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Contents in Brief—Based on an application of the superposition principle

and results of experimental work com

the Pennsylvania State College,

pleted at the hydraulics laboratory of
where the author formerly served as an

assistant professor of civil engineering, a general discharge formula for
sharp-crested, submerged weirs has been developed. Results of the tests
are said to prove: (1) that triangular and parabolic weirs are more accurate
measuring devices than proportional and rectangular )types, and (2} that

sharp-crested submerged

can be used in practice with confidence, if

certain design and operafional specifications are satisfied.

ENGINEERS HESITATE 1o use sub-
merged weirs for liquid/measurement
and control in open channels because
of lack of desigh performance
data. Submerged weirs conserve ele-
vation and should have wide applica-
tion in the design of gravity systems
where savings in head loss mean sav-
ings in constriction costs.

The amount of research concerned
with  submergence phenomena is
small relative to its importance in
hydraulic design. None of the early
theories has been substantiated suc-
cessfully by experimental results. For
this reason, an investigation was un-
dertaken in April 1943 at the hy-
draulic laboratory of The Pennsyl-
vania State College to study the effect
of submergence on weir discharge,
and to develop design and perform-
ance characteristics for all common
shapes of sharp-crested and broad-
crested weirs. :

After completing the work on the
sharp-crested weirs described in Fig.
2, the investigation was inter-
rupted in September 1943, because
of war training programs. A few
months after the start of these tests,
J. K. Vennard and R. F. Weston
(Submergence Effect on Sharp-
crested Weirs, ENR, June 3, 1943,
vol. p. 814) compared and sum-
marized the experiments of six in-
vestigators  (Bazin, Cone, Cox,
Francis, and Fteley and Stearns),
and presented an excellent simplifi-
cation of the calculations in applying
their results,
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In order to derive an expression
for submerged weir flow, it is neces-
sary to make some simplifying as-
sumptions. One such assumption was
first made by Nancay Dubuat (Prin.
ciples d’Hydraulique, vol. 1, p- 203,
1816). He considered the flow over
a submerged weir to be made up of
two parts: (1) a free flow with effec-
tive head equal to the difference in

.upstream and downstream levels; and

(2) a submerged orifice flow likewise
operating under a head equal to the
difference in upstream and down-
stream levels. However, his equation
has not been verified by tests of later
experimenters.

As a first approximation to the
proper form of submerged discharge,
¢, as a function of the upstream and
downstream heads %, and h. above
the weir crest, a more simplifying as-
sumption than that of Dubuat might
be made. Assuming that the net flow
over the weir is the difference of the
free-flow discharge due to head &,
minus the free-flow discharge due to
head k. (Fig. 1), then,

=0 ~-¢ M
This assumption implies that the
head, k., does not directly affect the
flow of water due to h; and likewise

]
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Fig. 1. Conditions affecting submerged
flow are shown in this sketch.

that head, h;, does not prohibit
counterflow due to hy. Its use is this
equivalent to an application of the
principle of superposition which js
frequently used in evaluating the
combined effect of several independ-
ent conditions. The equation

g == — Q—z (‘7)

& (1 -
should not be expected to give a
quantitative relation for determining
Q, since interaction and other per-
turbing influences have been entirely
neglected. These effects would prob-
ably contribute additional higher

Q2

order terms in
&

The experimental tests show that

% is related functionally to 1 ——8—:
but that the appropriate function is
not the simple linear one of equation
(2). The results show that this rela-
tionship may be expressed in the

form

$-1(-§)-+(-8) o

or since
Q1 = Cihy ™ and Q= Cohy™

Q _ _ Gk
then, & = k (1 o ",) @

where k and m are constants to be
determined from data and the C’s and
n’s are the coefficients and exponents
that appear in the free-flow discharge
equation obtained from previous cali-
bration or by use of an appropriate
standard weir formula. The values of
C’s and n’s for the weirs tested are
shown in Fig. 2,

For any given type of weir the co-
efficients, €, and C., and the ex-

ponents, n; and n,, should be equal. ‘

Then, equation 4 reduces to

ZAQ =k(l— Sm )

where S — submergence ratio, % The

constant k& and the exponent m, which
account for the interaction effects,
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averages.. The results for the seven
weir types when averaged arithmetic-
ally showed k equal to 1.00 and m
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ply, the equation for this case is

NOTE

stilling tube.

For oll weirs hwos measured 300 ft. upstream from weir ond hy, 6 00 f1_downstream. Three
piezometer holes on a transverse !ine in the flume floor were connected to each point gage
*Head dotum 0.010 ft. above weir cres?.
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Experimental tests

The. seven experimental weirs de-
scribed in Fig. 2 were mounted in
turn midway in a steel flume 3 ft.

wide, 3 ft. deep, and 25 ft. long. Dis-

charge was measured by a calibrated,
standard 90 deg.. triangular, sharp-

crested weir placed near the upstream
end of the flume, and the degree of

submergence was controlled by three

6-in. vertical outlets passing through
the flume floor at the down-stream

- end and ld]ultlbkm elevation.

