenting on the
shape of c¢rest it was possible to increase the coefficient from
3.56 to 3.88, an increase of 9.0 percent, thus effecting a saving
of the cost of one gate and pier, and making available additional
space for powerplant, This increase in coefficient might have been
used to increase the storage by 2,30 feet of a dam without gates,

or to decrease the height of gates by the same amount.

when dams were first built, the factor of major importance
was tc get a dam of such a cross-section that it would stand up.
Consequently, dams were first irregular in shape with usually
sharp or flat crests being somewhat triangular in profile. As
the importance of other factors became known the crests were
modified. The coefficlentsobtained from these first dams were
erratic,and any analysis of them is difficult, It is later shown
that coefficients from such irregular shapes are more difficult
to analyse, and they deviate by a greater amount from bese curves
that might be constructed. Any dam bujilt in the future will be




more likely to follow modern practices, and thus the cross-
section of the dams will all be similar which will facilitate
the analysis of the coefficient and decrease the deviation from
the base curve. Many of the early dams developed excessive
pressure, while vacuums existed in other pluces, The excessive
wressures were not troublesome, but the vacuums were likely to
cause disintegration of the concrete, increase pressure on the

upstrean face of the dam by reduction of back pressure, and most

dangerous vibrations might be caused by the forming and breaking
of such vacuums. Consideration of the pressure problem leads to

f£illing in with masonry of the area underneath the nappe shape

produced by the same quantity of water flowing over z sharp crest

weir. It was thought that a little extra masonry should be added

to th: downstream face in order to make sure that no vacuum would

form.



Chapter I1

Factors Affectings the Coefficient of Discharre

As would be expected, the shape of the crest has the most
influence on the discharge coefficient, The portion of the weir
upstream from the crest is the most critical and should receive
the most attention. In the past much effort has been put forth
to develop parabolic equations with origin at the crest (highest
peint of nappe), while very little effort has been made to perfect
a curve upstream from the crest in the most critical region. In
many designs the critical region upstream from the crest has just
been made to approximate the nappe shape by using either a slope
or a radius, while the portion of the weir downstream from the
crest has been very carefully desizned. This is a mistake as the

emphasis on the desipgn of the crest should just be reversed,

It has been demonstrated by Bazin (9) and others (2), that
any variation in the shape upstream from the crest will result in
a change in the coefficient and the pressure distribution over
the weir, The logical way to design a crest shape is to decide
on the shape of the upstrsam portion, build a model of it, and
measure .he shape of the nappe from this model, then fill in the
space bheneath the nappe surface with masonry., This method has
been used with very gratifying results both as to the value of
the coefficient and the pressure distribution. Designers will
do well to be very careful in fitting their rounded crest weirs
to the nappe shape from a sharp crest weir in the critical region
where the nappe springs free from the crest., Experiments have
lead some to believe that the nappe does not spring free from the
upstream edge of the weir, but due to surface tension springs free
a short distance downstream. These experiments were on very small
models where surface tension forces might become sisnificant come-

pared to the small head., As the head increases this effect is




lessened; whille this rhenomenen might affect the shape of a

rounded crest model, it would not affect the shape of its

prototype.

Various arrangements of slope in the critical region of
rounded crests have been tried, In Water Supply Paper No. 200,
a slope in the upstream side of a rounded crest was found to
change the coefficient, This slope extended from the crest
upstream a short distance, terminating in & vertical face. As
the slope flattens the crest shape approaches a broad crest weir
with a correspondingly low coefficient, and as the slope steep-
ened the crest shape would come nearer fitting a nappe shape with
the resulting increase in the coefficient. Creager (5), has
propesed a crest shape with a 1:1 slope,and tests conducted in
Russia have shown that the coefficient of discharge may be in-
creased by 2.5 percent over that of his vertical face weir,
However, experiments by Dillman (7), with the same type of weir,
have failed to show any increase in ceefficient. The above
slopes have terminated in a vertical face; the slope that extends
from the region of the top of the crest to the floor always seems
to reduce the coefficient. Experiments conducted by Mr, I. A, .
Winter (26) for Alabama Power Company, with a perfect shaped Bk

rounded crest, showed that with the weir face inclined 55° with

the floor, the coefficient was decreased by 3.3 percent, Some
dams have overhanging crests in order to accommodate large piers,
drum gates installed in the crest itself, and also to increase the
stability, Tests by the U. S, Bureau of Reclamation have shown
that this overhung does not appreciably affect the coefficient and
have been confirmed by experiments (2) at Massachusetts Institute
of Technology.

The portion of the rounded crest weir downstream from the crest
has recelived the most attention due to consideration of negative
pressure and high velocities. This portion of the weir does not

influence the coefficient as much as the upstream portion. In fact,




any number of cases can be cited where the masonry was extended

into the nappe and yet the coefficient has not suffered. WWhen

there is a radial or Stoney gate on the crest under which the
water passes, it is common practice to design the downstream
portion of the crest so that the jet of the water,under full
head from a nearly closed gate, will not tend to spring free
from the masonry,and there will be no regions of negative pres-
sure, This necessitates a much fuller crest shape than dictated

by the nappe shape from a sharp crest weir.

If the nappe shape from the sharp crest weir is measured
vertically,it will be found that the critical depth (where
velocity head equals one-third of the total head or depth of
water equals two-thirds of the total head) occurs downstream
from the vertical face a distance of .63 of the head measured
above the highest point of the nappe. At the highest point of
the nappe the depth is equal to .75 of the head. From a consid-
eration of the phenomean of critical depth, any change in shape
below the point where critical depth takes place cannot produce
a pressure wave or back water up so that it will effect the depth
over the crest, and thus decrease the coefficlent. The reason
for this condition is that a pressure wave travels with velocity
equal to the sguare root of the depth times the acceleration due
to gravity. Since this is also the velocity at critical depth,
any pressure wave generated below the critical depth will either

stand still or move downstream,

It is usually stated that a broad crest weir begins to sub-
merge wnen the depth downstream is two-thirds of the total head
on the weir, For 2 rounded crest weir that perfectly fits the
lower surface of the nappe from shuarp crest weir, the submergence
will take place when the depth of water below the weir is just
equal to the depth of the water at the position of critical head;

that is .63H° downstre.m from the vertical fcoce of the weir.




Since the critical depth occurs at a lower elevation than that of

the crest, the depth of the tailwater is found to be ,600 of the
head on the welr instead of 666 when it is equal to the critical
depth.

The above discussion is based on the assumption that tne
pressure at any point is expressed by the depth of water [lowing
over that point. This condition of pressure on the face of the
rounded crest weir will not exist when the streamline of filaments
of water are diverging or converging. MNor will it exist when the
filaments are curved (36) In the case of rounded crest weirs the
filaments are curved and also are converging due to acceleration,
Both of these affects tend to reduce the pressure on the face of

the rounded crest weir.

In submerging a rounded crest weir, this pressure reduction
on its face is lessened by the rising tailwater which in turn
decreases the velocity and increases the head on the weir, By
actual experiments the coefficient of discharge usually begins
to decrease as soon as the tailwater is greater than the elevation
of the crest, The reduction of the discharge coefficient is only
L percent when the depth of the tailwater is ,600 of the total
head on the weir, beyond this point the coefficient decreases
rapidly with rising tailwater, This illustrates the fact that
conditions downstream from the cri*ical depth do not appreciably
affect the coefficient, and also that the position of the critical

depth was reckoned.nearly correctly above,

The above discussion is based on the supposition that the
critical depth will remain stationary, Just how much effect the
pressure reduction, due to curving and converging of the stream-
lines, has on the position of the critical depth is not known.

It is believed that it will have very little since the critical
depth was located on the nappe shape from a sharp crest weir where

the pressure at the lower_surface is zero,




If the shape of the rounded crest weir is such that the
position of the eritical depth is moved downstream, then con-

ditions upstream from it but’ yet downstream from the crest,
are able to produce waves which will effect the {low over the
crest. Since the critical depth usually occurs a short distance
downstream {rom the crest, the masonry of the weir, downstream
from o point a distance equal approximately to the head on the
weir, may project into the nappe snape without reducing the
coefficient of discharpe. If, however, the masonry projects
into the nappe shape above this point enough to cause the posi-
tion of the critical depth to move downstream, the coefficient
will likely be decreased,

The height of the weir crest, that is, the depth of the

approach channel, has an effect on the coefficient of discharge,
This factor hos been discussed at length in connection with the
discharge over sharp crested weirs, and various methods have been

used to correct for the factor in the formula for discharge.

