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WEIR EXPERIMENTS, COEFFICIENTS, AND
FORMULAS.

By Roeerr E. HorroN.

INTRODUCTION.

DEFINITIONS OF TERMS.

The word ‘‘weir” will be used to describe any structure used to
determine the volume of flow of water from measurements of its
depth on a crest or sill of known length and form. In this general
sense timber and masonry dams having various shapes of section,
reservoir overflows, and the like may be weirs. Terms, more or less
synonymous, used to describe such weirs are ‘‘comb,” *‘wasteway,”
“gpillway,” “‘overwash,” ‘‘rollway,” and ‘‘overfall.”

The French term “ nappe,” suggesting the curved surface of a cloth
hanging over the edge of a table, has been fittingly used to designate
the overfalling sheet of water.

The expression ‘“ wetted underneath” has been used to describe the
condition of the nappe designated by Bazin as ‘“noyées en dessous,”
signifying that the water level between the nappe and the toe of the
weir is raised by vacuum above the general water level below the
weir.

“Thin-edged weir” and ‘‘ sharp-crested weir” are used to designate
a weir in which the nappe, or overfalling sheet, touches only the
smooth, sharp upstream corner or edge of the crest, the thickness of
which is probably immaterial so long as this condition is fulfilled.

A ““suppressed weir” has a channel of approach whose width is the
length of the weir crest.

A ““contracted weir” has a crest length that is less than the width
of the channel of approach.

The term “‘ channel of approach,” or “‘leading channel,” defines the
body of water immediately upstream from the weir, in which is
located the gage by which the depth of overflow is measured.

¢“Section of approach” may refer to the cross section of the leading
.channel, if the depth and width of the leading channel are uniform;
otherwise it will, in general, apply to the cross section of the channel
of approach in which the gage is located.

\ 7



8 WEIR EXPERIMENTS, COEFFICIENTS, AND FORMULAS.

“ Weir section ™ refers to the cross section of the overflowing stream
in the plane of the weir crest.

“(Crest contraction” refers to the diminished cross section of the
overflowing stream resulting from the upward curvature of the lower
water filaments in passing the crest edge. It does not include the
downward curvature of the water surface near the weir crest.

The “vertical contraction of the nappe’ includes both the crest
contraction and the surface contraction.

“TIncomplete contraction™ may take place either at the crest or at
the ends of a weir, and will occur when the bottom or side walls of
the channel of approach are so near the weir as to prevent the com-
plete curvature of the water filaments as they pass the contracting
edge.

Dimensions are uniformly expressed in feet and decimals, velocities
in feet per second, and quantities of flow in cubic feet per second,
unless otherwise stated in the text.

In the preparation of this paper much computation has been involved
and it is expected that errors will appear, which, if attention is called
to them, may be corrected in the future. Information concerning
such errors will be gratefully received. '

NOTATION.

The symbols given below are used in the values indicated. The
meaning of additional symbols as used and special uses of those that
follow are given in the text:

D=Measured or actual depth on the crest of weir, usually determined as the differ-
ence of elevation of the weir crest and the water level, taken at a point
sufficiently far upstream from the weir to avoid the surface curve.

H=The head corrected for the effect of velocity of approach, or the observed head
where there is no velocity of approach. As will be explained, D is applied
in formulas like Bazin’s, in which the correction for velocity of approach is
included in the coefficient. H is applied in formulas where it is eliminated.

v=Mean velocity of approach in the leading channel, usually taken in a cross sec-
tion opposite which D is determined.
2
h=Velocity head=a -
g=Acceleration by gravity. Value here used 32.16.

P=Height of weir crest above bottom of channel of approach, where channel is
rectangular.

W=Width of channel of approach where D is measured.

A=Area of cross section of channel of approach.

G'=Area of channel section where D is measured, per unit length of crest.

a=Area of weir section of discharge=D L.

L=Actual length of weir crest for a suppressed weir, or length corrected for end
contractions, if any.

I/=Actual length of crest of a weir with end contractions.

N=Number of complete end contractions.

B=DBreadth of crest of a broad-crested weir.

S=Batter or slope of crest, feet horizontal to one vertical.



INTRODUCTION. 9
d=Depth of crest submergence in a drowned or submerged weir.

@=Volume of discharge per unit of time.
C, M, m, u, «a, f, ete., empirical coefficients.

BASE FORMULAS.

The following formulas have been adopted by the engineers nained:

ng MLH\J29H. Hamilton Smith (theoretical).

=uL H\2g 1. Bazin, with no velocity of approach.
=mLDJ2gD. Bazin, with velocity of approach.
=CLH %. Francis ¢ (used here).

3
=CLH*+fL. Fteley and Stearns.
EQUIVALENT COEFFICIENTS.

The relations hetween the several coeflicients, so far as they can be
given here, are as follows:

2
,u:*g M.

M is a direct measure of the relation of the actual to the theoret-
ical weir discharge.

0=m@=§ M 29=8.02 u=5.35 M.

3. .30 o
M—g}l—é 4%—0.1870 8

%
ﬂ:m:0.1%7 C. .

APPROXIMATE RELATIVE DISCHARGE OVER WEIRS.

For a thin-edged weir, the coefficient ¢’ in the Francis formula is
3.33=~1§O. Let (' be the coefficient for any other weir, and x the

relative discharge as compared with the thin-edged weir, then

%0:0’::1:a:

_3C

=10

1)

or, as a percentage,
2,=100 =30 (.

aThe coefficient € of Francis includes all the constant or empirical factors appearing in the
formula, which is thus thrown into the simplest form for computation.
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This expression will be found convenient in comparing the effect on
discharge of various modifications of the weir cross section. For a
broad-crested weir with stable nappe, C;=2.64, see p. 121. The dis-
charge over such a weir is thus seen to be 79.2 per cent of that for a
thin-edged weir by the Francis formula.

REFERENCES.

The following authorities are referred to by page wherever cited
in the text:

Bazin, H., Recent experiments on flow of water over weirs. Translated by Arthur
Marichal and J. C. Trautwine, jr. Proc. Engineers’ Club Philadelphia, vol. 7,
No. 5, January, 1890, pp. 259-310; vol. 9, No. 3, July, 1892, pp. 231-244; No. 4,
October, 1892, pp. 287-319; vol. 10, No. 2, April, 1893, pp. 121-164.

Bazin, H., Expériences nouvelles sur I’écoulement en déversoir, 6¢ art., Annales
des Ponts et Chaussées, Mémoires et Docuients, 1898, 2™¢ trimestre, pp. 121-264.
This paper gives the results of experiments on weirs of irregular section.
Bazin’s earlier papers, published in Annales des Ponts et Chaussées, 1888, 1890,
1891, 1894, and 1896, giving results of experiments chiefly relating to thin-edged
weirs and velocity of approach, have been translated by Marichal and Trautwine.

Bervasis, E. 8., Hydraulics.

Bovey, H. T., Hydraulics.

Francis, Jaues B., Lowell hydraulic experiments.

FrizeLL, JamEes P:, Water power.

FrELEY, A., and Stearns, F. P., Experiments on the flow of water, etc. Trans. Am.
Soc. Civil Engineers, January, February, March, 1883, vol. 12, pp. 1-118.

MerrmMAN, MansFiELD, Hydraulics.

RAFTER, GEORGE W., On the flow of water over dams. Trans. Am. Soc. Civil Engi-
neers, vol. 44, pp. 220-398, including discussion.

SmitH, Hamivron, Hydraulics.

THEORY OF WEIR MEASUREMENTS.

DEVELOPMENT OF THE WEIR.

The weir as applied to stream gaging is a special adaptation of mill
dam, to which the term weir, meaning a hindrance or obstruction, has
been applied from early times. The knowledge of a definite relation
between the length and depth of overflow and the quantity also proba-
bly antedates considerably the scientific determination of the relation
between these elements.

In theory a weir or notch? is closely related to the orifice; in fact,
an orifice becomes a notch when the water level falls below its upper
boundary.

THEOREM OF TORRICELLI.

 The theorem of Torricelli, enunciated in his De Motu Gravium

Naturaliter Accelerato, 1643, states that the velocity of a fluid passing
through an orifice in the side of @ reservoir is the same as that which
would be acquired by a heavy body folling freely through the verticol

aCommonly applied to a deep, narrow weir.
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height measured from the surface of the fluid in the reservoir to the
center of the orifice.

This theorem forms the basis of hydrokinetics and renders the weir
and orifice applicable to stream measurement. The truth of this prop-
osition was confirmed by the experiments of Mariotte, published in
1685. It can also be demonstrated from the laws of dynamics and the
principles of energy.®

ELEMENTARY DEDUCTION OF THE WEIR FORMULA.

In deducing a theoretical expression for flow over a weir it is
assumed that each filament or horizontal lamina of the nappe is actu-
ated by gravity acting through the head above it as if it were flowing
through an independent orifice. In fig. 1 the head on the successive
orifices being H,, H,, H,, etc., and their respective areas 4,, 4,, 4,,
ete., the total discharge would be

=0y | At At w+amt]. @

Fi1G. 1.—Torricellian theorem applied to a weir.

If the small orifices 4 be considered as successive increments of head
11, the weir formula may be derived by the summation of the quantities
in parentheses. /f comprises n elementary strips, the breadth of each

. . 2
is {—l{ The heads on successive strips are %I) %{{ ete., and the total

where %—{:AA—AI, etc., for a rectangular weir. The sum of the

becomes

_ _ - . 3
series 14424434 to Jn:§ n”.
Hence the discharge is
_LH |5 Jﬁ 2 %
Q= TJ2§ PR ne.
:g LI JoqH.

The above summation is more readily accomplished by caleulus.

aSee Wood, Elementary Mechanies, p. 167, also p. 291.
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,APPLICATION OF THE PARABOLIC LAW OF VELOCITY TO WEIRS.

The following elementary demonstratlon clearly illustrates the char-

acter of the weir:
. According to Torricelli’s theorem (see fig. 1), the velocity (v) of a
- filament at any depth (z) below surface will be v=42¢z. This is the
equation of a parabola having its axis OX vertical and its origin O
at water surface. Replacing the series of jets by a weir with crest at
X, the mean velocity of all the filaments will be the average ordinate
of the parabola OP@. The average ordinate is the area divided by
the height, but the area of a parabola is two-thirds that of the circum-
scribed rectangle; hence the mean velocity of flow through the weir
is two-thirds the velocity at the crest, i. e., two-thirds the velocity
due to the total head A on the crest. The dlscharge for unit length ~
of crest is the head /7, or area of opening per unit length, multiplied
by the mean velocity. This quantity also represents the area of the
parabolic velocity curve OP@QX. The mean velocity of flow in the
nappe occurs, theoretically, at two-thirds the depth on the crest.

The modification of the theoretical discharge by velocity of approach,
the surface curve, the vertical contraction at the crest, and the various
forms that the nappe may assume under different conditions of aera-
tion, form of weir section, and head control the practical utility of the
weir as a device for gaging streams.

GENERAL FORMULA FOR WEIRS AND ORIFICES.c

Consider first a rectangular opening in the side of a retaining vessel.
The velocity of flow through an elementary layer whose area is Ldy
will be from Torricelli’s theorem:

v=+2gy.

— :ﬁ: ==

14

H, H
!
o wdyl

3
— L -»

F16. 2,—Rectangular orifice.

