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THE MATHEMATICS OF WEIR FORMS*

BY

ALLEN P. COWGILL
Syracuse University

1. Introduction. This paper aims at making more readily available the results of
a study of the mathematics of weir forms, a subject in Hydraulics to which higher
mathematics can be applied. Section 2 covers the general application of Abel’s in-
tegral equation to the forms of weirs by Brenke.! Section 3 deals with sectionally
analytic weir forms, particularly the Stout-Sutro weir. The writer believes he has
made the original application of Abel's integral equation to this corrected weir form.
Section 4 deals with cases when the quantity of flow can be expressed as a conver-
gent series.

2. Abel’s integral equation. One method of solution of the problem of weir forms
involves Abel’s integral equation. The natural conditions found in the flow of water
through weirs satisfy all the requirements of this integral equation, so it proves a
superior mathematical tool in handling the general problem. In 1922 Brenke studied
the problem of the weir form when the flow was proportional to some power of the
depth. He made the original application of Abel’s integral equation. This equation
has the form

¢(x)=fxM 0<r<1 (1)

(x — s

and its solution is, under certain conditions,

sin\r £z ¢'(s)ds
= . 2
s = = [ @
To obtain (2) from (1) use is made of two fundamental formulas, namely?:3

L f ' dz o<r<t 3
sinze J, (2 — )z — s ’ )

z z (s)d z 1 z ’(s)d.
) f gWr f LAQLIF @)

« Jo (23— )Mz — 5P « =2 J, (x — s}

¢(s) is assumed to be continuous and have a continuous derivative in the closed
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interval, a to b. Formula (4) is known as Dirichlet’s generalized formula.* Multiply (3)
by ¢'(s)ds and integrate from a to z, (¢ £2=<b), which gives

T z z / d
o) —o@] = [ [ — AL ®)

sin A )Mz — s

If (4) is applied to the right hand member of (5), we have

in\r [ 1 z ¢'(s)d
o) — o) = = [ ACLIYN ©

(x =

Then, if ¢(a) =0 and if we replace the inner integral on the right of (6) by its value
from (2), we see that (6) becomes (1). Hence (2) is a solution of (1).

The weir is actually symmetrically constructed as in Fig. 3, but for purposes of
the present calculation a half section is used (Fig. 1). Letting y =f(x) express the

L

distribution of width over depth, & the depth of flow, Cs the coefficient of discharge
(approximately 0.6), and assuming that the quantity of flow is proportional to the
mth power of the depth of stream, we have

Fic. 1. Fi1G. 2.

Cdf [2e(h — x) ]V2f(x)dx = bh™, @)
or, letting K =b/Ca(2g)'2,

fh(h — x)'2%f(x)dx = Kh™.

Differentiating with respect to k, we have

h d
SDE e, ®)
0 (h — x)l2

This equation has the form of Abel’s integral equation.
To find the equation of the weir form when the flow is 4™, we have

‘*W. A. Hurwitz, Note on certain iterated and mulliple integrals, Annals of Math., 9, 183 (1907).
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sinn/2 ?* 2Km(m — 1)hm?
f() = ) :
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= dh. 9
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By the use of Gamma Functions,?
2KT 1
f(x) = 2EIm 4 1) a3, om oz 2. (10)

T (m = 3)

Let 7 be a positive integer =2. Then the Gamma Functions become simple products
when m=n or m=n+%. When m =n,

flx) = X 2t a3 p 22 (11)

T 1.35 .- (2n—3)

When m=n+41, )
f(x) = K 185 - @ntD 0 L2 (12)

2%(n — 1)!

3. Sectionally analytic weir forms. When m is equal to or greater than § one
gets continuous forms of weirs (Fig. 2). When m is greater than § and less than § the
weir forms have an infinite width at the bottom, the curve f(x) approaching the
X-axis asymptotically. As this is impossible in practice, the necessary correction due
to limiting the width of the weir furnishes an interesting mathematical problem which
has been studied in the case where m=1.

)

v 9 5y
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F16. 3. Copy of Stout’s drawing in 1897. F1G. 4.

The weir in which the flow is proportional to the depth is of engineering value.
One of the first records of it is in an article by O. V. P. Stout.® Approximate correction
was made by circular openings (Fig. 3). A weir of this type was also constructed by
Sutro and it is referred to in some texts as the Sutro weir. The modern way to correct

8 F. S. Woods, Advanced calculus, Ginn & Co., 1926, p. 164.
8 0. V. P. Stout, 4 new form of weir notch, Trans. of the Nebraska Engineering Society, 1, 13 (1897).
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the Stout-Sutro weir is to start with a rectangular cross section of depth a and
width w (Fig. 4). The upper scction is then designed to give a flow proportional to
the first power of the depth when the depth of flow equals or exceeds a.