When the height of the weir or dam is sreat, the head on the crest

expresses.the total energy, but when the weir is low in addition

to the head, the kinetic energy of the approaching water must be

considered. The author believes that in computing the discharre

for both sharp and rounded crest weirs that the head plus vélocity

head should be used., The velocities in the approach channel are

never equal, and the kinetic head is always greater than the

velocity head computed on the besis of mean veloclty of approach

(being obtained by dividing the dischar:e by the cross-section : ;E?
area of the approach chanmnel}. Only in the case where the approach “
velocity is uniform throughout the cross-section of the approach

channel is the kinetic energy equal to the velocity head based on

the mean velocity. If a dimensionless coefficient a be introduced

to correct the mean velocities so that they will give the corrsct




kinetic head, we have:

1.

ks

The value of a will depend upon the relafive size of the
sections with low and high velocity which go to make up the mean.
If the velocity varies from zero at the bottom of the'approach
channel uniformly to a mazimum at the surface, the value of a
is 2. 3chroder (25) has shown by experiment that the coefficient
of discharge is appreciably affected by the ratio of the mean
velocity existing below the crest to that above the crest. By
various derivations found in common texts, the theoretical way

to correct for velocity of approach is: .

5/
H, = Eho . ha)3/ 2_ haB/ ﬂ 23 e 2,

See Figure 1. for explanation of symbols. where hy is the
reasured head above the crest and Hy is the head used in usual

weir formula:

Q= C L K32

An inspection shows that the discharge is greater than if the
measured head h, is used in the formula and is less than if the

measured head plus the velocity head (h,+hy) was used.

For rounded crest weirs, since it is impossible to evaluate
the factor a given variously as 1.05 to 1.34 for usual conditions,
it 1s believed rational to use @ = 1 for general purposes. To
compensate somewhat for this reduction in a the last term of
[(ho + ha)3/2” h&B/-?] 273 is dropped so that for the total head

we have:

Hg = ho+ n
2g
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NOMENCLATURE AND SYMBOLS

hg: Measure head on sharp crest weir.

Hg: Total head on sharp crest weir. (hg+ hg)

p = Height of sharp crest weir.

E = Highest point of nappe shape measured vertically
above sharp crest weir. :

Cs* Coefficient of discharge for sharp crest weir in Q=cgL H;/’

FOR BOTH TYPES OF WEIRS
Q = Quantity of discharge.
L = Length of crest.
A = Gross section area of approach channel.
V = Velocity of approach.= &
hg=Velocity head of opproach.
g =Acceleration due to gravity used as 32.16.
OC=Empirical coefticient applied to ¥z fo give kinetic head.

where vm is the mean velocﬁqy in the approach channel.

W = Dimensioniess coefficient in Q=%vz7 ® L H;” or Q:%4vE LLLHZ?
FOR WEIRS WITH END GONTRAGTIONS
N = Number of end contractions.

I! -Measured length of weir.

L = Effective length of weir,

ho® Measured head on rounded crest weirs,

Hg Total head on rounded crest weirs.

P = Highest point of rounded crest weir above floor. s

G = Goefficient of djscharge for rounded crest weirs in Q=ct.ug orin
e:6L (hy+hg)*(does not include velocity of approach.)

K = Coefficient of discharge for rounded crest weirs in @=kLhj
{includes velocity of approach)) %

Cy-Thecretical coefficient for rounded crest weir. Cyin Q=L H,”

Hp= Head in terms of hy which produces best fitting nappe shape
for cross' section of rounded crest weir.

¥+ Ratio of coefficient for low rounded crest weir to coefficient for
rounded crest weir with P=QC.

1+¢= —GK—=Raﬁo of coefficient with velocity of approach to coefficient
without velocity of approach.

Kg Coefficient of discharge for sharp crest weir in Q= K,LhZz

K includes velocity of approach.

‘| 34N9id




Thus 1f the height of the weir is .4 of the head, or hy a .10
then a = 1,13 for the theoretical corrected measured head to
equal (ho.+ YEEQ- This is not out of reason for a low weir

2g
where the difference in velocity must be great due to the
relative low velocity along the bottom of the approach channel.
In addition to the velocity of approach affecting the energy of
the stream of water passing over the crest, the shape of the
nappe itselfl is changed., With an increase in the velocity head
there is a flattening of the nuppe shape. Thus a crest shape
designed for no velocity of approach will not fit the nappe
shape produced by a low sharp crest weir. This change in shape
influences both the pressure distribution over the rounded crest
and the coefficient,

The shape and size of the approach channel modify the
coefficient of discharge. If the channel is long and shallow
in addition to the above modification to the coefficient, there
is the friction loss due to the long channel and entrance that
will be included in the usual coefiicient. A great number of
earth dams have been buili of late years., It is impossible to
to spill the floodwater over the top of them because of harmful
errosion at the toe of the dam; water is usually carried around
one end into an adjacent creek or some distance downstream, so
as not to endanger the earth toe. This "chute" type of spillway,
due to its peculiar location, often has a long approach channel
terminated by a low rounded crest weir, and controlled by a set
of gates, This type of rounded crest differs markedly from the
one which is situated at the top of an overf{low concrete dam

section hundreds of feet high. In one case the height of weir is

only about one-half to one-fifth of the maxirum head, and in the

latter it is often ten times the maximum head, If the shape of
the crests are similar and the same formula for discharge is used,

it is desirable that the same coefficient be used by applying some




modifications. The friction loss in the approach channel is
small since the length of it is not pgreat; however, the

ent.rance loss in the "inlet" to the gate structure may reduce
the maximum discharge. The increase in cost, due to excavation
for spillway gate structures in connection with the earth dam,
necessitates the "inlet" being made as small as poscsible, many
times reducing the coefficient of discharge by as much as 7
percent, Because of the varliety of inlets used it is impossible
to correlate the data and get a value for reduction in coef-
ficients, Large losses in "inlet" are confined to structures
where the height of the weir is equal to, or less than, the head

over the weir,

The inlet loss corresponds to a type of contraction. For
rounded crests in general the contractions are usually completely
suppressed or at least partially so; there is seldom a square
cornered entrance, QContractions are best taken care of by con~
sidering if piers are present and whether the zates operating are
adjacent or alternate., Consequently an analysis will identify

three states of rounded crest weirs. (In this thesis these three

conditions of discharge are designated as "A", "D", and "C"). At

the ends of the spillway crest the approach wall is always well

rounded so that the usual contraction formula of L = (L'-0.1N hy)
is not applicable, since it applies to square cornered entrances,
L is the effective lenzth of weir, L! is the measured length and

N is the number of contractions.

Some opinions have been advanced that the magnitude or size
of a rounded crest weir affected the coefficient of discharge.
The data analysed by the author ranged from experiments on very
small scale models on which the radii of the curves of the crest
cross-section were only a few inches in length, to measurement on
large dams like ¥ilson where the corresponding radii were as much
as a hundred times as large., No trend was observed in which the

coefficient tended to increase with size of crest cross-section,




It has been found that roughness,as long as it does not

affect shape, will not change the coefficient of discharge by
more than 2 percent. The coefficient increases with head, but

only as the ratio of head to crest size incresses, Thus, it is

possible to have as large a coefficient on a small scale model

as on & large dam like Wilson,




Chepter III

Shape of Crest

Attention has been called to importance of the rounded
crest conforming to the underneath shape of the nappe from s
sharp crested weir, To the authar'!s knowledge no other experi-
ments on the shape of nappe from sharp crest weirs have been
published since Bazin's time (9) with the exception of some
meager data (13) gathered by Scimemi in Padua, in Italy, In

the critical region of the sharp crest Scimeml's data agrees

with Bazin's, but further down the nappe his data forms a curve
lying above Bazin's nappe shape. Experiments by the U, S. Bureau
of Reclamation have been made to determine the nappe shape. They
were much more extensive and elaborate than Bazin's while they
differ from his some distance from the crest, yet in the critical
region from where the nappe springs free to beyond the highest

portion of the nappe the agreement is remarkable,

Mr. 1. A, Winter, working for the Alabama Power Company,
performed a group of experiments (26). Since these have not been
published they are regarded as confildential; however, the close
agreement in the critical region tends to substantiate Bazin's
nappe shape., -Experiments by Mr.Rouse, for a thesis at M. 1. T.,
on sharp crested weirs, have further fixed the exact shape of the
nappe as being that measured by Bazin. The nappe shape, both the
upper surface and the lower surface, conforms to the principles
of dynamical and geometrical similitude. The shape is a direct
function of the head on the weir., For example, the shape of the
ten-foot head may be accurately drawn by determining the shape of
a one-~foot head and multiplying all its linear dimensions by ten,
The dimensions found for a one-foot head with negligible velocity




of approach are given in Figure 2, It should be noted that the
coordinates are given in terms of head h, on the rounded crest
instead of head hg on the sharp crest weir. The transformation
is effected as follows:

hg = hg - E See Figure 1,

E= vertical distance that the hi‘hest point of the nappe or

crown of the rounded crest weir is above the sharp crest of a

thin edged weir. For neglizible velocity of approach:
E= ,112 Hg and ho = Ho, hs = Hs