The discharge through the entire opening will be, per unit of time,
neglecting contractions,
A
Q= Loy Ldy. . . . . . . (4)
H,

aThe correlation of the weir and orifice has been given by Merriman. See Hydraulics, pp. 42-45.
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This is a general equation for the flow through any weir or orifice,
rectangular or otherwise, ¢ being expressed as a function of y. In
the present instance Z is constant. Integrating,

ngLJgg(Hﬁ_Hl%) N )

For a weir or notch, the upper edge will be at surface, H,= 0, and
calling H,= H in equation (5),

Q:%LJ%H%. N )

In the common formula for orifices, only the head on the center of
gravity of the opening is considered.

Expressing /7, and /| in terms of the depth / on the center of
gravity of the opening and the height of opening d, Merriman obtains,
after substituting these values in and expanding equation (5) by the
binomial theorem, the equivalent tormula,

o BY T Y
Q=dLy2gh [1 96 ZF 2048 I 21845 IT, etc'] -

The sum of the infinite series in brackets expresses the error of the
ordinary formula for orifices as given by the remainder of the equa-
tion. This error varies from 1.1 per cent when A=d to 0.1 per cent
when A=3d. :

VERTICAL CONTRACTION.

Practical weir formulas differ from the theoretical formula (6) in
that velocity of approach must be considered and the discharge must
be modified by a contraction coeflicient to allow for diminished sec-
tion of the nappe as it passes over the crest lip. Velocity of approach
is considered on pages 14 to 20. Experiments to determine the weir
coefficient occupy most of the remainder of the paper. The nature of
the contraction coeflicient is here dese¢ribed.

Vertical contraction expresses the relation of the thickness of nappe,
8, in the plane of the weir crest, to the depth on the crest, /7. TIf the
ratio s ' /7 were unity, the discharge would conform closely with the
expression

Q=2/38 LH \J2qgH.

The usual coefficient in the weir formula expresses nearly the ratio
s/ H.

The vertical contraction comprises two factors, the surface curve or
depression of the surface of the nappe and the contraction of the
under surface of the nappe at the crest edge. The latter factor in
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particular will vary with form of the weir cross section, and in gen-
eral variation in the vertical contraction is the principal source of
variation in the discharge coeflicient for various forms of weirs.

The usual base weir formula, (=2/3 LH«/QgH, is elsewhere given
for an orifice in which the upper edge is a free surface. If instead
the depth on the upper edge of the orifice is ¢, the surface contraction,
there results the formula

_—‘%MLJ@(H%—LZ%) B )

This is considered as the true weir formula by Merriman. In this
formula only the crest-lip contraction modifies the discharge, necessi-
tating the introduction of the coeflicient. The practical difficulties of
measuring @ prevent the use of this as a working formula.

Similarly a formula may be derived in which only the effective
cross section s is considered, but even this will require some correction
of the velocity. Such formulas are complicated by the variation of s
and ¢ with velocity of approach.”? Hence, practical considerations
included, it has commonly been preferred to adopt the convenient

2 S .
base formula for weirs, Q=—3- MILHJ2gH, or an equivalent, and throw
all the burden of corrections for contraction into the coeflicient M.

VELOCITY OF APPROACH.

THEORETICAL FORMULAS.

Before considering the various practical weir formulas in use some
general considerations regarding velocity of approach and its effect on
the bead and discharge may be presented.

In the general formula (4) for the efflux of water when the water
approaches the orifice or notch with a velocity », then with free dis-
charge, writing 24 in place of 4, for a rectangular orifice, we have

D,+7%
€= [ Negy . Ldy . . . . . . 9
DA
D, and D, being the measured depth on upper and lower edges of the
orifice, and /zzv—z, the velocity head.
29

To assume that D44 equals H is to assume that the water level is

a Hydraulics, p. 123. .

bSee Trautwine and Marichal’s translation of Bazin’s Experiments, pp. 231-307, where may also be
found other data, including a résumé of M. Boussinesq’s elaborate studies of the vertical contrac-
tion of the nappe, which appeared in Comptes Rendus de I’ Académie des Sciences for October 24,1887,
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increased by the amount /4, or, as is often stated, that / is ‘‘ measured
to the surface of still water.” This is not strictly correct, how-
ever, hecause of friction and unequal velocities, which tend to make
H—D>#h, as explained below.

For a weir, D, equals zero; integrating,

0=y LiZg[ (D+1)F—i]
. 2 3
Since @ =35Ly2gH*, we have

H:{(D+A)g~ﬁ}% S .. ()

This is the velocity correction formula used by James B. Francis.¢

Since % appears in both the superior and inferior limits of integra-
tion, it is evident that A increases the velocity only, and not the sec-
tion of discharge. The criticism is sometimes made that Francis’s
equation has the form of an increase of the height of the section of
discharge as well as the velocity.

The second general method of correcting for velocity of approach
consists of adding directly to the measured head some function of the
velocity head, making

H=D+tah
in the formula
Q=CLH 29 H
or
Q= CL (D+ak) J2g(D+ak). . . . . . 9b

This is the method employed by Boileau, Fteley and Stearns, and
Bazin. No attempt is made to follow theory, but an empirical correc-
tion is applied, affecting both the velocity and area of section.

By either method «» must be determined by successive approxima-
tions unless it has been directly measured. '

Boileau and Bazin modify (99) so as to include the area of section of
channel of approach, and since the velocity of approach equals /A4,
a separate determination of » is unnecessary. Bazin also combines
the factor for velocity of approach with the weir coefficient.

The various modifications of the velocity correction formulas are
given in conjunction with the weir formulas of the several experi-
menters.

aBovey gives éimi]ar proof of this formula for the additional cases of (1) an orifice with free dis-
charge, (2) a submerged orifice, (3) a partially submerged orifice or drowned weir, thus establishing
its generality.
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DISTRIBUTION OF VELOCITY IN CHANNEL OF APPROACH.

The discharge over a weir takes place by virtue of the potential
energy of the layer of water lying above the level of the weir crest,
which is rendered kinetic by the act of falling over the weir. If the
water approaches the weir with an initial velocity, it is evident that
some part of the concurrent energy will facilitate the discharge.

The theoretical correction formulas may not truly represent the
effect of velocity of approach for various reasons:

1. The fall in the leading channel adjacent to the measuring section
is the source of the velocity of approach, and this fall will always be
greater than that required to produce the existing velocities, because
some fall will be utilized in overcoming friction.

2. The velocity is seldom uniform at all parts of the leading chan-
nel and the energy of the water varies accordingly. This effect is
discussed later (p. 17).

3. It is not certain just what portion of the energy of the water in
the section of the leading channel goes to increase the discharge.

F16. 8.—Distribution of velocities.

In general the threads of the water in the cross section of the chan-
nel of approach to a weir have varying velocities. It follows that. as
will be shown, the ratio of the actual energy of the approaching water
to the energy due to the mean velocity will be greater than unity, and
for this reason the correction for velocity of approach will be greater
than if the energy were that due to a fall through a head produced by
the mean velqcity . The more nearly uniform is the velocity of the
water in the leading channel the smaller will be the necessary coeffi-
cient « in the velocity head formula. The velocity may be rendered
very nearly uniform by the use of stilling racks or baffles. Where
this was done in the experiments on which a formula was based (that
of Francis, for example) a larger velocity of approach correction than
that obtained by the author may be necessary in applying the formula
to cases where there is wide variation in the velocity in the leading
channel. To avoid such a contingency it is desirable, when practi-
cable, to measure head to surface of still water, because more accurate
results can be obtained and wash against instruments prevented.
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The vertical and horizontal velocity curves in an open channel usu-
ally closely resemble parabolas. A weir interposes an obstruetion in
the lower part of the channel, checking the bottom velocities. The
velocity is not, however, confined to the tilaments in line with the sec-
tion of the discharge opening of the weir. As a result of viscosity of
the liquid, the upper rapidly moving layers drag the filaments under-
neath, and the velocity may extend nearly or quite to the channel bot-
tom. There will usually, however, be a line (A B C, fig. 3), rising
as the weir is approached, below which there is no forward velocity.

The line A B C is the envelope of the curves of vertical velocity
in the channel of approach.

There will be a similar area of low velocity at each side of the chan-
nel for a contracted weir. The inequality of velocities for such weirs
being usually greater than for suppressed weirs, it follows that a
larger coefficient in the formula for velocity of approach may be
vequired. This is confirmed by experiment.

Various assumptions have been made as to what portion of the
energy of the approaching stream goes to increase the discharge, (@)
that resulting from the mean velocity deduced from the discharge
divided by the area of the entire section of the channel of approach;
(6) that of the mean velocity obtained by using the sectional area of
the moving water, above the line A B C, fig. 3; (¢) that of the fila-
ments lying in line with or nearest to the section of the weir opening,
determined approximately by the surface velocity.®

DISTRIBUTION OF ENERGY IN CHANNEL OF APPROACH,

Consider unit width of the channel of approacix:
Let », =Surface velocity.
#,,= Mean velocity.
», = Bottom veloeity.
» =Velocity at a height x above bottom.
X =Depth of water in channel of approach.
w ="Weight of unit volume.
The general formula tor kinetic energy is
W
K. E. =3
where W=weight of the moving mass.
1f the velocity increases uniformly from bottom to surface, the
velocity at height « will be

(10)

@
U= Ub—f-;? (’UN-——QJ],).

e« Smith, Hamilton, Hydraulies, p. 68.
IRR 150—06——2
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Let dw be the thickness of a lamina one unit wide at height . The
total kinetic energy for the depth X will be

T
K. E.= </v + (v,—w ))E}ﬁ’ dz (11)
. .= b Xr‘ VeV 29 L . . . .
0

If the velocity is uniform, the total kinetic energy per unit width
is found by integration to be '
wXn,?

K. E.= 3%

(12)

Integrating for the simple case where »,=0 and the velocity increases

uniformly from the bottom to the surface so that /vm:%“’, we have

K E = ’ll‘Xv’W)g
g

(13)

Comparing this with the expression for kinetic energy of a stream
flowing with the uniform velocity » (formula 12), we find the mass
energy of the stream with uniformly varying velocity to be twice as
great as for the uniform velocity.

By a similar integration the ratio of the total kinetic energy to the
kinetic energy corresponding to the mean velocity in the channel of
approach can be obtained for any assumption as to the distribution of
velocities in the leading channel. The resulting ratio will depend
upon the relative areas of section with low and high velocities which
go to make up the mean, and in practice it will generally exceed unity.

The lowering of the water surface from the level of a still pond will
also be greater in the case of unequal velocities than in the case of a
uniform velocity equal to their mean. The theoretical weir formula
indicates the same discharge in case of a uniform velocity of approach
v as in case of varying velocities whose mean is equal to v, although
in the former case the actual drawing down of the head if it were
measured would be found greater. If /4 were the velocity head
corresponding to the mean velocity, and if »,, ,, 2,, etc., », were the
actual velocities in the » unit areas of cross section, the actual velocity
head %’ will be such that

%:;’ (» 4 tete. »,))=w@h'=Integral K. E.

NOW,‘
7;—? w=1wh=K. K. of average velocity.

As shown above, the integral K. E. is the greater.
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It follows that 2'>A.
It a:%
Then
W =ah.

Introducing velocity of approach in the discharge formula we sub-
stitute D+A for 7/, and integrate between the limits zero and .
Hence, for the same discharge, the area of weir section is greater
without velocity of approach by nearly the amount AZ.

For a given measured head ), the effect of velocity of approach,
whatever it may be, appears as an increase in the mean velocity of
discharge in the plane of the weir. The relation of the mean velocity
of discharge for a weir with velocity of approach to that for a weir
without such velocity is shown by the following expression, the mean
head being the same in both cases:

Mean velocity in the plane of the Weir:%,

Q... k. i
then LS DY (D h

It will be seen that the discharge over a weir with velocity of
approach is less than that for the same total head and greater than
that for the same measured head without velocity of approach, and
that with a given measured head the greater the velocity of approach
the greater will he the discharge.

