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INTRODUCTION

The form of a weir for which the
flow is proportional to the head was
discovered by Rettger (1), and such
weirs have been used with water stage
recorders to measure the discharge
from tile drains (2).

A drainage investigation may re
quire the use of many flow-measuring
stations. When proportional weirs are
used, the machining of the curved
surfaces becomes a problem. Hand
filing is tedious and expensive, and
does not lead to great accuracy. There
are obvious advantages in machining
the weirs so that they are all identical.
Accordingly, a method was developed
for handling the job in an ordinary
milling machine.

The extension of this procedure to
the milling of plate cams for flat or
roller followers is practical and easy.

MECHANICAL TECHNIQUE

The usual form of a proportional
weir is shown in figure 1, and the
dotted lines show how each plate was
actually made in three pieces. It was
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F.gure I. 'l he proportional weir plate.

necessary to divide the weir plate for
milling, because a milling cutter of
large radius was to be used to produce
a reasonably smooth curve with a
minimum number of settings.

Section A is quite simple. Sections
B and C are identical, and were milled
together. Thus for ten weirs that were
required for this project, ten plates
like section A and twenty of the curve
plates were milled. Then backing-
plates (not shown) were also milled.
These were single rectangular plates
and looked like figure 1 except that
the milled opening was large enough
to clear all the working edges of the
weir.

All of these plates were made of
^ inch brass. However, to provide
jigs for milling and assembly, a i/g
inch steel plate was included at each
end of each stack of brass plates. Each
stack was then dowelled together with
14 inch steel dowels and was milled
as a solid piece. Thus the milling
machine had to be set up only three
times. The face width of the milling
cutter had to be greater than the width
of the thickest stack (about ll/g in
ches). Each final weir - plate was
formed by soft-soldering an A, B and
C plate to a backing-plate. The ac
curately milled outside edges served
as guides for the assembly.

THE PROPORTIONAL WEIR

In his paper, Rettger shows that the
flow through a weir will be propor
tional to the head if the sides of the

Figure 2. Termination ot ihe we

weir follow the curves (figure 2).
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where y is measured vertically upward
from the zero head position, and x
is measured from a vertical line of
symmetry. The constant b is the width
of the weir opening at unit height.

The discharge from such a weir is
shown shown to be

Q = i/2CV2g"WH 2
where C is the coefficient of discharge.
For some weirs, this coefficient is a
function of the head. It proved to be
independent of the head in this par
ticular case.

THEORY OF THE METHOD

To mill a plane curve by means of
an ordinary milling cutter, the cut
ter axis must be perpendicular to the
plane of the curve, and any point on
the axis must follow a plane curve
parallel to the first. The two curves
will have a common normal of con
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stant length equal to the radius of the
cutter. The circumference of the

cutter is always tangent to the given
curve.

For generality let the equation of
the desired curve be given by

y==f(x), (with $L- - P(x) ) 3
If (X,Y) are the coordinates of any
point on the normal to this curve at
the point (x,y) we have

(X-x) = -P(x) (Y-y) 4
If (X,Y) is to lie at a distance R from
(x,y), where R is the radius of the
cutter,

(X - x)2 + (Y - y)* = R>... 5

X-x-H fl(X)'R
~ -[l+(P(x))Ta b

Y— •+• R= [1 + (f1 (x) )T> 7
In the particular case of the pro

portional weir, the equation of the
curve to be milled may be written as

y = c/x2 8
where c is defined by equation (1)

c = ~4~~

f(x) = c/x2

fi (x) = - 2c/x3 =-?L - .... 9
Substituting the latter expression from
equation (9) into equations (6) and
(7), we get the desired coordinates of
the center of the cutter relative to

the coordinate axes of the original
curve (8)

X= x- —-j \ R „. „ 10
(x2 -f- 4y2)/2

Y= y- R 11
(X2 -i-4y2)'^

The choice of signs made here places
the centre of the cutter to the left of

the curve, and nrakes the milled curve
convex, as required. Further reduc
tion of these equations is possible,
but the forms given are convenient
for computation.

COMPUTATION PROCEDURE

Given the maximum head and

maximum discharge, and assuming a
constant coefficient of discharge, the
constant b of the weir is calculated. A
closely-spaced set of x and y coordi
nates for the weir curve are then



tabulated. A cutter of as large a ra
dius R as possible is chosen, and a
list of coordinates of its center are

calculated from equations (10) and
(11). The settings of the milling table
that holds the work are obtained by
adding constants to the X and Y
values, and the settings will be more
accurate if the stack of plates is first
milled square with a given pair of
table settings.