H, = Hy (1.000-.112) = .888 Hg or
Hg = 1.125 H,

In terms of dimensionless numbers taking the origin at the

upstream edge of a sharp crest weir:

= X 1,125
H 3

S
X =_Y_ 1.125
g Hg

All of the coordinates for a sharp crest weir are multiplied
by 1.125 to get the coordinate in terms of the head Hy on a round

crest weir,

Several at.tempts have been made to derive an equation for the
under side of the nappe shape; however, all equetions omit the
ceritical portion of the nappe shape between the points where it
springs free from the sharp crest and the highest point on the
nappe. Yhen the origin is taken at the hipghest point on the lower

surfuce, the equation

Y = 0.485 H,7/8 x 15/8 8.

approximately similates the low surface and is convenient to use,

Hy 1s the head on a rounded crest weir with negligible velocity of
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approach. When the velocity head of approach becomes more than

one-half of 1 percent of the total head, the nappe shape will
fall out.side this curve. When water [lows over a rounded weir it

will exert some pressure upon it. This pressure may be positive
or negative (vacuum), and the sign of the pressure may be different

at various positions on the crest.

On Page 7 1t was found that the pressure on the face of a
rounded crest welr is determined by the depth of the water over
any point and by the convergence and enrvature of the streamlines
above that point. The magnitude of the depth produces a poéitive
pressure, while the concave curvature of the streamline produces
negative pressures, and converging streamlines due to acceleration
also produce negative pressures. The sharper the degree of curva-
ture and the greater the angle of convergence of the streamline,
the greater the negative pressure will be. In general, there are
five different conditions of pressure distribution which affaect

the coefficient of discharge. See Figure 3.

Condition I. The nappe may adhere to the surface of the
weir and exert a pressure on it, in which case the coefficient
will never be greater than 3.98 and may be less than 3.08 if
the friction loss in the approach channel and other losses in
the "inlet" are large compared to the head, This is the
condition under which the desipgned rounded crest weir should
usually operate, only reaching Condition II at maximum discharge.
Here the pressure caused by the depth of water is larger than

the reduction in bressure caused by the curvature and conver-

gence of the streamlines,

Condition II. The nappe may adhere to the crest surface

and exert no pressure upon it except on the vertical face.
This condition will only occur if the rounded crest is perfectly
rshaped for that particular quantity of water passing over it,

The reduction of pressure due to curvature and convergence of




streamlines just balance the static pressure due to depth
of water, Regardless of what head they operate under, most
rounded crest weirs will not experience this condition,
With negligible velocity of approach the coefflicient is
3.98 and is founded as follows:

Discharge per foot of crest of a sharp
crest welr is

Cs is taken as equal to 10/3. Experiments by the U. $. Bureau
of Reclamation found this value to be approximately correct
for values of _ Hg equal from .04 to .70. The head above
Hg + P
highest point of nappe is hg = hg - E or hg = hg (2 - %_)
]
but for negligible velocity of approach %%._ = .112 and
8

then HQ = 888 HS = Hp

Q=10 _“p__)3/2 _10x1.1932 y 3/2
3 v.888: 3 P

Q = 3,977 12

That is C¢ = 3.98

Condition III. The nappe may adhere to the crest and

exert a negative pressure upstream from the crest with positive
pressure downstream., Under these conditions the coefficient of
discharge 1is usually less than 3.98; however, if the negative
pressures are excessive and the positive pressures downstream
are small the coefficient may be larger than 3.98., Under this
condition the sharp degree of curvature of the streamlines
upstream {rom the crest cause the reduction in pressure to be
greater than the static depth., Downstream from the crest the

static depth is greater than the reduction in pressure,
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Condition IV, The nappe may adhere to the crest and

exert a negative pressure upsbream and downstream. It often
happens that in the criticsl region of the crest the pressures
are negative ond then downstream from the crest quite a distance
the pressure becomes positive, such cases are also listed under
Condition IV, since it is the distribution in the critical
region that has the preatest eflect on the coefficient, tere
the reduction in pressure due to curvature and convergence of .
streamlines completely control, being much larger than the static
pressure due to depth of water. In order for negative pressures
fo exist downstream from the crest, the napve must not be
areated; since, if it is, it will spring free from the crest,
With negative pressure throughout the critical region the coef-
ficient is always greater than 3,98, If the nappe springs free
from the downstrear surface of the crest, the coefficient will
decrease, approaching that for a sharp crest weir, depending
upon the amount of rounding upstream from the crest as shown

by Fteley and Stearns (27). In this article it states that if
there is any appreciable rounding the coefficient is greater

than that for a sharp crested weir,

This Condition IV offers a means of increasing the
coefficient of discharge until under favorable conditions it
may reach the value of 4.60; however, for all values above
3.92 there will always be negative pressures. If the head at
which the nappe shape springzs free from the crest be referred
to as the critical head, then the maximum negative pressure
before the nappe springs free is said to be four times the
critical head (7). With a barometric preseure of 30 feet of
water the critical head should not be larger than 7.5 feet, so
that dangerous conditions (cavitation) will not result, These
figures are based upon data obtained from a rounded crest
shaped to approximately fit the underneath surface of the nappe
from a sharp crested weir, For irregular shaped weirs the
negative pressure would be greater.




can

Condition V. The nappe may adhere and exert positive
pressure upstream from the crest but exert negative pressure
downstream from the crest, With small positive pressure
upstream and large negative pressure downstream the coef-
ficient may be slightly greater than 3,98, While with large
positive pressures upstream, small negat.ive ones downstream,

the coeflficient will be less than 3,98,

With any given rounded crest shape, the pressures will
vary with the head on the crest. If the head is increased
to a large quantity, somewhere on the crest the pressure will
become negative, If the negative pressure‘érea occurs upstream
first, a further increase in head will also cause a negative
pressure downstream. Yhen the negative pressure becomes large
eriough downstrear from the crest, the coefficient will become

greater than 3,98,

When the change in curvature on a rounded crest weir occurs
too abruptly a roller will form. This is illustrated by the
roller forming just downstream from the sharp upstreém edge of
a broad crested weir. The roller always relieves negative
pressure which might exist at that point, and when occuring
downstrean from the crest is accompanied by a decrease iﬁ
coefticient. This formation of rollers on irregular shape
crests have the effect of filling out the crest to a more
regular cross-section which will better fit the ghape of the

nappe from a sharp crested weir.

18




Chapter IV
Method of Fitting Nappe Shape

A consideration of above f{acts concerning pressure distri-
but lon suggests that if nappe shape be fitted to the cross-section
of a rounded crest weir, it would be possible to predict the
occurrsnce of positive or negative pressure area and thus determine

something of the value of the coefficient,

i femily of nappe shaped curves, Figure 2, was drawn up based
on the head measured above the rounded crest hy. By drawing the
cross-section of the rounded crest weir or dam to a suitable scale
on transparent paper, it can be compared with the various nagppe
shapes. For example, il the family of curves, Figure 2, were
drawn up to a scale of 1 inch equals 10 feet and “he cross-section
of the rounded crest were drawn to a scale of 1 inch equals 50 feet,

then if the heads producing the family of nappe curves were

multiplied by 5, (the shapes remaining the same) they will‘give the

heads that produce nappe shape on the transparent drawing of the
crest cross-section, that is the 1 inch equals 50 feet, scale
drawing. By selecting‘the prover scale for the cross~section of
the dam or weir, a single fanily of nappe shape curves can be made

to compare with any crest shape regardless of its actual size.