In a weir section opening out of still water there is always a con-
siderable surface velocity, the parabolic law (see fig. 8) being modified
by fluid friction, which tends to equalize the velocities. Velocity of
approach, being usually greater at the surface, furthers this equaliza-
tion. Some of the kinetic energy of the swifter-moving filaments is
transferred to their slower-moving neighbors, the result being that
while the kinetic energy of the whole mass ¢ passing the weir per
second remains constant, yet the awerage velocity is accelerated and
the discharge rate is increased as compared with the theoretical quan-
tities. This will be clearer if we consider two contiguous filaments,
each having unit section ¢, one with a velocity of 1, the other of 2 feet
per second. The two will discharge 241 units flow per second, hay-
ing the total kinetic energy indicated below:

_Ix?T 2x2
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If, now, the velocities are equalized, 9 units of kinetic energy will
be equally divided between the two filaments, so that, the new velocity
being v,

Qawv Xv*_ Yuw
29 2

, -
and 17:\/5:1.651.

The average velocity before equalization was 1.5.

The discharge from two filaments having equal velocities will be
3.302 units, as compared with 3.00 for two filaments having unequal
velocities.

THE THIN-EDGED WEIR.

EARLIER EXPERIMENTS AND FORMULAS.

Prior to 1850 the practice of weir measurement was in a somewhat
chaotic condition, especially in England, Germany, and the United
States. There were many experimental results, but the experiments
were made on so small a scale that the various influences affecting the
measurements and the lack of proper standards made the results
erratic and untrustworthy in detail. Greater advancement had been
made in France by such savants as Dubuat, Eytelwein, I’ Aubuisson,
Castel, Poncelet, Lesbros, and Boileau. Some of the work of the
early French experimenters has proved, in the light of wider experi-
ence, to be of considerable value.

EXPERIMENTS OF CASTEL.

The first experiments deserving consideration are of those of M.
Castel, conducted at the waterworks of Toulouse in 1835 and 1836.¢
Castel erected his apparatus on a terrace in conjunction with the water
tower, which received a continuous supply of 1.32 cubic feet per
second, capable of being increased to 1.77 cubic feet per second. The
weir consisted of a wooden dam, surmounted by a crest of copper
0.001 foot in thickness, situated in the lower end of a leading channel,
19.5 feet long, 2.428 feet wide, and 1.772 feet deep. Screens were
placed across the upper end of the channel to reduce oscillations.
The head was measured at a point 1.60 feet upstream from the weir by
means of a point gage. The overflow was measured in a zine-lined
tank having a capacity of 118.024 cubic feet. The length of the crest
for weirs with suppressed contractions varied from 2.393 to 2.438
feet. Heights of weirs varying from 0.105 to 0.7382 were used, and

aQriginally published in Mémoires Acad. Sci. Toulouse, 1837. See D’Aubuisson’s Hydraulics, Ben-
nett’s translation, pp. 74~77. Data recomputed by Hamilton Smith in his Hydraulics, pp. 80-82 and
138-145. The recomputed coefficients will be found valuable in calculating discharge for very small
and very low weirs.
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a similar series of experiments was performed on suppressed weirs
1.1844 feet long. The head varied for the longer weirs from ahout
0.1 to 0.25 foot. Additional experiments were made on contracted
weirs having various lengths, from 0.0328 to 1.6483 feet, in a channel
2.428 feet wide, and for lengths from 0.0328 to 0.6542 foot in a chan-
nel 1.148 fegt wide. The experiments on these narrow slit weirs
included depths varying from 0.1 or 0.2 foot to a maximum of about
0.8 foot.

D’Aubuisson gives the following formula, derived from the experi-
ments of Castel for a suppressed weir:

Q=3.4872LD JD+0.035W* . . . . . (14).

where W is the measured central surface velocity of approach, ordi-
narily about 1.24.

EXPERIMENTS OF PONCELET AND LESBROS.

The experiments made by Poncelet and Lesbros, at Metz, in 1827
and 1828, under the auspices of the French Government, were contin-
ued by Lesbros in 1836. The final results were not published, how-
ever, until some years later.®

The experiments of Poncelet and Lesbros and of Lesbros were per-
formed chiefly on a weir in a fixed copper plate, length 5.562 feet.
The head was measured in all cases in a reservoir 11.48 feet upstream,
beyond the influence of velocity of approach. The crest depth varied
from about 0.05 to 0.60 or 0.80 foot. The experiments of Lesbros
are notable from the fact that a large number of -forms of channel of
approach were employed, including those with contracted and con-
vergent sides, elevated bottoms, etc. The experiments of Lesbros on
these special forms of weirs have been carefully recomputed by Ham-
ilton Smith, and may be useful in determining the discharge through
weirs having similar modifications.?

EXPERIMENTS OF BOILEAU.

The experiments of Boileau®¢ at Metz, in 1846, included 3 suppressed
weirs, having lengths and heights as follows:

(1) Length 5.30 feet, height 1.54 feet.

(2) Length 2.94 feet, height 1.12 feet.

(3) Length 2.94 feet, height 1.60 feet.

The depth of overflow varied from 0.19 to 0.72 foot. Boileau
obtained the following formula for a suppressed weir:

L L I)%
(PE D=1
a Expériences hydrauliques sur les lois de I’écoulement de I'eau, Paris, 1852.

bSmith, Hamilton, Hydraulics, pp. 96 and 97 and 104-107. Also plates 1-2 and 8.
cGaugeage de cours d’eau, ete., Paris, 1850.

Q=3.3455 (15)
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This formula includes the correction for velocity of approach. The
coefficient ¢, it will be noticed, is given as a constant. Boileau after-
wards gave a table of corrections varying with the depth, indicating a
discharge from 96 to 107 per cent of that obtained with the constant
coefficient. Additional experiments by Boileau on suppressed weirs
having a crest length of about 0.95 foot have been recomputed by
Hamilton Smith.¢ The heights of weirs were, respectively, 2.028,
2.690, 2.018, and 2.638 feet. In these experiments the discharge was
deterniined by measurement through orifices.

EAST INDIAN ENGINEERS FORMULA.?

The East Indian engineers’ formula for thin-edged weirs is

2 S 3
Q=35 ML N2gH*=CLH?*
where
0:% N2g M=5.35 M P 15))
M:1_<O.O-L [341.6—}—}]])
Reducing,

M=0.654 —0.01 H } . .oan

(=3.4989—0.0535 H

This formula applies to a suppressed weir. Method of correction
for velocity of approach is not stated. Coeflicient 3/ has a maximum
value 0.654, and decreases slowly as the head increases. Limits of
applicability of formula are not stated. Values of (' are given below:

Coefficient C for thin-edged weirs, East Indian engineers’ formula.<

Hin [ 00 | o1 ’ 02 | 03 | ot ! os | os \ 07 | 08 | 09 ‘
0 | 3.49 | .3.494 | 3.488 | 3.483 | 3.478 | 3.472| 3.467 | 3.462 | 3.456 | 3.451 ‘\
1 | 3.445| 3.40 | 3.435 | 3.420 | 3.424| 3.419 | 3.413 | 3.408 | 3.403 | 3.397
2| B3| 8.8 8381 8.7 | 8.3 | 8.365| 3300 | 335 | 8319 834 |
3 | 3.338| 3.333| 3.328 | 3.322| 3.317| 3.312 3.306, 3.301 | 3.206 | 3.200 |
4 | 3.285| 3.980 | 3.274| 3.260 | 3.26¢| 3.258 | 3.253 | 3.248 | 3.242 | 3.297 |
5 | 3.221| 3.226| 3.221 | 3.215| 3.210 | 3.205| 3.199 | 3.194 | 3.189 | 3.183
6 | 3.178| 3.172| 3.167 | 3.162| 3.156 | 3.151 | 3.146 | 3.140 | 3.135 | 3.130
7 | 8124 s.119| 3114 3.108 | 3.108 | 3.098 | 3.092 | 3.087 | 3.082 | 3.076
8 | 3.07| 3.066| 3.060| 3.055| 3.050 | 3.044 | 3.039 | 3.034{ 3.028|3.023
o | s.o17| s.012| 3.007 | 3.0001 2.906 | 2.091| 2.985| 2.980 | 2.975 | 2.969 }
|

a Hydraulics, pp. 133-135.

bGiven in J. Mulling’s Irrigation Manual, introduced in United States by G. W. Rafter and used in
region of upper Hudson River. Not given in Bellasis’s recent East Indian work on hydraulies.

c For East Indian engineers’ broad-crested weir formula, using coefficients derived from the above,
see p. 114.
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EXPERIMENTS AND FORMULA OF JAMES B. FRANCIS.

The experiments on discharge over thin-edged weirs,” upon which
the Francis formula is based, were made in October and November,
1852, at the lower locks of the Pawtucket canal, leading from Con-
cord River past the Lowell dam to slack water of Merrimac River.
Additional experiments were made by Francis in 1848°% at the center
vent water wheel at the Boott Cotton Mills in Lowell, with gates
blocked open and with constant head. A uniform but unknown vol-
ume of water was thus passed through the turbine and over a weir
having various numbers of end contractions, the effect of which was
thus determined. Similar experiments were made in 1851 at the Tre-
mont turbine,” where a constant volume of water was passed over
weirs of lengths ranging from 3.5 to 16.98 feet and with from two to
eight end contractions. These experiments were made to determine
the exponent n in the weir formula

Q= CLH™

Francis here found n=1.47, but adopted the value n=1.5=3/2, in
the experiments of 1852. -

The Pawtucket canal lock was not in use at the time of the Lowell
experiments in 1852 and the miter gates at the upper lock chamber
were removed and the weir was erected in the lower hollow quoin of
the gate chamber. The middle gates at the foot of the upper cham-
ber were replaced by a bulkhead having a sluice for drawing off the
water. A timber flume in the lower chamber of the lock was used as
a measuring basin to determine the flow over the weir. Its length
was 102 feet and its width about 11.6 feet. A swinging apron gate
was so arranged over the crest of the weir that, when opened, the
water flowed freely into the measuring basin below, and when closed,
with its upper edge against the weir, the overflow passed into &
wooden diverting channel, placed across the top of the lock chamber,
and flowed into Concord River. An electric sounder was attached
to the gate framework, by which a signal was given when the edge of
the swinging gate was at the center of the nappe, when either opening
or closing. By this means the time of starting and stopping of each
experimental period was observed on a marine chronometer. The
depth on the weir was observed by hook gages. The readings were
taken in wooden stilling boxes, 11 by 18 inches square, open at the
top, and having a 1-inch round hole through the bottom, which was
about 4 inches below the weir crest. The weir was in the lower quoin
of the gate recess, and the hook gage boxes were in the upper quoin,
projecting slightly beyond the main lock walls. In weirs with end

eFrancis, J. B., Lowell Hydraulic Experiments, pp. 103-135.  »Idem, pp. 96-102. ¢Idem, pp. 76-95.
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contractions the full width of the channel was used. For suppressed
weirs, a leading channel having a width equal to the length of the
weir crest was formed by constructing vertical timber walls within
the main canal, extending 20 feet upstream from the weir and having
their upper ends flaring about 1 foot toward the canal walls. Water
was freely admitted on hoth sides of these timber walls. The hook
gage boxes were outside of this channel. The holes in the bottom
were plugged, and flush piezometer pipes were used to connect the
hook-gage boxes with the inner face of the side walls of the channel
of approach. Observations of the head by hook gage were taken at
intervals of about 15 seconds. Each experimental period covered
from 190 to 900 seconds. The hook-gage readings were reduced to
weir crest level as a datum and arranged in groups of two or three,
which agreed closely. The mean head was determined by the correc-
tion formula (48). In one period, 18 observations of heads ranged
from 0.6810 to 0.6605 foot; their arithmetical mean was 0.6428;
the computed correction was minus 0.0008.