ALLOWANCE FOR THE

MENISCUS

It is obviously impossible to extend
the weir curve out to infinity in the
horizontal direction, and in fact it
should be terminated by a vertical
end at such a point that the meniscus
breaks before the curve itself is wet
ted. On the other hand, the propor
tionality will be lost if the area under
the curve is changed. It may be shown
that the area is preserved by lowering
the level bottom of the weir plate by
an amount equal to the ordinate of
the curve at the point where it is
terminated (figure 2). For, the area
under the curve from any point x =
a to x = oo is given by

A =
dx b2

'4a"

This area may be replaced by a rec
tangular area of width a and depth

b2
rr" . which is just the ordinate of a

4a2

point on the curve at x = a.

It must be pointed out that this
substitution is not exact, because the
new area is not under the same head

as the area that is replaced.

ROUGHNESS OF THE MILLED

CURVE

Because the milling cutter is moved
in discrete steps, the desired curve is
approximated by a set of circular
arcs that meet in cusps. Since the curve
is everywhere convex, the departure
from it will be less than the departure
from a straight line joining two ad
jacent points of tangency. (figure 3).
This amounts to

h (Asi!
8R

where As is the linear travel of the
cutter center between settings. It is
seen that (As)2 = (Ax)2 + (Ay)2,
where Ax and Ay are the changes in
the x and y coordinates between set
tings.

Figure 3. Height of the cusp produced by milling in
steps.

For this work, a roughness of no
more than .001 inches was considered

permissible. The radius of the cutter
was 2.498 inches, so that the maximum
permissable value of As was

V (.001) (8) (2A9S) = 0.14 inches
This distance between cutter settings
was large enough to make the project
quite practical, and in fact about 40
settings were used to produce a surface
that was generally much smoother
than indicated by the .001 inch toler
ance. The time taken to mill a stack

of curve plates only amounted to
about two hours.

PERFORMANCE OF THE WEIRS

The weir constant chosen for this

work was b = 0.0314 feet. The max

imum height of the opening was about
three inches, and the width of the sill
was 31/2 inches. At this width, the
depth of the compensating area at
the bottom of the weir was 0.139 inch,
which is close to the depth of the
meniscus that is formed with clean

water.

All ten weirs were calibrated by
standard methods, particular care
being taken to measure the head from
the level of the top of a well-formed
meniscus. There was no significant
difference between the weirs, and the
calibration points were well fitted by
a straight line through the origin.

Q = 0.0205 H

where Q = flow rate, c.f.s.

H = head, inches

or Q = 0.246 H, with H in feet

The root-mean-square deviation from
this straight line was 1.1% of the
maximum head, a matter of one for
tieth of an inch.

Comparing the calibration constant
0.246 with the constants in equation
(2), the coefficient of discharge is
found to be

C = 0.62

and is constant over the whole range
of measurement.
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dashed lines cross the curves at the
3/g inch and i/2 inch per 24 hour dis
charge values for ready comparison
with the two commonly used drain
age coefficients. Four per cent of the
maximum 24-hour average rates will
be equal to, or exceed, y2 inch per 24
hours while 9 per cent will equal or
exceed ys inch per 24 hours. Simi
larly, 12 per cent of the maximum 12
hour average rates will equal or ex
ceed i/2 inch per 24 hours while 22
per cent will equal or exceed y& inch
per 24 hours.

Using a method described by Wis-
ler and Brater (4), the one-year, two-
year, and five-year recurrence inter
vals were calculated and are also
shown in figure 3. The charted values
indicate that a 24-hour average rate
of 0.32 inches per 24 hours or greater,
or a 12-hour average rate of 0.54 in
ches per 24 hours or greater, can be
expected once every year. It can also
be expected that a 24-hour average
rate of l/, inch per 24 hours will be
equalled or exceeded once in five
years.

DISCUSSION

It should be recognized that fun
damentally the design drainage rate
should be that rate which will provide
adequate drainage of the soil for crop
production. A physical definition of
adequate drainage which could be
expressed in terms of a drainage rate
for any soil has been sought for many
years and does not appear to be forth
coming in the near future. As a
result, the problem was approached
by measuring drain runoff directly to
determine the flow rates that are nor

mally thought to provide adequate
drainage.

At the outset of this experiment, it
was recognized that the main problem
would be in the interpretation of re
sults for application in design. It
seems apparent that a drainage rate
must still be selected arbitrarily. How
ever, probability methods of analysis
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