It is found that for any weir cross-section there was a nappe
shape which fitted it best. The head that produces this best
fitting nappe shape is termed Hp. When the actual head on the
rounded crest is equal to the head producing the best fitting
nappe shape, that is Hy= Hp, the nappe will exert the least pressure
on the crest, if irregular in shape the nepative pressure will
approximately equal the positive., Under these conditions the
coefficient of discharge will be close to 3.93, It is logical

that the coefficient for any head or. a rounded crest weir would be




a function of the ratio of that head to the head that produced

the best fitting nappe shape ggg . It is possible to take any
P

rounded crest weir, find the best fitting nappe shape and, if it
has a determined coefficient relation, to plot it up in terms of
the ratio of head, Hgy, to head producing best fitting nappe shape,
Hp.
are reduced to a comparable basis for analysis, Figure 4 shows a

Consequently, the coefficient head relation of different weirs

typical work sheet for one of the rounded crests tested for
Boulder Dam Spillway. It was impossible to use a perfect nappe
shaped crest due to the 16-foot drum gates that were installed in
the crest requiring a broader crest shape than would be produced
by the same guantity of water [lowing over a sharp crested weir,
In fitting the napps shape to the rounded crest, the highest point
of the nappe shape is made to correspond to the highest point of
the rounded crest., It should be kept in mind that the eritical
portion of the crest, from where nappe springs free, to just
beyond the highest point, should recei ve more attention than the
downstream portion, For the Boulder Spillway the best fitting
nappe shape is that produced by hg 5 30. Two other shapes have
been drawm, hg = 28 and hg = 32, The nappe shape produced by

ho = 28 fits fairly well upstream, but is thousht to fall too far
below the crest downstream, The nappe shape produced by hy = 32
is considerably above the crest upstream in the critical region
and is above downstream, indicating that it is too large, A little
practice will enable one to become guite skilled in fitting nappe
shapes to the rounded crests, even though they are very irregular.

Figure 5 shows the work sheet for i/ilson Dam. Here the
crest shape is nearly perfect ~:ud no troubvle is experienced in

finding the nappe shape that will fit the rounded crest,

Figure 6 ghows Keokuk Dam, which because of gates on the
crest is rather broad across the top, being termed a flat topped,
 rounded crest. For flat topped . rounded crests, such as Keokulc,
Cherokee Bluffs and Gatun Dams, the best fitting nappe shape will
always fall inside the rounded crest, except for irregular
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upstream faces, as example Gatun Dam., The best fitting nappe
shape will start on the upstream portion and the high point'of
the nappe shape will lie between 0.3 and 0.6 of the total
distance of the flat top of the crest, measured from the up-
stream edge of the flat portion of the crest. Three nappe
shapes have been tried for the Keokuk Dam, Keeping in mind
that the critical region was more important than the downstream

portion, a nappe shape produced by h, = 13 feet was chosen,

Besides the flat topped rounded crest weir, there is another
group termed cylindrical crests. In this group a single radius
is used to produce the shape of the rounded ﬁeir crest, and the
upstream and downstream faces of the dam become tangent to it.
The nappe shape never exactly fits this type of crest, but it
has been found by analysis of several such crests and their
coefficients that the head producing the best fitting nappe
shape is approximately 1.6 times the radius used to form the
crest; that is, Hp = 1.6 x radius, Rehbock has a formula for
determining the discharge for this type of crest, which is later

discussed,




Chapter V
Heicht of Weir

Having indicated how to determine the coefficient of
discharge for various shapes of rounded crests, it is next
necessary to correct the coefficient for the influence of the
height of weir. Two corrections are nécessary, the first for
the kinetic energy contained in the velocity of approach, and
the second is a correction of change‘iﬁ shape of nappe, due to
the high velocities of approach, Considering the first correction,

the discharge for a rounded crest weir is given by equation (3):

¢ = CLH03/2 and the value of Hg by
equation (4) Ho = ho+ hy then

& = CL(hg+ hg)3/2 11.

In this f{ormula the value of hy depends upon the discharge
of ¢, so that 1t has to be solved by trial. Usually the value
of hg is first neglected and the  is obtained from Q =CL h03/2.
laving determined the approximate G, hy is determined. Since:

_ V2
a 25

then

See Figure 1 for nomenclature and sketches, Many coefficients
are determined from the formula Q = KL h°3/2. Here the effect of
velocity of approach is included in the coefficient K., In order
to reduce all coefficients to a comparable basis, it is necessary
to medify this coefficient K so that it does not include the effect
of velocity of approach.




KL ho3/2 = CL(hg +hy)3/?

K = (hO +h&13/2
C ho3/27

Lat the ratio

Then Rz (1 +§5_)3/2
0

. . 2
e = Q2 (K ho3/2) _ K2 h03

a- - —
28(P+ho)2  2g(P+h)2  2g(P+ hy)?

ha_K2 .h02
ho T 2g \P+h

Substituting in the equation for R.

T k@ fh V2 3/2
R- 1+—§-g- (P#ho‘

Now let @ be a function of K and Po such that
. P+ho

R=14+f
g=l1ek2 [Ho \?

R 1+ @ e

3/2

c=

In Figure 7 a graph is plotted for values of ¢ in terms of

X and _Fo . This method has been used to reduce computed
he +P

coefficient K which included the velocity head of approach to the

coefficient C, which does not include velocity head of approach,

The second correction for the height of weirs involves the
variation in shape of the nappe frofm a sharp erest weir due to
velocity of approach, Since the nappe becomes flatter and does
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not rise as high above the sharp crested weir for high velocities

of approach, the relation between the head measured above the
highest point and the head on the weir is affected,

The variation of ~E is plotted agzainst 23 on
s : 8

logarithmic paper, Figure 8, The points shown are taken from
Bazin's data (9). Experiments by the Bureau of Reclamation were

ruch more extensive, giving values of hg up to .14, confirming
U

the extension of the curvas to that value.

It is shown on Page 16 that for negligible velocity of
approach the coefficient of discharge for a perfect rounded

crest weir was 3.%98, This gives us the value of C when

h
-T;J%f;~ = 0. Here P = @ , The other extreme is when P = O

)

ho
hg* F

and if friction is neglected, the value of C is as follows:

AY
or = 1.00, Thi:z is the condition of a control section,

hy =1/2h, or hy = 1/3 H,

The water is flowing at critical depth upstream from the edge,

where the head hg is measured,

Then _V2 = 1/2 hg =.1/3 Ho. Considering a unit wide strip
2g .

v2 _ Q2
hg = el e 1/3 Hy , also hy = 2/3 H,

= 2g-§ He? * 1/3 Hg




Q= 3-087.(ho‘*ha)3/2 15,

Thus the coefficident of discharg_e varies from 3,981 when P = &
to 3,087 when P = 0,

To calculate the theoretical coefficient Cy for various values

of __hs assume that the discharge over a unit length of sharp
hg +P ‘
crest weir given by:
= K, b, /2

t
1

( o_.h_a_.._ﬁi_> h See Figure 1.
hg hg 5

The coefficient of discharge for shar"p crest weirs has been
given by various authors, Here the value of 10/3 for Cg is used.
This value has been found to fairly well approximate the coef-
ficient for weirs of different heights. That this value is not
exactly correct is shown by the fact that when p = 0 the discharge
coefficient would be 3,333 instead of 3,087.

Then Kg = 10/3(1 +%§) 3/2




. . h,
It is necessury to assume various values of o and from
s

Fipgure 8, the corresponding value of E are found and the values
s

of Cy may be computed. It is required to determine Cy in terms
of _ho

ho +P

From consideration of Figure 1.

hy, . bhg-E
hy + P hg -~ E+P

h0 = hS (l E
ho +p  he+p VT g

Ho = hs — B+ hy = hg (1—H§+§§)
8 ‘s

h
[{O*chs'*ha*p:hs l+_§+.2..
( h3 hS)
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Since hg has been computed, then E. can be calculated.
hg+p hg

The calculations are shown in Table 1, and the value of Cy plotted

against Do 45 shown in Figure 9,
ho0P

The theoretical coefficient of discharge varies due to a
change of shape of nappe with diffarent velocities of approach.
This variation is computed on the basis of a rounded crest weir
fitting the nappe shape for different velocitles of approach,

This theoretical coefficient C¢ is the maximum coefficient that

can be obtained without obtaining negative pressures on the face

of the weir., This relation of variation of theoretical coefficient
with the height of rounded crest weirs may be expressed as a ratio
of coefficient Ci, with the value of 3,98, the theoretical coef-
ficient without velocity of approach considered as a standard,

This ratio Ct or ¥ is plotted against both _Ho and Mo
3.98 Hoe P hg+ P

in Figure 10, It is logical that all coefficients for high weirs
without velocity of approach, regardless of the head, could be
reduced by the ratio ¥ if the dam silted up or the P of the
rounded crest weir was reduced. The ratio ¥ to use would be that

obtained from Fieure 10, the new P being used in caleulating

Hy . The converse of this is also true » given the coefficient
Ho# p

for a low rounded crest, by dividing it by the ratio ¥ the coef-
ficient will be obtained, that the crest would have had, had it

been a high weir with negligible velocity of approach, The model

of Boulder Spillway crest, shown in Figure 4, was tested with two
different helghts of floor in the approach channel, The coefficient,
where P equals 30 feet, i about 2% percent lower than for P equals
90 feet, In order to make the two coefficients curves comparable,

it is necessary to correct those with P equals 30 feet for the

effect of a larger velocity head of approach produced by the lower




GALGULATION FOR REDUGTION RATIO ¥

TABLE I

DUE TO CHANGE OF NAPPE SHAPE WITH VELOCITY OF APPROAGH.