The measured head was corrected for velocity of approach by using
the theoretical formula given below. The range and character of the
experiments, together with the general results, are shown in the fol-
lowing table:

Thin-edged weir experiments of J. B. Francis at the lower locks, Lowell, Mass., 1852.

| 1 1 ]
I Serial | = %§ o ‘ Ralngetof xfre. £ % ‘g 5
num- H 133 Range of ob- ocity of 2 3 : :
bers of = 2 = = served head, |approach, in § gl gd Discharge coefficient
experi- =B laz in feet. eet per S E| 28 "
ments. 2% |2 second. = 28 K
o £a 25 e 13
— g | 2z |&%g #3 |5 2% r
S| % SEL ‘ = |8 28| 4 ;
8) wg w8 : 5 |3/ H=s| B g
= Sl oB2 R = =1
| = =9 |=_ 9 | o g 21 5% g g :
=} -~ ==} = o8 4 g 1Y) B3 = — =]
g2l 12| 5% 4 g1 a8 " S
g 2|3 2SE| 8 / )\ ) . g 3 3 £ 3
= =) =] D+ = = 3 5 &g — 2
A BB & A & B [ g A |a|< ‘ = = =
- - |
1| 4| 413.96 |5.048 1.52430 |1.56910 ,0.7682 (0.7889 | 9.997 | 2 { 1.56 | 3.3318 | 3.3002 | 3.3181
5110 | 6| 13.96 |5.048 {1.23690 [1.25490 | .5904 | .6000 | 9.997 | 2 | 1.<6 t 3.3412 | 3.3159 | 3.3338
11 (33123 13.96 | 5.048 | .91570 (1.06920 | .3951 | .4863 ( 9.997 | 2 | 1.00 | 3.3333 | 3.3110 | 3.3223
34 (35 ‘ 2 13.96 | 5.048 [1.01025 1.02625 | .3527 | .3596 | 7.997 | 4 | 1.02 | 3.8617 | 3.3586 | 3.3601
36 | 48 8 13.96 | 2.014 (1.02805 1.07945 | .9496 {1.0049 | 9.997 | 2 | 1.06 | 3.3567 | 3.3498 | 3.3527
44 | 50 | 7| 9.992 | 5.048 | .97450 | . 98675 | .6376 | .5455 | 9.995 | 0 | 0.98 | 3.3437 | 3.3366 | 3.3409
hl | 55 \ 5] 9.992 | 5.048 | . 99240 [1.00600 | .5477 | .5589 | 9.995 | 0 | 1.00 | 3.3349 | 3.3243 | 3.3270
86 | 61 ‘ G 13.96 | 5,048 | .77690 | .81860 | .3170 | .3405 | 9.997 | 2 | 0.80 | 3.3287 | 3.3188 | 3.3246
62 | 66 t 513,96 | 2.014 | .77115 | . 88865 | .6694 | .7963 | 9.997 | 2 1 0.83 | 3.3435 | 3.3376 | 3.3403
67 |71 A | 9.992 | 5,048 | .7362 | .81495 | .3659 | .4213 | 9,995 | 0 | 0.80 | 3.3424 | 3.3341 | 3.3393
72178 | 7]13.96 | 5.048 | .59190 | .66625 | . 2182 | .2509 | 9.997 | 2 0.62 | 3.3306 | 3.3237 | 3.327H
79 ' 84 6 13.96 | 2.014 | .63135 | .€D638H | .H193 | .H496 | 9.997 | 2 l 0.65 | 3.3278 | 3.3244 | 3.3262
86 } 88 4] 13.96 | 2.014 | .66940 68815 | .4382 | . 4526 | 7.997 | 4 1( 0.68 | 3.3382 | 3.3333 , 3.3368
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From a discussion of these experiments Francis presents the final
formula—

Q=3.33LH*.
If there are end contractions, .
L=1L'"—-0.1NH. .. (18)
If there is velocity of approach,

3
]F:l:(D—[—ﬁ)%—]z%:l.
The mean velocity » was determined by successive approximations;
% was determined by the usual formula—

,U2

]z=2—g

The Francis formula for velocity of approach correction is cumber-
some, and several substitutes have been devised, some of which are
described in the following paragraphs.

(1) Determine the approximate velocity of approach #, by a single
trial computation of ¢, using D= .
Then use

H=D+yi=D+1i

to determine the final value of ¢. For a given value of # this gives
too large a value of /, but the approximate value of «, is somewhat
too small, partially counterbalancing the error and usually giving a
final value of ¢ sufficiently precise.

(2) By developing into series and omitting the powers 4/.D above
the first, / being always relatively small, the following closely approxi-
mate equivalent of the Francis correction formula, given by Emerson,®
is obtained:

/ZS

= p+h—~ 7

(19)
(3) Hunking and Hart? derive from the Francis correction formula

the following equivalent expression:

3

KD = fﬁ—(pw)% oL ()

e[ @]

where (7 is the area of channel section in which 2 is measured, per
unit length of crest.

_ «Hydrodynamics, p. 286. bJour. Franklin Inst , Phila., August, 1884, pp. 121-126.
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For a suppressed weir,
=P+ D.
For a contracted weir, ' I 22}
=T 0.1ND.
Hunking and Hart have computed values of A by the solution of
the above formula for each 0.005 increment in D' G to 0.36. The
results extended by formula (23) are given below.

N . 3 N
Velocity of approach correction, factor K, Hunking and Hart formula, H*=KD?.

D& 0.0 ' 0.1 ‘ 0.2 0.3 0.4 0.5 0.6
. 000 1. 00000 1. 002528 } 1. 009980 1. 022359 1. 039840 1. 062250 . 08964

. 005 1. 000006 1. 602785 i 1.010480 1.023110 1.040836 1.063495 . 091134
.010 1. 000026 1. 003053 1.010994 1.023875 1.041832 1. 064740 . 092628
.015 1.000058 1. 003335 ‘ 1.011519 1.024653 1. 042828 1.065985 | [1.094122
. 020 1.000103 1.003628 | 1.012057 1.025444 1.043824 1.067230 | [1.095616
.025 1. 000161 1. 003933 1.012607 | . 1.026248 1. 045069 1.068724 | 1.097359
. 030 1.000231 1. 004251 1. 013169 1. 027065 1. 046065 1.069969 | |1.098853
035 1.000314 1. 004581 | 1.013744 1, 027895 1. 047061 1.071214 | |1.100347
. 040 1. 000409 1.004923 1.014331 1. 028739 1. 048306 1.072708 | [1.102090
L045 1. 000518 1, 005278 1.014931 1. 029596 1. 049302 1.073953 | |1.103584
. 050 1. 000638 1. 005644 1. 015543 1. 030467 1.050298 | 1.075198 | |1.105078
. 095 1. 000772 1. 006023 1.016167 1. 031350 1.051543 1.076692 | [1.106821
. 060 1. 000917 1. 006414 1. 016805 1. 032248 1. 052788 1.078186 | |1.108564
. 065 1. 001075 1. 006817 1. 017455 1.033117 1.053784 1.079431 | |1.110058 !
. 070 1.001246 1.007232 1,018107 1.034113 1. 055029 1.080925 | |1.111801
075 |1 1.001429 1, 007659 1018792 1.035109 1. 056274 1.082419 | [1.113544
. 080 1.001624 1. 008099 1.019480 | 1.035836 1.057270 1.083664 | |1.115038
. 085 1.001832 1. 008551 1. 020180 1.036852 +  1.058515 1.085158 | |1.116781
. 090 1. 002051 1. 009015 1. 020893 l 1.037848 1.059760 |  1.086652 } 1.118524

. 095 1. 002284 | 1. 009491 1. 021620 f 1. 038844 1. 061005 ’ 1.088146 | |1.120267

.

The general formula for A is too complex for common use. The
expressions

'](=1+O.2489<%>2 )

K:1+<9%>2 Y T

are stated to give results correct within one-hundredth and one-fiftieth
of 1 per cent, respectively, for values of A  less than 0.36.

and

EXPERIMENTS AND FORMULAS OF FTELEY AND STEARNS.

The first series of experiments by Fteley and Stearns on thin-edged
weir discharge® were made in March and April, 1877, on a suppressed
weir, with crest 5 feet in length, erected in Sudbury conduit below
Farm Pond, Metropolitan waterworks of Boston.

Water from Farm Pond was let into the leading channel through

aFteley, A., and Stearns, F. P., Experiments on the flow of water, etc.: Trans. Am. Soc. C. E.,
vol. 12, Jan., Feb., Mar., 1883, pp. 1-118.
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head-gates until the desired level for the experiment, as found by
previous trial, was reached. A swinging gate was then raised from
the crest of the weir and the water was allowed to flow over. The
maintenance of a uniform regimen was facilitated by the large area
and the consequent small variation of level in Farm Pond, so that the
outflow from the gates was sensibly proportional to the height they
were raised. The water flowed from the weir into the conduit chan-
nel below, and was measured volumetrically. For the smaller heads
the length of the measuring basin was 22 feet, and for the larger
heads 367 feet.

The crest depth was observed by hook gage in a pail below the weir,
connected to the channel of approach by a rubber tube entering the
top of the side wall, 6 feet upstream from the weir crest. Hook-gage
readings of head were taken every half minute until uniform regimen
was established, and every minute thereafter. The depths in the meas-
uring basin were also taken by hook gage. The bottom of the conduit
was concave, and was graded to a slope of 1 foot per mile. It was
covered with water previous to each experiment, leaving a nearly
rectangular section.

The experiments in 1877 included 31 depths on a suppressed weir
of 5 feet crest length, 8.17 feet high. The obhserved heads varied
from 0.0735 to 0.8198 foot.

In 1879 a suppressed weir, with a crest length of 19 feet, was
erected in Farm Pond Gate House. Head-gates and screens were
close to weir; otherwise the apparatus for measuring head and starting
and stopping flow was similar to that used in previous experiments.
The crest of the weir was an iron bar 34 inches wide and one-fourth
inch thick, planed and filed and attached to the upper weir timber with
screws. No variation in level of the weir crest occurred. As in the
preceding experinents, no by-pass was provided, and the entire over-
flow entered Sudbury conduit below the weir. The conduit was
partly filled with water at the start, leaving a nearly rectangular sec-
tion, 11,300 feet in length and about 9 feet wide. A difference of 3
feet in water level was utilized in measuring discharge, the total capac-
ity being 300,272 cubic feet. Semipartitions were provided to reduce
oscillation of the water. Many observations, covering a considerable
period of time, were required to determine the true water level. This
series of experiments included 10 depths on a suppressed weir 19 feet
long and 6.55 feet high, with measured heads varying from 0.4685 to
1.6038 feet and velocities of approach ranging from 0.151 to 0.840 foot
per second.

From measurements on weirs 5 and 19 feet in length, respectively,
and from a recalculation of the experiments of James B. Francis,
Fteley and Stearns obtained the final formula

Q=3.31LH*+0.007L . . . . . . (25)
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In the above, if there is velocity of approach,
H=D+ah.
a =1.5 for suppressed weirs.
a =2.05 for weirs with end contractions.