The calculations of E. A. Pratt” by series solutions gave a mathematically correct
form of weir where 2= a. In this solution a rectangular section of depth @ and width
w is first assumed. Soundings are made with the zero point 1a from the bottom,

Q = bH = b(h + 3%a).
The quantity of water discharged through the rectangular portion of the weir is
Qv = $wK[(h + o) — 12].
Therefore
Q = $wK[(h 4 a)** — 2] + 2Kfoh(h — x)'*f(x)dx = b(h + 3a).

As this equality must hold for A=0, $wKa?*?=%ab and b=2wKal’?, so
h
f (k — x)Y2f(x)dx = 3w[§ha''? + 032 — (h + a)¥/2 4 H3I2].
0

Instead of solving by the use of series, as Pratt did, one may differentiate with
respect to k to put the equation in the form of Abel’s integral equation; thus

b f(x)dx
0 (h —_ x)l/2

For the solution of Abel’s integral equation the right hand member must be a con-
tinuous function, equal to zero when #=0. These conditions being satisfied,

y = f(x) = Mgwf' [— 3(h + )12 4 112 "
. . ,

= 2w[a'? — (h + a)V/? + RY2].

(x — k)12
w [f’ dh f‘ dh ]
o o [k — B2]2 o [ax + A(x — a) — m2]12
w + w. o ae—x (13)
= — 4 —sin~ ,
2 T a4+ x
or
2w x\12
y=w — — tan™! (——) . (14)
T a
This solution can also be written
w—
x=a tanzu- (15)
2w

In the design of the Stout-Sutro weir it is now necessary to choose an a for sub-
stitution in the above formulas. One will generally know the average depth of flow

7E. A. Pratt, Another proportional-flow weir, Sutro weir, Engr. News, 72, 462 (1914).
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expected through the weir. It is felt to be better to keep the curve of (13) as close to
the curve of the uncorrected weir derived from (10), y =2Kx~12/x, as possible. The
scheme is to make the rectangular section of the Stout-Sutro weir have the same
dimensions as if the uncorrected weir of (10) were corrected for the average depth of
flow by the addition of a rectangular section at the bottom, below the Y-axis, to
compensate for limiting its width to 2w.
One substitutes y=w in the uncorrected formula (10) above and solves for «x.
This value and that of the % assumed to be average are substituted in
h h—2x 2

xh
— cin—1 3/2 _ . — 2)1/2
5 sin P + FyeTS (h+7) 2 (hx — x?) Yy

(h — 2% = 0,

which is solved for r. One then makes a, the depth of the rectangular section, equal
to x+7r. It must be appreciated that (10) can be corrected for one depth of flow by
the addition of a rectangular opening at the bottom, but would not be correct at
any other depth of flow. Formula (13) is correct at any depth, H> %a (Fig. 4).

4. Series solutions of weir forms. We consider now the forms of weirs when the
quantity of flow can be expressed as a convergent series in powers of k. Assume
that the quantity of flow, Q(k), can be written

n=00

Q(h) = 3 anhrte, (16)

a convergent series not having a constant term, and assume the form of weir to be
given by

@) = 3 1, ()

each term of (17) giving rise to one term of (16).
The general equation is

Ca(2g)11 fo (h — 2)'2f(z)dz = Q).

Its solution will involve a series of integral equations of the form

h
Ca(29) f (h — DV (2)dx = ke =012, ;a>}
0
which can be solved by the use of (10), giving
Tn+a+1) .
(%) = Cay ——————— gnta—3/2, 18
1) I'n+a—1%) (a8

where
2

C=—— .
Ca(2gm)1i?

Substitution of this in (17) gives the formal solution

= I'(n+ a4 1)
f(x) - C'g a, P(n +—_‘a_ %) x

nta—3/2, (19)
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The first term of this series
1
fo(x) = Cag ————— x=73/2 (20)

will be discontinuous at x =0 if § <a <% and continuous if a=$.

The series formed by all the terms after the first will converge and represent a
continuous function of x. This may be proved as follows. By hypothesis the series
D r=ra.hnte converges since it is the series for Q(k), (16), with the first term
omitted. Let

Tn+a+1) .
Cp = —————————— a>1
I'n+a—13)
_(”+a)(n+a—l)l‘(n+a_1) . _
- T(n+a—1) v Tlp+1) = pT(p),

=m+a)(n+a—1c)

where ¢/ =I'(n+a—1)/T(n+a—1%) and 0<c! <1 since I'(p) increases monotoni-
cally for p>1.46. Now? if the series Y n=*a.h™+= converges, so also will the series

n=w n=00 n=00
> cla.hrte, Y mela ke and Y nic, a.hnte.
ne=l n=l n=1

But the series D "= c.a.h*** is a simple combination of these three series, hence it
also converges. In each case the function represented by the series is continuous.
We have then the form of weir given by

f(@) = fo(x) + g(=), (21)
where fy(x) is given by (20) and,_

n=00

g2(x) = CZ Cnl,x"ta—3/2

n=1

the quantities a, C and ¢, being as specified above. The solution f(x) is discontinuous
at x=0if } <a <$. It is continuous for a=$.

8 F. S. Woods, Advanced calculus, Ginn & Co., 1926, p. 47.