%3 ?:Z”SB %Q—P Ho_Hgﬁ Ks T?s“ Ce 3333 =¥
000 000 000 000 3.33 1120 3.983 1.0000
00? o7 195 107 3343 119 3981 9995
005 67 148 148 3358 s 3978 9987
010 238 212 217 3.383 N 3970 9967
020 332 296 301 3432 1087 3945 9905
010 399 357 365 3.484 1056 3930 9842
050 499 449 463 3.586 0993 3.869 9714
070 576 523 540 3689 0929 3.819 9588
[ o0 666 611 634 3.847 0846 3.750 9440
150 754 699 730 4110 2725 3625 9227
200 821 773 804 4 381 0587 3583 9021
250 862 823 855 4.658 0451 3.521 8340
300 889 868 888 4.941 0332 3.465 8699
500* 925 925 948 6.123 0000 3.333 8368
500 * L 000 1000 ° | 000 5667 0000 31087 7750

*  Two values of hy/hg arise trom fact that tor p=0 the coefticient of dischorge Cg for sharp crest weir hos
two volues Cs = 3.087 being for brood crested weirs and is correct. Cg= 10/3 is value aossumed to apply through-
out range of hg/(hg+ p), but varigtions when hs /(hs + p) 1s equal from .80 to 1.00 1s not well understood.
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welr, This is done by azsuming various Hj calculating the value

of _ Ho , then determining the reduction ratio ¥ from Figure
Ho+ P

10, and then dividing the coefficient corresponding to the
assumed head by the reduction ratio. This has been done for the
coefficient obtained with P equals 30 feet and the resulting
curve falls nearly cn top of the one with P equals 90 feet,
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Chapter VI

Discussion of Results

There are 738 different rounded crest shapes analyzed,
composed of 47 free rounded crests without piers or gates, and
31 rounded crests with gates, Many of the crest shapes were
tested with piers, and then were tested again without piers,
Such cases were counted as one crest shape. The number of coef-
ficients versus head relations analyzed was grenter for the
reason stated above and also many of the crest shapes were
modified by a chanze in height of weir or slope of the upstream
or downstream face, Fifty-two coefficient head relations were
from free crests, eight from rounded crests with only one gate
discharging, and forty-two were from rounded crests with three
or more uates discharging, making a total of one 'mundred and two
coefficients versus hend relations analyzed., Of these fisures
about 15 percent of the data was confidential, and consequently
this data does not appear in this thesis; however, it shows close
agreement with the results shown herein. lMost of the rounded
crests analyzed were from models; however, seven of the crest

shapes tested were from prototype structures. Here, -s in all

hydraulic work, there is a lack of datd from prototype structures,

As previously explained, the data were divided into three

general classcs, depending upon the nature of contractions,

Class 1. Containing free rounded crests, without piers,
and was again divided into "A" curves and "B" curves, because
of the large number of curves (see Tables II and III). In
gzeneral the "A" curves have less actual head on the crest than
do the "B" curves,

Class I1X. Contains all the data from rounded crests with
only ovne pgate discharging. The curves are termed "CV curves
(see Table IV),




Clags 1I1. Contains all rounded crests with three or
more gates discharging. This class is divided into two
groups. The data from crests with radial or Stoney gates on
them are termed "D" curves, and those from crests with drum
gates are termed "E" curves, It was first thought that because
the drum gates had to be set into the crest; that crests larger
than usual would be needed, Later it was found that the face
plates of the drum gates could be rolled according to compound
radii, which in turn would very nearly approximate the lower
nappe shape from & sharp crest welr. There is no marked

difference between the "D and "E" curves.

In the Tables Il to V an explanation of somwe columns is
appropriate., In Column 4, the head to produce the Lest fitting
nappe shape is listed., In the case of models, the Hp is listed
in terms of the prototyre structure, except here the model was
not of any particular prototype structure, in which case, the
actual head on the model is listed,

Column 5 givec the coeflficient, unless ctherwise  stated,

when the Ho = 1,00, When the coefficient curve does not extend

Hp

to Eg = 1.00, the coefficient is given as the value of Eg, stated

Hp fp

after the coefficient,
Column 11 pives the type of curves used to make up the profile
of the rounded crests in the critical region; begiming with the

upstream edge first.

Column 12 gives the source of the data and refers to the

reference number listed in the Pibliography.

In analyzing the available data on rounded crest weirs, it
was first necessary to classify it according to the conditions of
of contraction, Next a work sheet was prepared similar to those
shown in Figures 4, 5, and 6, first plotting the coefficient versus

head relalions, then taking a cross-section of the rounded crest




WEIRS WITH FREE ROUNDED CRESTS -“A" CURVES
(WITHOUT PIERS OR GATES)
| 2 3 | 4 5 6 7 ] 8 s 10 ¥ 12
CURVE NAME OF MODEL SIZE OF MODEL | HEAD ON COEFFICIENT NATURE OF UPSTREAM FACE RELATION OF COEFFICIENT P He TYPE CREST REFERENCE
NO. OR DAM NATPE | AT £2=100 | NaPPE FIT OF DAM RATIO TO BASE CURVE Hp+P NO.
A Karisruhe Model .29 4.052 Poor Small slope Above 994 225 Cylinder -:l- 5 Z:ogsle
" 2A Laboratory 1:19.30 TR 4.08 Poor Slope LI Same fo 4: then above 8.46 585 Slope cylinder H ?3.216
3A Laboratory Model 30 3.963 Poor o ;/;rtical Below 0.735{ .290 | 2 Radii & :,?-;6
4A Ur;i. of Munich 1.20 4.5 4,05 Poor Vertical Above 8.76 339 60 Cylinder 14 pp.44?
8A Uni. of Munich .20 4 5 3.92 Poor Verticai Below 8.76 339 60 Cylinder 14 pp.447
L_GA} Ifurlsrt_he . *.2' C 4.9: 4.00 Poor “ VerhcwolM - Below to BOM 'Then' same 45 Cylinder’ 11 Fig. 17
i 74 Uni of Munich .20 6.4 4.02 Good Vertical Below 1o .70. then above 7938, .446 Radii a Parabolo 14 pp. 447
l 4‘.?“'_?_‘_’""“"- e 0 3880 Good | Vermeel | B 200 | 084 | Shoped fo Nappe | 28
9L Boulder Dam 1160 10.5 3.895 Good Vertical Above to .75: then below 120.0 080 Shoped to Nappe 28
04 | Martin Dom 154.9 24.0 4.100 Good vertical Below to 05: then cbove | 64.0 | .272 | Tyt orest 8 26
HA Yartin Dam 1:549 24.0 4.040 Good Vertical Below fo .70: then above 64.0 .272‘4 26
| ea fuekOom | w8 | 40 | 3se | R | veeo | el Lofses e TGRS T e
B4 | Mitchell Dam 1:51.4 20.0 3.952 Fair Vertical Below to LI0: then above | 5.0 | 263 | (o o Bood T og
| 19a | Uper Tallossee | tess | 280 | 4083 | Far | Veticol | Below fo 50: then cbove | 83.6 | 251 | 2 Rodi o orobola] 26
154 Empirical (1.5) Model 3133 3.970 Good i Ve}tico! séme — 167 1 .2 Radius & Parabola 26
164 Mode! (S.C.) Crat Model 30 3.98 Near perfect Vertical | Same to .60: then below 1167} 204 Ndppe shape 26
176 | Cherokee Bluffs 1549 S 15100 24.0 4.160 Good Vertical Below fo €0: then above | 77.0 | 238 | (ol 8 Brood a 26
184 Bouider Dam 1:60 45.0 3.73 @ .50 Fair 118 36:1 | Below to ,30: then above 35.0 499 972 Comp. Radii 28
I9A Holyoke Dam 1:35:6 13.0 4.075 Poor i Stepped Same to .BO: then above 36.5 302 Slope &8 Radii "
L-,EQA_ 7 fowg Uni, ,'{?del 1.2 o 382 @ 70 , Poor 1 on LI slope 1 V»B_e!ow Afo .6“7_:Afhen above 1.55 436 Radius
_G1A | tmeeriol Dom Noty | 1:30 L BoO J' 390 @ 80 | Feir | Sloee Foove - 260 | 435 | Rodius & Purabolo
22A imperial  Darn No.{2) 1:30 i 150 ’ 3.90 @ 80 Foir Slope Above 27.0 257 Rodius & Parabola
24A Taylor Pork 1:50 6.00 { 3.97 Very good ' Vertical | Same ‘o 95: then below 3.0 666 | Radius 8 Parabolo
i | 1