The value of the velocity head coefficient &« was determined from
94 additional experiments on the 5-foot weir in 1878. These involved
measured heads ranging from 0.1884 to 0.9443 foot, heights of weir
ranging from 0.50 to 3.47 feet, and velocities of approach reaching a
maximum of 2.35 feet per second. Also 17 experiments were made
on weirs 3, 3.3, and 4 feet long respectively; the first with two and
the last two with one end contraction. These experiments included
measired heads varying from 0.5574 to 0.8702 foot, and velocities of
approach from 0.23 to 1.239 feet per second.

. In all experiments on velocity of approach, the head was measured
6 feet upstream from crest. The width of channel was 5 feet.®

Fteley and Stearns found the following values of & for suppressed
weirs: '

Fteley and Stearns’s value of « for suppressed weirs.

Measured Depth‘of changgsgf iarP é‘g&ch below weir

cepinon

infeet. | g5 1.00 170 2.60 b .
0.2 | 1.70 | 1.87 | 1.66 | 1.51
.3 | 1.53 | 1.83 | 1.65 | 1.50
4 0 153 | 179 | 1.63 | 1.49
.5 | 1583 { 1.75 | 1.62 | 1.48
61 152 | 17 1.60 | 1.47
7 1.51 | 1.68 | 1.59 | 1.46
.8 [¢1.50 [¢1.65 | 1.57 | 1.45
L9 | 1.49 | 1.63 | 1.56 |cl.44
1.0 | 1.48 | 1.61 1.54 | 1.43
1.1 |oo...... 1.59 1.58 | 1.42
1.2 |........ 1.57 1.51 | 1.41
1.8 |oo...... 1.55 | 1.49 1. 40
T4 (..., 1.54 | 1.48 | 1.39
P D152 | 1.46 | 1.38
1.6 |.oo..... DLl | 144 | 1.87
1.7 feeeenne. I 1.49 | 1.43 [ 1.86
1.8 Joceiaaaan... 1.41 | 1.3
19 i 1.40 | 1.34
b2\ I D P 1.38 1.33

a Fteley and Stearns, idem, pp. 5-23.
b Applicable to greater heights of weir.
¢ Limit of experiments.



BAZIN'S EXPERIMENTS. 29

Current-meter measurements showed a nearly uniform distribution
of velocities in the channel of approach above the 19-foot weir, a fact
to be taken account of when the formulas are applied to cases where
the velocity of approach varies in different portions of the leading
channel.

If there are end contractions, the net length of weir should be deter-
mined by the Francisformula,

L=1I'—0.1NH.

The head should be measured at the surface of the channel of
approach, 6 feet upstream from the weir crest.

BAZIN’'S EXPERIMENTS.

Bazin’s experiments on thin-edged weirs were performed in the side
channel of the Canal de Bourgogne, near Dijon, France, and were
begun in 1886. Their results were published in Annales des Ponts et
Chaussées and have been translated by Marichal and Trautwine.®

The standard weir consisted of horizontal timbers 4 inches square,
with an iron crest plate 0.276 inch in thickness. Air chambers were
~ placed at the ends of the weir on the downstream side, to insure full
aeration of the nappe. End contractions were suppressed. The
height of the first weir was 3.27 feet above channel bottom, and the
head was measured in ‘*Bazin pits,” one at each side of the channel
16.40 feet upstream from the weir crest. The pit consisted of a lat-
eral chamber in the cement masonry forming the walls of the canal.
The chamber was square, 1.64 feet on each side, and communicated
with the channel of approach by a circular opening 4 inches in diameter,
placed at the bottom of the side wall and having its mouth exactly
flush with the face of the wall. The oscillations of the water surface
in the lateral chamber were thus rendered much less prominent than
in the channel of approach. The water level in the Bazin pit was
observed by dial indicators attached to floats, the index magnifying
the variations in water level four times, the datum for the indicators
having been previously determined by means of hook gages placed
above the crest of the weir and by needle-pointed slide gages in the
leading channel.

A drop gate was constructed on the crest of the weir to shut off the
discharge at will. In each experiment the head-gates through which
the water entered the leading channel were first raised and the water
was allowed to assume the desired level. The weir gate was then
raised, and the head-gates were manipulated to maintain a nearly con-

aBazin, H., Recent experiments on flow of water over weirs, translated from the French by Mari-
chal and Trautwine: Proc. Engineers’ Club Phila., vol. 7, Jan., 1890, pp. 259-310; vol. 9, pp. 231-244,
287-319; vol. 10, pp. 121-164.
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~ stant inflow. The arithmetical mean of the observations during each
period of uniform regimen was used as the measured head for that
experiment.

The overflow passed into a measuring channel, 656.17 feet in length,
whose walls were made of smooth Portland cement concrete. The
channel was 6.56 feet wide, its side walls were 3.937 feet high, and its
lower end was closed by water-tight masonry. Its bottom was graded
to a slope of ahout 1:1,000. The volume of inflow was determined by
first covering the channel hottom with water, then noting the change
of level during each experimental period, the capacity of the channel
at various heights having previously been carefully determined. A
slight filtration occurred, necessitating a correction of about one-eighth
of 1 per cent of the total volume. The observations for each regimen
were continued through a period of 12 to 30 minutes.

Sixty-seven experiments were made on a weir 3.72 feet high, includ
ing heads from the least up to 1.017 feet. Above this point the
volumetric measuring channel filled so quickly as to require the use of
a shorter weir. Thirty-eight experiments were made with a standard
weir, 8.28 feet Jong and 8.72 feet high, with heads varying from the
least up to 1.34 feet. For heads exceeding 1.34 feet it was necessary
to reduce the height of the weir in order that the depth above the weir
should not exceed that of the channel of approach. Forty-eight
experiments were made on a weir 1.64 feet long and 3.297 feet high,
with heads ranging from the least up to 1.780 feet. These experiments
sufficed to calibrate the standard weir with a degree of accuracy stated
by Bazin as less than 1 per cent of error.

In order,to determine the effect of varying velocities of approach
the following additional series of experiments were made on sup-
pressed weirs 2 meters (6.56 feet) in length.

Experiments on suppressed weirs 2 meters in length.

Range of head in feet. Height of
Number expesimen-
ts. [ tal weir, in
men From— | To— feet.
2830 0. 489 1,443 2.46
29429 . 314 1. 407 1.64
27441 . 298 1.338 1.15
44 . 296 1. 338 0.79
!

The standard weir was 3.72 feet high, and the experimental weirs
were placed 46 to 199 meters downstream. The discharge was not
measured volumetrically. A uniform regimen of flow was established
" and the depths on the two weirs were simultaneously observed during
each period of flow.
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These experiments afforded data for the determination of the rela-
tive effect of different velocities of approach, corresponding to the
different depths of the leading channel.

From these experiments Bazin deduces coeflicients for a thin-edged
weir 3.72 feet high, for heads up to 1.97 feet, stated to give the true
discharge within 1 per cent.®

BAZIN’S FORMULAS FOR THIN-EDGED WEIRS.

Starting with the theoretical formula for a weir without velocity of
approach, in the form

Q=pnLH\2gH
and substituting

D+ a—
2

for 7/, in the case of a weir having velocity of approach; there results,

vt (1) o (05

Bazin obtained, by mathematical transformation, the equivalent?

3
Q=uLD 20D (1+a D

or

2 3 o
Q= <1+a22—p>21}ﬂ Jog D,

Bazin writes
3

m:ﬂ<1+a2_;’f[) ELo0 L. @8

for which equation he obtains, by mathematical transformation, the

4 - Q¢ * * (i)
_/_l)gD

The calculation of the factor » appearing in this formula requires
the discharge ¢ to be known.

Assuming that the channel of approach has a constant depth /> below
the crest of the weir, and that its width is equa' to the length of the.

aBazin, H., Expériences nouvelles sur 'écoulement en déversoir: Ann. Ponts et Chaussées, Mém. et
Doc., 1898, 2we trimestre. See translation by Marichal and Trautwine in Proc. Eng. Club Phila., vol.7,
pP. 259-310; vol. 9, pp. 231-244.

bThe steps in the derivation of this formula are given by Trautwine and Marichal in their trans-
lation of Bazin’s report of his experiments, in Proc. Eng. Club Phila., vol. 7, p. 280.

¢The steps in detail are given by Trautwine and Marichal in their translation of Bazin, in Proc.
Eng. Club Phila., vol. 7, No. 5, p. 281,
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weir, » may be expressed in terms of these factors, and of the discharge
(Q=mLD\2gD). .

o= 2
Z(P+D).

Using this value of », Bazin obtains the expression

m:u[l—{—w(z)%_)—f)g]. e e (28)

where w=g a m*. @ is a nearly constant factor, varying only with

m*.  The value of @ as well as that of « can be determined by com-
parative experiments on thin-edged weirs of different heights.«

From a discussion of his own experiments and those of Fteley and
Stearns, Bazin tinally obtained the formulas

Q= ,uLHx/2gfI, no velocity of approach; } .. (29)
Q9= m LDV 2¢g D, with velocity of approach.
=0 4O5+O~OO3>1<)3 2:81__0 405—f—0 .00984°? (30)
5

For a weir with velocity of approach a=3 and @=0.55. Substitut-
ing in equations (27) and (28),

o <1+ .. 201)) <1+A 5__ L. @Y

m=,u|:1—l—0.55<m>~]‘ R € )

These formulas give values of m agreeing with the results of the
experiments within 1 per cent for weirs exceeding about 1 foot in
height within the experimental range of head.

Approximately, for heads from 4 inches to 1 foot,

— DV
m=0.42540.91 <m> C 33

correct within 2 to 3 per cent.
The following table gives Bazin’s experimental coeflicients, the head
and height of weir (originally meters) having been reduced to feet:

aFor detailed analysis see Trautwine and Marichal, Proc. Eng. Club Phila., vol. 7, pp. 282-283.
bExperimental tabular values of w differing very slightly from the formula w1th1n the range of
Bazin’s experiments are also given.
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Values of the Bazin cogfficient C' in the formule Q=CLH?* for « thin-edged weir, without
end confraction.