TABLE 1II
WEIRS WITH FREE ROUNDED CRESTS - "B" CURVES
(WITHCOUT PIERS OR GATES)
! 2 & 4 5 ) 7 a E 9 e 1 12
CURVE NAME OF %0DEL SIZE OF MODEL | HEAD ON COEFFICIENT NATURE OF UPSTREAM FACE RELATION OF COEFFICIENT | P TYPE CREST REFERENCE
NO OR DM Ve | AT Ho-100 | NapPE FIT OF DAM RATIO TO BASE CURVE AP NO.
e | Water Supply ¥ 200 Madel 6.00 3.94 Poor Il Slope Relow 528 | 530 | Slope & Radii !
. 28 Madden 172 48C 386 @70 Poor :0.075 Above 1675 223 Cylinder 29
3B Karlsruhe Maodel 105 370 @ .50 Poor Cy' aer Same 10 .25; then above 6.56 566 Cylinder H
48 Keokuk by 13.0 4042 Poar Vertical .\ Below to .80; then above 320 289 Rodius & Broad 16
58 Un: of Wis Model 95 382 Good Slope 21 Below ‘ .24 432 Napue Shape 30
68 Uri. of Vs ) Modei a5 3.81 Good Slape 2.1 Belfow 2.13 308 Nappe Shape 30
78 Une of Wis Model 25 396 Gocd Vertieg! Below 125 432 Nappe Shope 30
5 88 Lnte of Wis lAode! 25 384 Good Vertical Below 243 308 Nappe Shope 30
r‘)é LaGrange Proto 19.5 362 @ 50 Poor Verticol Below 129 * - - Radii & Broad 19
B
| 108 Uni ¢t Wis Model 1.3 4.122 Good Verticai Same to 50, then above 6.1 175 Nappe Shape 30
e uni of Wis Mouae! I3 3936 Gocd 2.1 Helow 6.4 175 Nappe Shape 30
h—”i'ZS Warer Scppl\/#33 Model 30 370 @ .90 Poor Vertical Below 14.25 174 Slope 8 2 Radii ]
138 Austin brote 16.7 3.32 Good verticol Below 60 * - 2 Radn !
14e Diversion Yakamo Prcto. 500 4.04 Poor | Vertical Below fo 65 then above 7.5 400 Cylinder 31
58 Routder Cam 120 & 160 450 390 @ &ec Fair 0.36:1 Sceme to 40, then above | %0.C 333 4 Radit 28
B Boulder Dom 1'20 ) 300 399 Gnod ' 0.36:1 Aboave 24.0 242 4 Radii 28
178 Lock 18 high | 24 150 4030 Good Vertical Below to .20; then above 28.3 347 | 3 Radii & Parabola 26
. 186 Lcek '8 low I'668 320 4.005 Good Vertical Below to .50 then above 754 .298 2 Rodn & Parabola 26
195 Dillman  Munich Model 06 403 Good Vertical Below tc 40, then above 0.99 070 Elipse & Parabolo 7
. 208 D:!l;on Munich J;;e! 133 ~3.87 Good Overhang Below 1.00 A7 Elipse & Parabola 7 :
218 Diltlman Mumchm Tiodel ) .léé 389 Good Short Slope Balow 100 | 129 Elipse 8 Parabola 7
_‘;68 MAT Series IV Modﬁeln"“ .“232 a 399 Perfect Ww\/erhcal Sare 1.3 148 2

* Probably sited up




TABLE 1V

WEIRS WITH ROUNDED CRESTS
(DISCHARGE FROM ONLY ONE GATE)

[ 2 3 4 5 (33 7 8 9 10 ¥ 12
CURVE NAME OF MODEL SIZE OF MODEL HEI{-\)D ;I:o COEFFICIENT NATURE OF UPSTREAM FAGE RELATION OF COEFFICIENT P He_ TYPE CREST REFERENCE
NO. CR DAM p%a%%fg AT %% 1,00 | NAPPE FIT OF DAM RATIO TO BASE CURVE Hp+P NO.
Hp P
N , . Stepped 8 Broad
Ic Gotum Proto 26 3.91 Fair Vertical & Stepped Above 600 303 & Parabola 25
. . . ) Radius 8 Brood
2C Keokuk Proto 13 375 Fair veriical Below Q.32 282 & Porabola 1S
: . Radius & Broad
3C Cherokee Bluffs Model Gt & 136 3.705 Good Veriicol Below 770 .238 a Parabola 26
4C Wiison Prolo 2! 3.853 Good ~ Overhang Same .80 .208 Ellipse:a Parabola 17

5C

Wheeler

1:36

I7

372@ .70 Fair Vertical

Above

430

.266

Compound Radii

21




TABLE v

WEIRS WITH PIERS & GATES ON ROUNDED CRESTS

" DISCHARGE FROM THREE OR MORE GATES

I 2
CURVE NAVE OF MODEL
NO - OR DAM

3
SIZE OF MODEL

5
COEFFICIENT
AT

6

NATURE OF
HO <100 | NaPPE T

.7 8
UPSTREAM  FACE RELATION ofF CCEFFICIENT
OF pawm RATIO TO BASE CURVE

i
TYPE CREST

12
REFERENCE
NO.

D Cherokee Biyffg

1:20 a IlioQ

4.00

Good

Verlica!

Radius & Broagd
& Parabola

26

20 Gatum

——

Proto.

4.023

Fair

Below to 65 then above

Vertical s Stepped Above

Stepped & Broad
a8 Parabola

16

5D Keokuk

&b l Keokuk

111

3.93

Poor

Vertical Apove fo.85, then below

Radivus & Brogd
& Parabola

16

Proto,

3.928

R

ANERIRR S SN

13D Wheeler

R S e

|
140 | Groad Veliey

1236

Froto

———
160D [ Bull Lake

.

28D } Mt Morris

i
R P S

I E I; Boulder M-

o ————— s e +

4.04/

Poor

Vertical Above t0.90; tnen below

Radius a Brogd
& Parabolg

Fair

Vertical Below f0.32; then above

326@ .50

Poor

Compound Radj;

Vertical Above

i e §

3.82@ .80

J2.63@.50

SN e
Boulder N-3

Uni of Mun:ich

370@® 50

’ Good

Gouoa

Foor

e e e e et v e . .

Poor

Good

Mgdden

Boulder

e,

Poor

I Raodivn

Verticaol Beiow 10.40; +hen agbove

Radii & Parabolg

Vertical Below to .50, then above

Radius a Parabolg

i
i

Vertical

| Radius

Slope 364

|

2 Raodii

Vertical

Radius & Parabola

e

| vertical Above to.60; then below

rFair

s S

Cylinder

Below to 35, thea above

Boutder

SBouvider -5

B

8z . Boulder C-g

T T et e

SE * Norris

E . Grand Coylee

T e

IS | Boulder

]

i
e e .

Geod

354@ .50 ?

Compound Radii

Above t0.85; then beiow

Compound Radii
& Parabébla

B
Above 10.85; then beiow

Compound Rodi;
8 Parabolg

Above to 85, then below

Compound Radij
& Parabola

Vertical then 57:1

W
Q
3
]

| 0.36:1.00

Slope a 2 Raodii

A s T DS S

1

Vertical Helow

Cylinder

Rcdius & Parabola

f Below ¥0 .40, then cbove Ave.




and fitting a nappe shape to it. In most coefficient curves
the actual head on the crest was not extended much beyond Hp
(the hend producing the best fitting nappe), thus the ratio

of Hp will indicate the magnitude of the maxdimum velocity
P +H
P

of approach. This ratio 1s listed in Column 10 of the Tables
11, I11, 1v, and V, for all coefficient curves, ™ Wnen the coef-

ficient X, which includes velocity of approach is given and the

__EEL. ratio is greater than ,010, it was necessary to correct

Hp+P

the coefficient as previously explained for kinetic head. It was
not necessary to correct for change in nappe shape due to velocity

of approach unless the value of HE became greater than ,250
HP#P

at which value the correction would decrease the value of the coef=-
ficient one-half of one percent, See Figure 10, After this was

done the coefficient "C" was plotted again Hp ratio of head on crest

Bp

to head producing best fitting nappe shape. All the coefficients

versus ratio Eg curves from 2 given group were traced onto a

* H
P
cormmon sheet and the base curves for that group were found by

averazing the curves, That is, for various Eg ratios the
H
p

nunerical wvulues of the coefficient were added and the sum
divided by the number of curves involved, The three base curves
nan, "G, and "D", together with most of the coefficient curves

used in making them up, are shown in Figures 11, 12, 13, and 14.

The maximum deviation of any coefficient curve from the

Ho is greater than

Hp

0.50. Below this value several of the curves fall considerably

base curve is plus or minus / percent when

below the base curves., This may be explained by the fact that

small inaccuracies in measurement of discharge or head will result

in grezter errors in coefficient at low heads than at high heads,

Also many hydraulicians are prone to carry the coefficient of
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discharge to zero at zero head., The theoretical value of the
coefficient for zero head would be 3,08; however, friction losses,
depending upon the particular setup, reduces this value., For
most curves studied in which no attempt was made to extend the

curves through zerc, an average value of 3.00 was found.

As in most all engineering work, there are steps in the
analyzing where good judgment and experience acts as a guide,
Here in the selection of the proper nappe shape to fit the rounded
crest weir profile, the most thought and careful work must be
exercised, For many of the most difficult rounded crest shapes,
several different nappe shapes were tried, as was noted for
Boulder Dam, Figure 4, and Keokuk; Figure 6, which were the most
difficult, Three of the nappe shapes tried for the Keokuk
rounded crest are shown in the figure, For each of the nappe
shapes tried the corresponding coefficient versus Eg ratio has

Hp
been shown. For Hp equals 10 feet, Condition I, Figure 3, will
exist. The nappe shape is almost a perfect fit upstream from the
crest and a positive pressure will exist, while downstream from ™
the crest the nappe shape falls under the masonry outline, and
pressures will be produced which will decrease the coefficient.
Consequently the coefficient versus head ratio is below the

base curve,

For Hp equals 18, the nappe shape is nearly a perfect fit

in the critical regien downstream from the crest, but if the

shape were moved upstream so that the highest point of the nappe
corresponded to that for Hp equals 10 or 13, the upstream portion
of the nappe shape would fall outside of the rounded crest -of the
woir  and a vacuum would produce results similar to Condition III,
Figure 3, This vacuum is evidently greater than the pressurs in
the region downstream from the crest, and the result is a coef-
ficient that is higher than the base curve, Keokuk Dam has a

flat topped rounded crest weir and is not of recent designs where
the laws pgoverning pressure distribution and values of coefficients

are well known.




A rounded crest shape more typical of present day practices
is that of Wilson Dam, Figure 5, and the rounded crest weir
tested by Glen Cox at the University of Wisconsin, Figure 15,
Here two different nappe shapes were tried with Hp equals 1.3
and 1,4 feet, and the corresponding coefficient versus ratio ﬂg

fp

were plotted. In the case of Keokuk, the nappe shape tried varied
P equals 10 feet to Hp equals 18 feet, a variation of 38.5

percent from the nappe shape selected, while in the present case

from H

of the Wisconsin model, the variation is only about 7,7 percent,
The nappe shapes that might be tried are much more limited and
the selection is easjer, thus the error that might be made in
selecting a coefficient for such a rounded crest weir designed

by modern practices is much less,

For the rounded crest weir tested at Wisconsin, the nappe

shaﬁe produced by a head of 1.3 feet was selected, although the

nappe shape produced by a head of 1.4 feel 1s nearly as good a
fit. The nappe shape produced by a head of 1,4 feet lies slightly
below the masonry line of the crest upstream, and downstream lies
above it, Consequently, the distribution of pressures is similar
to Condition V, Figure 3, and if the downstream negative pressure
is larger will give coefficient higher than the base curve. The
nappe shape produced by a head of 1,3 lies both above and below
the masonry line upstream, and it is likely that the negative and
positive pressure balance one another, while downstream the fit
is very good until some distance below the downstream limit of
the critical section where the nappe shape lies below the masonry
line. The positive pressure formed in this region is too far

dovmstream to have any appreciable effect on the coefficient,

¥While irregular crest shapes are difficult to analyze yet
because of rollers forming in the spaces where the nappe shape
forms a pocket above the masonry, the resulting coefficient versus

Eg curve compare very favorably with crests that nearly conform to
Hp
the lower nappe shape,

1
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In Chapter II1 under Condition IV, Figure 3, it was shown
how the coefficient could be increased beyond the value of 3,98,
Experiments by Dillmann (7), Figure 16, illustrates this phenomena.
Unfortunately his crest shapes do not perfectly fit the lower nuppe
shape {rom sharp crest weirs, but the approximation is fairly good
(ncte fitting of nappe shape to rounded crests in lower right hand
corner of Figure 16). In his experiments he used rounded crest
welrs that were geometrically similar, the size being controlled
by a constant "K", which was the head on a sharp crest weir,
producing the nappe shape that the rounded crest weir approximately
fit. If his rounded crest welr had exactly fit the nappe shape, H
would equal .888 K; however, it was found that Hp equals ,900 K.

P

For Crest shape No. 1, (vertical upstream fuce) rounded crests
were made up for K equals 20, 50, 60, 120, 150, 170, and 220, For
crests with K equals 20 and 50, tests were made with pg equal to
both 300 and 100, the rest were tested with p equals 300.

H

When the head was increased to beyond a ratic _© = 3.60 for

H
P

crests with K's of 20 and 50, the nappe springs free from the crest

and there was a decrease in coefficient. Fressure measurements on

the crest showed that for Eg equal from zero to one, Condition I,
H
P
Figure 3, existed, while for Ho equal from 1.00 to 3.60 Condition III

H

p
existed, The coefficients from these various crests were analysed by
the method outlined above and were found to agree with Base Curve

"A" as far as it extended,

These experiments were performed on very smull models Hp
equals 0,059 feet for K equals 20; however, they agree in the
lower region Ho - 0 to Ho

Hp Hp

from much larger models, and even prototype structures. For Crest

= 1.40 with the Base Curve "A" derived

No. 1 the variation of size of crest did not produce any consistent

variation in the coefficient., The maximum variation in coefficient
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from various sized welrs was only 1.8 percent. These facts tend

to prove that there is no variation in coefficients due to size

‘of crest,

The position of Curves No., 4 and 6, Figure 16, with respect
to Curves Mo, 5 and 7, from weirs which are over four times as
large, seems to contradict the above statement., But it 1s believed
that in the case of these crest shapes the models with K equals 50
and 45 were too small, since weirs with large "K" of 120 and 130
gave curves plotting in the immediate vicinity of Curves 5 and 7
from the weirs with K equals 220,

These curves also show that neither an upstream slope or an
overhang produce any appreciable change in the coefficient of
discharge for rounded crest weirs, A few engineers have attempted
to express the coefficient of discharge for rounded crest weirs by
either a formula or plotting of the various pertinent factors. The
German engineer, Rehbock (11) has suggested the {ormula for

cylindrical rounded crest weirs,

2
/b\/z .313 +|/O.3+ 0.01 (5 - ;_0.) + 0.09 %9, — 22,

’
Here the coefficient/*4 includes velocity of approach and the
discharge is given by Q =/q<§y§§'Lh°3/2. The symbol YR" expresses

the radius of curvature of the cylindrical crest. The following
limits are placed on the factors of formula (22):

P> R 7> 0,07 feet

ho<R(6-2OR
p+3 R

For negligible velocity of approach P is very large, approaching
infinity, and the lust term of the equation may be dropped,




By independent analysis of coefficients for cylindrical
rounded crest weirs, the author found that Hp = 1.6R, Page 23,
Since:

=.§.\"EEM= 5.35M

and for negligible velocity of approach hg = Hp, the formula

becomes:

C =535 | .312 \/{J 3+0. Ol

1 6H

The values of C are plotted ag;inst Eg s Figure 17, and the

Hp |
results compared with the Base Curve "A", The agreement is very
good; however, it should be remembered that Rehbock's formula is
limited to cylindrical rounded crest weirs.