Measured _;}Eifht of crest of weir aboYe bed of channel of approach, in feet. 'Measured
head D.{ 45 g.98 | 1aL | voa | 197 [ 262 | 82 | am | 66 ['head D.
Feet. c ¢ ¢ ¢ ¢ C ¢ C ¢ C Meters.
0.164 |3.673 | 3.633 | 3.617 | 8.609 | 3.601 | 3.601 | 3.601 | 3.593 | 3.593 ; 3.5%4 0.06

.197 | 8.657 | 3.609 | 3.585 | 3.569 | 3.569 | 3.561 | 3.553 | 3.553 | 8.553 | 3.550 .06

.230 | 8.649 | 3.593 1 3.569 | 3.553 | 8.545 | 3.537 | 3.529 | 3.529 | 8.521 | 8,522 .07
.262 | 3.657 | 3.585 ' 3.553 | 3.537 | 3.529 | 8.513 | 3.513 | 3.505 | 3.505 | 3.499 .08
2295 | 3.6656 3.585 ‘ 3.545 | 3.529 | 3.513 | 3.497 | 3.497 | 3.489 | 3.481 | 3.481 .09
.328 | 3.681 1 3.585 | 3.545 | 3.521 3.505 | 3.489 | 3.481 | 3.473 | 3.473 | 3. 466 .10
.394 | 3.705 3,543 [ 3.545 |.3.513 | 3.497 | 3.473 | 3.465 | 3.449 | 3.449 | 3. 441 .12
.459 | 3.737 3.609 ! 3.553 | 3.513 | 3.489 | 3.465 | 3.449 | 3.432 | 3.432 | 3.422 .14
.525 | 3.777 | 8.633 's. 561 | 3,513 | 3.489 | 3.457 | 3.440 | 3.424 | 3.416 | 3.405 .16
.591 | 3.810 ' 3,657 | 3.569 | 3.521 | 3.489 | 3.457 | 3.4832 | 3.416 | 3.408 | 3.392 | .18
.656 | 3.850 | 3.681 | 3.585 | 3.529 | 3.497 | 3,457 | 3.432 | 3.408 | 3.392 | 3.380 .20
.722 | 3.882 3.705 | 3.601 | 3.545 | 3.505 | 3.457 | 3.432 | 3.400 | 3.392 | 3.371 .22
L7871 8.914 1 3,729 | 8.625 | 3.561 | 3.513 | 3.465 | 8.432 | 3.400 | 3.384 | 3.361 .24
.853 [3.946 3.753 | 3.649 | 3.577 | 8.529 | 3.465 | 3.440 | 3.400 | 3.384 | 3.358 .26
.919 | 8.978 } 3.785 | 3.665 | 3.593 | 3.537 | 3.473 | 3.440 | 3.400 | 3.384 | 3.353 .28
L9841 4,010 3.810 | 3.689 | 3.609 | 3.553 | 3.481 | 3.449 | 3.400 | 3.376 | 3.348 .30
1.050 |....... ) 3.834 | 3.705 | 3.625 | 3.561 | 3.497 | 3.449 | 3.400 | 3.376 | 3.343 .32
1.116 3.721 | 3.641 | 3.577 | 3.505 | 3.457 | 3.400 | 3.376 | 3.338 .34
1.181 3.745 | 3.657 | 3.593 | 3.513 | 3.465 | 3.400 | 3.376 | 3.333 .36
1,247 3.761 | 3.673 | 3.601 | 8.521 | 3.465 | 3.400 | 3.376 | 3.328 .38
1312 ....... { 3.922 | 3.785 | 3.681 | 3.617 | 3.529 | 3.473 | 3.400 | 3.376 | 3.323 .40
1.878 j....... 3.938 | 3.801 | 3.697 | 3.625 | 3.537 | 3.481 | 3.408 | 3.376 | 3.319 .42
1.444 |....... 3.962 | 3.818 | 3,713 | 3.641 | 3.545 | 3.489 | 3.408 | 3.376 | 3.816 .44
1.509 [....... : 3.978 | 3.834 | 3.729 | 3.657 | 8.553 | 3.489 | 3.408 | 3.376 | 3.311 .46
1575 |eeeeces'veeno..| 8.850 | 3.745 | 3.665 | 3.561 | 3.497 | 3.408 | 3.376 | 3.306 .48
1.640 3.866 | 3.763 | 3.681 | 3.569 | 3.505 | 3.416 | 3.376 | 3.303 .50
1.706 3.874 | 8.769 | 3.689 | 8.577 | 3.513 | 3.416 | 3.376 | 3.298 .52
L772 Jeecioiafemaaans 3.890 | 3.785 | 3.697 | 8.585 | 3.513 | 3.416 | 3.376 | 3.294 .54
1.837 feeeniifomnnann 3.906 | 3.798 | 3.713 | 3.593 | 3,521 | 3.424 | 8.376 | 3.289 . 56
1,903 |...ooiifeieeen- 3.922 | 3.810 | 3.721 | 3.601 | 3.529 | 3.424 | 3.876 | 3.285 .58
1,969 [...ociifeeeen.- 3.930 | 3.818 | 3.737 | 3.617 | 3.537 | 3.424 | 3.376 | 3.282 .60
Meters. | 0.20 | 0.30 | 0.40 | 0.50 | 0.60 | 0.80 [ 1.00 | 1.50 2.00 L T

This table, unfortunately, is inconvenient for interpolation in English
units, The values also differ slightly from those computed from the
formulas. The table illustrates the difficulty of practical application
of a weir formula in which the coeflicient varies rapidly both with
head and height of weir.
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A table has been added giving values of p computed by formula
(80) for a thin-edged weir without velocity of approach.

Values of 1 in the Bazin formula for weirs of infinite height, with no velocity of approach.

ALl oo | oo | ooz | 0os | oot | 005 | 006 | o007 { 0.08. | 0.09. | 01
|
0.0 |-ernne 1.389 | 0.8970 | 0.7331 | 0.6510 | 0.6018 | 0.5693 | 0.5457 ! 0.5280 | 0.5142 | 0.5034
1005034 | 4944 | 4870 | L4807 | L4753 L4706 | .4665 | .4628 | .4596 | L4568 | L4542
(2| 4542 | AB18 | 4407 | 4478 | 4460 | L4844 | 4420 | 4414 | 4401 | L4389 | .4878
J3 | 4378 | 4367 | L4357 | 4348 | L4339 | L4331 | L4324 L4316 | .4309 | .4302 | .4296
| 4296 4200 | L4284 | L4278 | L4273 | L4268 | .4264 | .4260 . .4255 | 4261 | .4247
| 4247 | 4243 | 4239 | 4236 | L4232 | L4200 | 4225 | L4222 | 4219 | 4216 4214
6] M4 | 4211 4208 | L4206 | L4204 | L4202 | L4200 | L4197 | 4195 | .4198 | .4191
7l oaen ) 4189 | 4187 | L4185 | L4183 | L4181 | L4180 | L4178 | .4176 | 4174 4173
81 Q78] 71| 4170 | 4168 | 4167 | L4166 | .4164 | .4163 | .4162 | .4160 | .4159
9| 4159 | .4158 | 4167 | .4156 | .4154 | .4153 | 4152 | L4151 | 4150 | .4149 | .4148
10| 4148 | .4147 | 4146 | 4146 | 4145 | 4144 | 4143|142 | 4141 | 4140 | L4139
11| 4139 | .4139 | .4138 | .4187 | .4136 | .4136 | .4135 | .413¢| .4133 | .4183 | .4182
12| 4182 | 4181 | 4181 | 4130 | 4120 | .4120 | 4198 | 4127 | 4127 | 4126 | L4196
13| 4126 4125 | 4124 | 4121 .23 | 4w dip2| 4102 | L4191 121 4120
14| 4120 | .4120 | L4119 | .4119 | 4118 | 4118 | 4117 | L4117 | L4116 | .4116 | .4116
L5| 4116 | 4115 4115 | L4114 | 4114|4113 | 41130 413 ] L4112 | L4112 | L4122
16| 4112 4111 411 | 4120 | 4110 | L4120 | 4109 { L4100 | .4108 | .4108 | .4108
17| 4108 | L4108 | 4107 | .4107 | 4107 | .4106 | .4106 | .4106 | .4105 | .4105 | .4105
18] 4106 .4104| 4104 | .4104 | 4103 | 4103 | .4103 [ .4103 | .4102| .4102| .4102
1.9 4102 .402| .4101 | 4101 | 4101 | .4100 | .4100 | .4100 | .4100 | .4009 | .4099
R0V TR N U R RO RN U FSUUY R I

DERIVED FORMULAS FOR THIN-EDGED RECTANGULAR WEIRS.

A number of weir formulas have been derived from subsequent
analysis or recomputation of the experiments of Francis, Fteley and
Stearns, and Bazin, differing more or less from those given by the
experimenters.

FTELEY AND STEARNS—FRANCIS FORMULA.®

Q=3.33LH 10007 . . . . . (39)

Correction for end contractions is to be made by the Francis
formula; velocity of approach correction by the Fteley and Stearns
formulas

H=D+1.57, for suppressed weir.
H=1D+2.05A, for contracted weir.

HAMILTON SMITH’S FORMULA.?
The base formula adopted is
9 [—
Q=3 MLINgH . . . . . . . (3)

aFteley and Stearns, Experiments on the flow of water, etc.: Trans. Am, Soc. C. E., vol. 12, p. 82.
bSmith, Hamilton, Hydraulics, pp. 123-132.
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The velocity of approach correction is made by the use of the
formulas
H=D+1.44, for contracted weirs.¢
H=D+134, for suppressed weirs.

A diagram and tables of values of the coefficient M/ are given by the
author. The correction for partial or complete contraction is included
in the coefficient, separate values of M being given for suppressed and
contracted weirs.

Making 02% M2g, the Smith formula (35) may be written
Q= 0L,

which is directly comparable with the Francis formula.
Smith’s coefficients in the above form are given in the following
tables. ‘ ‘

Hamilton Smith’s coefficients for weirs with contraction suppressed at hoth ends, for use in
3
the formula Q=CLH*.

H= IL'=length of weir, in {eet.
Head, | — - :
infeet.| 19 15 0 | 7 5 4 | 8a | 2a |oe66b

0.1 3.615 | 8.515| 3.520| 3.520 | 8.526

15| 3.440 | 3.445 1 3.445| 3.451 | 3.451
.2 3.397 | 3.403 | 3.408 | 3.408 | 3.413
.25 | 3,371 | 3.376 | 3.381 | 38.38 | 3.392

3.349 | 8.354 | 3.860 | 8.365 | 3.376
3.322 | 3.328 | 3.333| 3.344 | 3.360
3.354
3.306 | 3.312| 3.317 | 3.333| 3.354
3.306 | 3.312| 3.317 | 3.338| 3.360
. 3.3865

.9 3,312 | 3.317 | 3.328 | 3.354| 3.375
1.0 3.312 | 3.322 | 3.338 | 3.360 | 3.386
1.1 3.317 | 8.328 | 3.344 | 3.371 | 3.397
1.2 3.8171 8.333 | 3.349 | 3.381| 3.403
1.3 3.822 | 3.338 3.360 | 3.3% | 3.413
1.4 3.328 | 3.344 | 3.365 | 3.392 | 3.424
1.5 3.828 | 8.344 | 3.371 | 3.403 | 3.429
1.6 3.833 | 3.349 | 3.876 | 3.408 | 3.435
1.7
2.0
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aThe use of the head corresponding to central surface velocity without correction, to determine D,
is also recommended.
b Approximate.
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Hamilton Smith’s coefficients for weirs with two complete end contractions, for use in the
3
formula Q=CLH?=.

He L’=length of weir, in feet.
Head.

0.66 la 2 2.6 3 4 5 7 10 15 19.

0.1 3.881 | 3.419 | 3.456 | 3.478 | 3.488 | 3.494 | 3.494 | 3.499 | 3.504 | 3.504 | 3.510
.16 | 8.312| 3.344 | 8.892 | 3.408 ;| 3.413 | 3.419 | 8.424 | 3.424 | 8.429| 3.435 | 3.435
.2 3.260 1 3.306 | 3.349{ 8.365| 3.371 | 3.376 | 3.376 | 3.381 | 3.38 | 3.392 | 3.392
.25 | 8.237 | 3.274 | 3.322 | 3.333| 8.338 | 3.344 | 8.349 | 3.354 | 8.360 | 3.360 | 3.365
3 3.215 | 3.253 | 8.296 | 8.306 | 3.312| 3.322 | 3.322| 3.333 | 3.338 | 3.338 | 3.34

) 3.183 | 3.215| 8.258 | 3.274 | 3.280 | 3.285 | 3.290 | 3.301 | 3.306 | 3.312 | 3.317

.5 3.156 | 3.189 | 3.287 | 3.247 | 3.2583 | 3.264 | 3.269 | 3.280 | 3.290 | 3.295 3.301
6 3.140 | 3.172 | 8.215| 3.231| 3.237 | 8.247 | 3.253, 3.269 | 3.280 , $.285 | 8.290
7 3.130 | 3.156 | 3.199 | 3.210 | 3.226 | 3.231 | 3.242 | 3.258 | 3.274 | 3.280 | 3.285

3.199 ¢ 3.2156 | 3.22 3.231 | 3.247 | 3.269 | 3.274 | 3.280
.9 3.189 | 3.199 | 3.210 | 3.226 | 3.242 | 3.258 | 3.269 | 3.274
1.0 3.172 | 3.183 | 8.199 | 38.215 | 3.231 | 3.253 | 3.264 ; 3.269
1.1 3.162 | 3.172 | 3.189 | 3.206 | 3.226 | 3.242 | 38.258 | 3.264
1.2 3.151 | 8.162 | 3.178 ; 3.194  3.215 | 3.237 | 8.253 | 3.264
1.3 3.135 | 3.151 | 3.167 | 3.199 | 3.206 | 3.231 | 3.247 | 3.258
1.4 3.124 | 3,140 | 8.156 | 3.178 | 3.199 | 3.221 | 3.242 | 3.258
5 ) P 3.114 | 3.130 | 3.151| 38.167 | 3.189 | 3.215| 3.237 | 3.253
B 3.103 | 3.114 | 3.140 | 3.162; 3.183 | 3.210 | 3.231 | 3.247
e ] e 3.178 | 8.205 | 3.226 | 3.247
20 e e e ] [

@ Approximate.

Hamilton Smith’s coefficient C for long weirs.

H 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.00 | 3.5096 | 3.3972 | 3.3438 | 3.8170 | 3.3010 | 3.2956 | 3.2849
.01 | 3.4957 | 3.3908 | 3.3411 | 3.31564 | 3.3005 | 3.2945 | 3.2838
.02 | 3,4818 | 3.3844 | 3.3384 | 3.3138 | 3.2999 | 3.2035 | 3.2828
.03 |3.4678 | 3.3780 | 3.3358 | 3.3122 | 3.2994 | 3.2924 | 3.2817
.04 | 3.4539 | 3.3716.| 3.3331 | 3.3106 | 3.2988 | 3.2913 | 3.2806
.05 | 3.4400 | 3.3652 | 3.3304 | 3.3000 | 3.2983 | 3.2902 | 3.2796
.06 | 3.4314 | 3.8537 | B.38277 | 3.3074 | 3.2978 | 3.2892 | 3.2785
.07 |3.4229 | 3.3512 ) 3.3250 | 3.3058 | 3.2972 | 3.2881 | 3.2773
.08 [ 3.4143 | 3.3488 | 3.3224 | 3.3042 | 3.2967 | 3.2870 | 3.2762
.09 | 3.4058 | 3.3463 | 3.3197 | 3.3026 | 3.2961 | 3.2860 | 3.2752

Hamilton Smith’s formula is based on a critical discussion of the
experiments of Lesbros, Poncelet and Lesbros, James B. Francis,
Fteley and Stearns, and Hamilton Smith; including series with and
-without contractions and having crest lengths from 0.66 to 19 feet.
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SMITH-FRANCIS FORMULA.

The Smith-Francis formula,® based on Francis’s experiments, reduced
to the basis of correction for contractions and velocity of approach
used with Hamilton Smith’s formula, is,
for a suppressed weir,

Q=3.29<L+$>H% O € )}

for weir of great length or with one contraction, . ‘
Q=3.29LH% . . . . . . ... (@7

for weir with full contraction,

Q=3.20 (L-%)H% N .7

If there is velocity of approach,

- H=D+1.4 A, for a contracted weir.
H=D+1% ), for a suppressed weir.

PARMLEY’S FORMULA.?
Parmley’s formula is

Q=CELD® . . . . . . . (39

If there are end contractions, the correction is to be made by the
Francis formula,

L=1'—01NH

The factor A represents the correction for velocity of approach.
The factor has been derived by comparing the velocity correction
factor in the Bazin formula (formula 32), written in the form

a
K= [1+0.55<Z)2],
with the approximate Francis correction as deduced by Hunking and
Hart (formula 28), written in the form

K= |:I+O.2489 (%)2],

where ¢ is the area of the section of disc ‘arge, for either a suppressed
or contracted weir, and A4 is the section of the leading channel. It is
observed that there is an approximately constant relation between the
two corrections, that of Bazin being 2.2 times that of Francis.

a8mith, Hamilton, Hydraulics, pp. 99 and 137.
bRafter, G. W,, On the flow of water over dams: Trans. Am. Soc. C. E., vol. 44, pp. 350359, discus-
sion by Walter C. Parmley.
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Parmley adopts the Bazin correction and gives the following table,
which may also conveniently be applied in computing discharge by
Bazin’s formula. )

The discharge coeflicient (' used by Parmley is that for a weir with
no velocity of approach, as in the Francis formula. It is not, how-
ever, constant. Its values have been deduced from a mean curve rep-
resenting the experiments of Francis, Fteley and Stearns, and Bazin.

Velocity of approach correction, K, Parmley and Bazin formulas.

a
1 0 0.1 0.2 0.3 0.4 0.5
0.00 f.......... { 1.0055 1. 0220 1. 0495 1.0880 | 1.1376
.01 1. 0001 i 1. 0066 1.0243 1.0529 1.0925 | 1.1431
.02 1.0002 | 1.0079 1.0266 1. 0563 1.0970 | 1.1487

.04 1. 0009 1.0108 1.0317 1.0636 1.1065 | 1.1604
.05 1. 0014 1.0124 1.0344 1.0674 1.1114 { 1.1664
.06 1.0020 1.0141 1.0872 1.0713 1.1164 | 1.1726
.07 1.0027 1.0159 1.0401 1.0753 1.1216 { 1.1787
.08 1.0035 1.0178 1.0431 1.0794 1.1267 | 1.1850
.09

.03 i 1. 0005 1.0093 1.0291 1. 0599 1.1017 | 1.1545

1. 0044 { 1.0198 1.0463 1.0837 1.1321 | 1.1915

Parmley’ s weir formula, coefficient C.

feDe’t. 0.00 ‘ 0.01 ‘ 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
| | N
L e e e PN
1| 8.580| 3.568 | 3.556 | 3.544 | 8.532 | 3.520 | 8.512 | 8.503 | 3.495 | 3.486
.2 8.478 | 3.471| 3.464 | 3.458 | B.451| 3.444 | 3.439 )| 3.43¢ | 3.430 | 3.425
.3 3.420 ’ 3.416 | 3.412 | 3.408 | 3.404 | 3.400 | 3.397 | 3.394 | 3.391 | 3.388
4| 8.38 | 3.383 | 3.381 | 8.880 | 3.378 | 3.376 | 3.374| 3.373 | 3.371 | 3.370
.5 | 38.368 | 3.367 | 3.366 | 3.364| 3.363 | 3.362 | 3.361, 3.360 | 3.860 | 3.359
.6 | 8.358 | 3.857| B8.356 | 3.356 | 3.3556| 3.354 | 3.353 | 3.353 | 3.352 | 3.352
L7 3.851( 8.851| 3.850 | 3.350 , 3.349 | 3.349 | 3.348 | 3.348 | 38.347 | 3.347
L8| 3.346 | 8.345 | B.3465 | B.344 | 3.344 | 3.343 | 3.342 | 3.342 | 38.341( 3.341

.9 8.340 3.839 | 3.339 | 8.838  3.838 | 3.337 | 3.836| 3.336 | 3.335 | 3.335
1.0 3.334 | 3.334) 3.333' 3.332| 3.332| 3.332| 3.331| 8.330] 3.330 | 3.329
1.1 3.309 | 3.328| 3.308 s 3.328 | 8.327  3.326, 3.326 | 3.326 3.325 | 3.324
L2 3.824 | 3.324 | 3.323 | 38.322) 3.322 | 3.322 \ 3.321 ) 3.320 | 3.320 | 3.320
1.3 J 3.319 | 3.318| 3.318 | 3.317 3.317 | 3.316 ‘\ 3.815 ) 3.315| 3.314 | 3.314
1.4, 3.313 | 38.312| 8.312} 3.311] 3.311 | 8.3101 3.309 | 3.309 | 3.308 | 3.308
1.5 3.307) 3.306{ 8.306 | 3.805 | 3.306 | 3.304 } 3.303 | 3.303 | 3.302 | 3.302
1.6 | 38.801| 3.301)| 3.300 | 3.300| 3.299 | 3.298 ' 3.298 ' 3298 | 3.297 | 3.296
1.7 3.296 ) 3.205| 8.205) 3.294 | 3.204 | 3.293 | 3.202 | 3.202| 3.291| 3.291

3
3

1.8 | 3.290 | 3.200( 3.289 | 3.288 | 3.288 L288 | 3.287 | B3.286 | 3.286 | 3.285
1.9 ! 3.285 | 8.285 | 3.284 | 3.284 | 3.283 . 282 . 3,282 | 3.282 | 3.281 | 3.280

2.0 3280 |...... il
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EXTENSION OF THE WEIR FORMULA TO HIGHER HEADS.

"It will be noticed that all the accepted formulas for discharge over
thin-edged rectangular weirs are based on experiments in which the
head did not exceed 2 feet above crest. It is often desirable to utilize
the weir for stream gagings where the head is greater, especially for
the determination of maximum discharge of streams, the head fre-
quently being as large as 6, 8, or even 10 or 12 feet.

In the experiments at Cornell University on weirs of irregular sec-
tion it was often necessary to utilize depths on the standard weir
exceeding the known limit of the formula. A series of experiments
was accordingly carried out in which a depth on a standard thin-edged
weir (16 feet long) not exceeding the limit of the formula was utilized
to determine the discharge over a similar but shorter standard thin-
edged weir (6.56 feet long) for depths up to approximately 5 feet.”
The results of these experiments, as recomputed, eliminating slight
errors in the original, are given below.

It will be noted that the weir was short and the velocity of approach
relatively large, yet, according to the results when corrected by the
Francis method, the average value of (' for heads from 0.75 to 4.85
feet is 3.296, or 98.88 per cent of the Francis coeflicient for a thin-
edged weir. The average value of (7 for heads from 0.746 foot to 2
feet is 3.266, and for heads from 2 to 4.85 feet, 3.278.

United States Deep Waterways experiments at Cornell hydrawlic laborutory for extension of
thin-edged weir formula.