The last term of Rehbock's formula which corrects for velocity
of approach, both due to change in shape of nappe and kinetic head,
suggests that comparison might be made with ratio @ and Y obtained
by the author. Since the method used to get the correction a for
the kinetic heud contained in the water approaching the weir has
been used by other hydraulicians and has proven satisfactory, it
will be considered as correct,

The last term 0,09 Po can be computed feor various values of

Ny and added to the theoretical coefficient Ce
ho+ P
obtained by solving the Equation 22 with Eg = 1.00, that is
H

p
1.6h
%9 = ¥ © =1,60, This means that the nappe shape that best
P .

fits the cylindrical rounded crest weir conforms to the lower

the ratio

surface of the nappe shape for the various heights of weirs. The

Equation 22 now becomes:

ho

K=5.35 1} .312 b/b-B +0,01(5 - 1.6)2~+o,09 hh +P \
O
X
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.T41 + 0,09

L

The limits placed on Formula 24 are the same as those on
Formula 22, but may be expressed in different terms so as to be

comprehended more resadily.
Since R = .62L Hp

P> 624 Hj and Hpi,'> 112 feet

_Hp $ 616
H, +P

12,48 HE )
P #1.8'2Hp

hy & 624 By ( _

If P =eo hg< 3.75 Hp, which is the point where the nappe
shape sprihgs free from the rounded crest, If P becomes as small
as possible, that is P = .625 Hp, then ho < .625 Hp.

Since the zoeflficient K contains both corrections it will be
divided by "@" correction for kinetic energy for the value of

ho s the result will be the theoretical Cy for that particular
ho* P

height of weir expressed by Dy ., The results of the process
hg +P

is shown on Fijure 9. This curve is compared to the one by the
author obtained for rounded crest weirs conforming to lower nappe,
while the Rehbock curve is for a cylirdrical crest. The general
trend of Rehbock'!s correction is the same as that derived by the
author, but the coefficient obtained by Rehbock is much larger for

values up to about hy = 85, and drops much lower when
hg + P
ho = 1.00. However, the limits placed on Hquation 22 and 24 prohibits
Ng + P

its use for values of _ Do  preater than ,62.
h,*P
o




In this discussion it must be remembered that the correction
for kinetic head was that used by the author, as this was the only
means avallable to separate the two corrections contained in the

last term of Equation 22 and 24.

¥r. J. J. Doland (33) began working independently on the
problem of coefficients for rounded crests and obtained much of
the data analyzed in this thesis from Professor E, W, Lane and
the author,

Professor Doland has the same idea of reducing all coef-
ficients versus head relations to a common denominator; however,
his approach is different. The cross-section of the crest is
plotted and then a ecirecle is constructed which will best it the
rounded crest shape. The radius of this circle "R" is used to
reduce the coefficient versus head relations ‘to a common base,
He plotted his results on logarithmic paper and expressed the

results in the form of an eguation,

K g g,3/2
R

It 1s now necessary to determine K' and N from the

logarithndic plotting. The K' is the intercept at 1, and

B
HO

N is the slope of the curve., Since the group of curves do not

seem to be averaged by a straight line it is hard to determire
K' and N. An attempt was made to determine the constant; however,
it is realized that another person might obtain different results,
Since it was found that Hp = 1.6R and the average value of the
slope was found to be .1331, the intercept at _%N = 1 was 3,60,

)

Equation 25 becomes:




~ 60
C - “‘2#{—'“.1331
(1.6 H()

1331
C = 3,60 C'é._-.—_ﬂ.%
Hp

This relation of C to gg was plotted on Fijure 17, The
3]

P
curve falls below the Base Curve "A", the discrepancy being larger

for value of EQ greater than ,60. Mr, Ross N, Brudenell (34) in

}{p .
g discussicn of Mr. Doland's article sugeested that:

[ 1

/241
- C¢ LHO(BI )

1
Lp

N
oy (32 28.
p

He further suggested that Cy ='3.97 and that ¥ = .12, The formla

applied to rounded crest weirs which are shaped to fit the lower

nappe from a sharp crest weir. &Bquation 28 becomes:

A2
C = 3.97 <§g> Lo 29.

Hp

The equation was plotted in Fijure 17 and agrees fairly well with
Hy Zreater than 1.2,

Hp

Equations 26 and 29 give a coefficient of zero when Eg equals zero,
H
p

Rehbock's Formula 22 gives a coefficient of 1,66 when the ratio

the Base Curve "AM", except for value of

Eg equals zero. As previously pointed cut the coefficient should

Hp

be somewhat less than 3.08, but certainly not 1.66 or zero, when-
ever Eg equals zero.

“p

The author has expressed his results in the form of curves,

Figure 18, but since some engineers prefer working with equations,
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JERE

an attempt wns made to express the base-curve as an equation,

The peneral form of the squation is:

H N
H
P
’ Ky. Ko, and N are constants to be determined, If (C - Kl) is
plotted against Eg on logarithmic paper, the slope of the line
H
p
will give N and the intercept at Eg~= 1, will determine K,. The »fiﬁ
H .
P

value of Ky is found by trial and error. K; should be of such
value that (C - Kj) plotted against Eg will give a straight line.

H L
p o
In order for C to be 3,00 when Ho equals zero, K; would have to N
H :
P .
be 3,00, However, when this value was used, the value of (C - 3.00) /=
plotted against Eg did not result in a straight line, but was

i
p
slightly curved. For Base Curve "A", K, was found to be 2.86,

and this value was found for Base Curve D, while some other values
for Xy might have been used for Base Curve C, yet the same value
of 2.6 for Ky was found to give approximately a straight line,

So as to have the constant Ky the same for all base curves, it was

used {or Base Curve C.

It is logical that neither the piers or numbers of gates open
should materially affect the 1imit of the coefficient when the head

on the weir approached zero, The coefficient of 2,86 for this y

linit is much more logical than zero or some much lower value,

» since it is conceivable that the tneoretical coefficient of 3,08

for bread crest weirs could be reducad by friction to 2.86,

® especially at low hezd where friction would play e significant

role,

With Ky = 2.86'the base curves werec plotted on logarithmic

paper, Figure 19, and K, and N determined.
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For Base Curve "A" .60 and K2 l.12
For Base Curve "C" N = .64 and Ky 0.96
For Base Curve "D" N .58 and Kp 1.06

These values give the following equations for the coefficient of

discharge in the formula:

Q = CL (hg+ ha)B/z Q= CLH03/2

For Base Curve "A" free rounded crest weirs without plers or

gates:

gy 60
C o 2.86+ 1,12 (—9) , 31,
Hy, 3 ‘

For Base Curve "C" rounded crest.weirs with piers and gates (one

zate only discharging):
w b4
C m 2.864+ .96 (-—°> : 32,

ip

For Base Curve "D" rounded crest weirs with piers and gates (three

or more gates discharging):

C = 2.8641.06 (ﬂg) 28 33.
P

H

The actual range of the equation is limited by their derivation

to values of fo = 0.0 to 1.40. These equations are applicable when

—t—

Hp
Ho is less than .30, When this limit 1s exceeded they should be
Ho +P
corrected for a decrease in coefficient due to the lower height- weir,

by using the graph, Figure 10, for the reduction ratio ¥ which is

drawn up in terms of Ho |, Expressing this in the furm of an
Hy + P B

equation when Ho i3 greater than .30, the tdischarge for rounded
Ho +P

crest weirs 1s given by:

Q= Y[z-. 86 +K2 (%é) N] LH°3/2
p




For free rounded crest weirs K2 w 1,12 and N = ,60, For

rounded crests with one gate discharging, K, w.96 and N = .6,

For three or more gates discharging Ky  1.06 and N = ,58,

See Fizure 10 for value of ¥ .
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