Standard weir, 16

feet long, 13.13 Lower thin-edged weir: P=5.2, L=6.56.
feet high. Q, cubic
—_— = ‘ feet per e
Cor. D, . | ' second, | &
longi- f%r}gqalﬁg Ol,bsgfl‘;ﬁd K per foot I
tudinal, | 5%, pic | pezome- | . 2s S ‘ Hunking 3 (ot
piezome-| 1 CURC DA infeet. | PD and H= rected).
ter, centi-| o ogd eters Hart. |
meters. : o \ ‘
7 1
1 2 3 s s e 7 8 9
12.28 14.12 22,744 0. 7462 0.1255 1. 0041 ‘ 0. 6469 2. 1066 J 3,256
15.30 19. 42 27.85D0 L9139 L1495 1. 0056 L R7R7 2.9143 i 3.817
18.39 25.35 33.175 1. 0885 L1731 1.0075 1.1434 3.8183 3.331
21,65 32.24 39.419 1.2933 L1992 1.0099 1. 4849 4,868 | 3,279
24.16 37.86 44, 000 1. 4436 L2178 1.0122 1.7564 5.7252 ‘ 3.260
27.21 45.13 49, 699 1. 6306 L2387 1.0141 2.1116 6. 8333 2.236
+30.16 52, 62 55,213 1. 8115 . 2583 1.0166 2,4787 7.9750 3.218
30.22 52,77 H5.128 1. 8088 . 2681 1. 0166 2. 4730 7.9977 3.234
7. 90 73.46 68. 238 2. 2389 .3010 1. 0225 3.4254 | 11.1516 3.226
44,22 92.79 80. H66 2.6434 L3370 1.0283 4.4193 14. 0960 3.190
59.00 143.90 | 10b.639 3. 4660 . 4000 1. 0398 6.6095 | 27,8902 3.812
74.22 202.37 | 130.286 4. 2747 . 4512 1. 0504 9,2867 | 30.8008 3.317
81.69 233.81 | 142.557 4.6773 L4735 1.0607 | 10.6789 | 35.5933 3.333

a Rafter, G. W., On the flow of water over dams: T'rans. Am. Soe, C. E., vol. 44, p. 397,
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If it is borne in mind that the influences which go to make up vari-
ation in the weir coefficient are more potent for low than for larger
heads, it may be confidently asserted that the Francis formula is appli-
cable within 2 per cent for heads as great as 5 feet, and by inference it
is probably applicable for much greater heads as well.

COMPARISON OF WEIR FORMULAS.

The later weir formulas all give results agreeing, for the range of
heads covered, within the limit of accuracy of ordinary stream meas-
urements. Which of the several formulas to use will be determined
by convenience and by the conditions attending the measurements.

The Francis formula is applicable for weirs with perfect bottom
contraction and for any head above 0.50 foot.

The Hamilton Smith, Fteley and Stearns, and Bazin formulas are
more accurate for very slight heads, or where bottom contraction is
imperfect, this element, which tends to increase discharge, being
included in the larger velocity of approach correction. These for-
mulas are, however, based on experiments none of which exceeded 2
feet head, and they have not been extended.

For suppressed weirs in rectangular channels having conditions
closely duplicating Bazin’s experiments, his formula is probably most
applicable. The head should preferably be measured in a Bazin pit,
opening at the bottom of the channel, 16.4 feet upstream from the
weir. In a suppressed weir, if the nappe is allowed to expand later-
ally after leaving the weir, the computed discharge by any of the for-
mulas should be increased from one-fourth to one-half of 1 per cent.

Comparative discharge by various formulas over weirs of great height and length; no end
contractions nor velocity of approach.®

Per cent of discharge by Francis

|
Coefficient ¢ for heads ranging from | ', 11 y1a or heads ranging from

Formula. .0.20 to 4 feet. 0.20 to 4 feet.

0.20 0.50 1.00 4.00 0.20 0.50 1.00 4,00
Castel ......o...oooooiil 3.4872 | 3.4872 | 3.4872 | 8.4872 | 104616 | 104,616 | 104,616 | 104,616
Boileatl «unennnnnenno ... 3.3455 | 8.34556 | 3.3455 | 3.3455 | 100.365 | 100.365 | 100.365 | 100.365
Weisbach ................. 3.4026 |.......... 3.3186  |.ei.ee... 102,075 |.........| 99.408 |.._.....
Francis ........... ..13.33 3.33 3.33 3.33 100.00 | 100.0 | 100.0 | 100.0
Fteley and Stearns........| 3.5004 | 3.3269 | 3.317 $.3109 |105.012 | 99.807 | 99.51 | 99.327
Bazin ................ ...| 3.642684 | 3.406094 | 3.326696 | 3.26783 | 109.281 | 102.183 | 99.801 | 98.035
Fteley-Stearns-Francis 3.3800 |3.3300 | 3.319 3.31375 | 101.400 | 99.90 | 99.570.| 99.412
Hamilton Smith ._._...... 3.3972 [3.3010 |3.284 8,284 | 101.916 | 99.030 | 98.520 |........
Smith-Francis ... | 3.20 3.29 3.29 3.29 98.70 | 98.70 | 98.70

Parmley .................. 3.478 3,368 3.33¢ |......... 104,340 | 101.040 | 100.020 |........
East Indian engineers....| 3.488 3.472 3.445 3.285 104.640 | 104.16 | 103.35 98. 560

aComputed by H. R. Beebe, C. E.
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Table showing comparative discharge per foot of crest for suppressed weirs of various
lengths, heads, and velocities of approach.@

) 003742 Y O ) Y ‘2 2 10 10 10
D2 L5374 11 0 ) TN 1 2 2 4 4
Head (D) coueiii i iii i eaeecaaaneaean 1.0 1.0 1.0 1.0 4
Approximate velocity of approach (¥)......... 1.90 1.13 1.16 68 2.15
Castel .o ool 3.7822 | 3.6127 | 3.6217 | 3.5308 | 30.3037
Boilean .. .. ... 3.8630 | 3.5484 | 3.5484 | 3.4144 | 30. 9046
Francis - ..o ieiaa.. 3.5373 | 3.4218 | 3.4218 | 3.3632 | 28. 2983
Fteley and Stearns... ... ...._...... 3.7268 | 3.4729 | 3.4730 | 3.3669 | 29.7470
Bazin. .. ... .. .. ... 3.7845 | 3.3766 | 3.3766 | 3,4002 | 29.75565
Fteley-Stearns-Francis ............... 3.7297 | 3.4752 | 3.4752 | 3.3690 | 29.7000
Hamilton Smith.__ .. ... ......_. 3.9220 | 3.6392 | 3.4872 | 3.3878 | ........
Smith-Franecis . ... ... .. ...... 4.0581 | 3.7109 | 3.4847 | 3.3876 | 31.573
Parmley ... ... ... 3.7924 | 3.5337 | 3.5337 | 3.3347 | ... _...
AVerage. ..o .ooooiiaiiaaaan. 3.800 3.532 3. 490 3.395 30. 040

a Computed by H. R. Beebe, C. E.
COMPARISON OF VARIOUS VELOCITY OF APPROACH CORRECTIONS.

The various modes of correction for velocity of approach used by
different investigators can be rendered nearly identical in form, vary-
ing, however, in the value of the coefficient a adopted.

Comparative coefficients of correction for velocity of approach for thin-edged weirs with end
contractions suppressed.

Value of a in the 1f)'2)r- ‘ﬁ’llg‘f?f)r%{‘l’l;n
i 2
Experimenter. mula H=D+a % Ke=liaw ( % )
Boileau. . ... a=1.8
Lesbros ... ... e a=1.56
Fteley and Stearns ... ... ...coeocuooea oo a=1.5
. 2 In
....... a@=1—3 A/ = b @=0.2489
Francis. oo .o it ciaaeaas a=1 3V D
. 5
Bazin . emeeeme—aeaa- a=1.69 or 3 @=0.55
aEmerson. b Hunking and Hart.

The above values were all derived from experiments on thin-edged
weirs. Bazin’s experiments covered the larger range of velocities and
were most elaborate. 1t may be noted that the correction applied by
Bazin is two and two-tenths times that of Francis for a given velocity
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of approach. Bazin's correction is, in effect, an increase in the meas-
ured head of 1.69 times the velocity head, while Francis increases the

measured head by an amount —g \/ % less than the velocity head accord-
ing to Emersoun’s formula.

Ratio of the various corrections for velocitiy of approach for suppressed. weirs.

| . .
Bazin. F;%}g;:;?d Hgllglléltlon } Franeis.
| |
Bazin ... ... ..... 1. 000 1.127 ‘ 1.271 ‘ 2.2
Fteley and Stearns .. ................. . 887 1. 000 1.128 1. 957
Hamilton Smith ... ... .. ._._._._. ‘ .789 . 887 1. 000 / 1.736
Francis. .. ..ooooieeeie . s . 454 511 ‘ 576 | 1. 000

The factors in the above table are not strictly accurate, for the rea-
son that the expressions used to deduce the equivalents from the dif-
ferent formulas are in some cases approximations. They serve to
illustrate the relative magnitude of the different corrections for thin-
edged weirs without end contractions. For thin-edged weirs with end
contraction, Hamilton Smith uses the coeflicient a=1.4 and Fteley and
Stearns give the coefficient a=2.05,

There are no experiments available relative to the value of the
velocity correction for other than thin-edged weirs. It is necessary,
therefore, to utilize the values above given for weirs of irregular sec-
tion. It will be seen that it matters little in what manner the correc-
tion for velocity of approach is applied, either by directly increasing
the observed head, as in the formulas of Hamilton Smith and Fteley
and Stearns, or by including the correction in the weir coefficient, as
is done by Bazin, or by utilizing a special formula to derive the cor-
rected head, after the manner of James B. Francis. The three methods
can be rendered equivalent in their effect.

The important point is that the corrected result must be the same as
that given by the author of the formula which is used to calculate the
discharge. As to the relative value of the different modes of apply-
ing the correction, it may be said of that of Francis, thatin its original
form it is cumbersome, but it renders the correction independent of
dimensions of the leading channel, as do also the formulas for correc-
tion used by Hamilton Smith, and Fteley and Stearns. Inasmuch as
the velocity head is a function of the discharge, successive approxima-
tions are necessary to obtain the final corrected head by any one of
these three formulas.

By using the Hunking and Hart formula the correction for the
Francis weir formula becomes fairly simple, as it does not require the
determination of the mean velocity of approach by successive approxi-



COMPARISON OF WEIR FORMULAS. 43

matiouns, but to apply this formula it is necessary to know the dimen-
sions of the leading channel and of the weir section. The approxima-
tion given by Emerson is also much simpler than the original Francis
formula.

Bazin’s method of including the velocity correction in the coeflicient
makes the weir coeflicients obtained by the experiments comparable
one with another only when both the head and velocity of approach
are the same in both cases.® His correction also involves the dimen®
sions of the leading channel as factors. Obviously, in the case of
many broad-crested weirs utilized for measuring flow, the dimensions
of the leading channel can not be ascertained accurately and there is
great variation of velocity in different portions of the section of ap-
proach. It becomes necessary that the correction should be in such a
form that it is a function of the velocity and not of the channel
dimensions. :

It is to be noticed that where an attempt has been made in the
weir experiments to eliminate velocity of approach effect from the
coeflicient the velocity has been nearly equalized by screens and has
been determined by successive approximations. Tt is suggested that
where the velocities vary widely they be determined by current
meter in several subdivisions of the section, the approximate integral
kinetic energy estimated, and a value of « selected depending on the

’
ratio of % s0 obtained, where % is the velocity head corresponding to
the mean velocity and /4’ is the velocity head which would result if the
actual velocities were equalized. Inasmuch as the surface velocity
usually exceeds the mean velocity in the channel of approach in about
the same ratio that 4’ exceeds 4, the suggestion is made by Hamilton
Smith® that where the velocity of approach is unavoidably variable,
or the boundaries of the current are uncertain, the surface velocity
be measured by floats and applied directly in the determination of the
quantity /.

The variations in discharge over a thin-edged weir, by the ditferent
formulas, are often less than the difference in the correction for velocity
of approach would indicate. In the formula of Fteley and Stearns, as
compared with Francis, for example, the larger velocity correction is
in part compensated by a smaller weir coefficient, and the same is true
of the formulas of Hamilton Smith and Bazin for cases where the head
is large.

a See special discussion of the point, p. 63. bSmith, Hamilton, Hydraulics, p. 84.
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END CONTRACTIONS—INCOMPLETE CONTRACTION.

The formula for end contractions deduced by James B. Francis is
very generally used. The correction <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>