The same testing procedure was

Fig. 2. Seven types of weirs were tested in this series of experiments.

used for all weirs. After calibrating
each weir for free flow by comparison
with the triangular weir, the dis-
charge was held constant and the de-
gree of submergence changed 10 to
15 times from 0.00 to about 0.95.

Upstream and downsiream head ob-

servations were taken for each sub-

mergence setting using point gages
reading in 4-in. stilling tubes. For
each type of weir the same procedure
was followed using three additional
constant discharge rates. Detailed ob-

servations were recorded on the be-
havior of the nappe and downstream
flow conditions.

The experimental results show that

the dimensionless terms, (aq) and
1

(1—% , have a consistent func-

tional relation for all sharp-crested
weir types. A logarithmic plotting

of simultaneous values of (Qg) and

(1—S8") for each’ experimental weir
(Fig. 3) shows the general conformity
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NOTE - Surface noppes obove dashed lines
and plunging nappes balow

Fig. 3. The percent correction that must be applied to Q computed from equation (6) to obtain the

ssured discharge
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Fig. 4. Plotted on logarithmic les,
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of all data with equation (5). The
constant & and the exponent m were
evaluated as 1.00 and 0.385, respec-
tively, by ~methods described. It
should be noted that as S increases the
term (1—S8") decreases. “All tests at
submergences greater than 0.90 were
excluded from the calculations so that
the results would typify more closely
practical submergence conditions.
The' conformity of each test with

1

confining the nappe in narrow, shal-
low tailwater basins. Free circulation
of the water underneath the nappe is
restricted, regions of subnormal pres-
sure are produced, and the same dis-
charge flows through the notch at a
lower ki.” This phenomenon is analo:
gous to the operation of an unven-
tilated free flow weir and has been ex:
plained clearly by Vennard and

. Weston. The rectangular, full-width

equation (6) is illugtrated in Fig.(4. ~

The degree of submergence S is
plotted against the percent correction
that must be applied to Q computed
by equation- (6) to give the measured
discharge rate. Average curves are
shown for each constant discharge
series, together with their ranges in

{Land equivalent free flow heads, k.
1

The point of transition from surface
to plunging nappe conditions is also
indicated.

V-notches perform best

As shown in Fig. 3, the results for
weirs having top-heavy water sections
are more consistent. No distinetion
is made among the various discharge
series for the triangular and cusp
parabolic weirs. However, for rec-
tangular and proportional weirs, the
variation between the low and high
‘discharge series is about 5 percent
and less for the parabolic weir.

These variations are the result of
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weir was so erratic at low values of

P
S and }—l—that tests in the two largest
1

discharge series were excluded en-
tirely for submergencies less than
0.10. The velocity of approach has
not been considered in the computa-

tions for S and £—
hy

Two types of nappe conditions

04 05 0607 09 0I0 0I5 02 03

04 050607 09

o Surface noppe

t sly obtained values of = and (1-5") conform closely to equation (5) with

have been identified with submerged
weir discharge: (a) tae plunging
nappe and (b) the surface or flowing
nappe. In the first the nappe plunges
beneath the water surface and rises
to the surface at a point downstream
where some stream paths are directed
upstream. In the second the nappe
remaing on the water surface, all
stream paths are directed downstream
and standing waves are developed.
The transition from one nappe con-
dition to the other is identified by a
breaking of the standing wave crests
similar in appearance to a hydraulic
jump. This transition condition is
defined as a rolling nappe.

The transition from one nappe con-
dition to the other has little or no
effect on the functional relationships
when A, is measured just beyond the
surface turbulence caused by the

TABLE |1—VALUES OF 2 FOR THREE COMMON SHARPE.CRESTED WEIR

NOTCHES BY EQUATION l(6), SHOWING COMPARISON WITH RESULTS OF
* OTHER WORKERS
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psppe (Fig. 2 and 3). For these
studies this point was found to be
6.0 ft. downstream from the weir. The
best point for a particular weir must
be determined experimentally. In
general, the point will move farther
downstream as the rate of discharge
increases.

The shape of the water-section has
an interesting and logical effect on
the occurrence of a nappe condition.
The proportional weir, which has a
bottom-heavy water-section, had sur-
face nappes for all tests. More of the
water mass is under a higher head
which produces a flatter curvature of

‘the nappe underside. The stream
paths of the nappe are no nearly
horizontal that a plunging condition

never develops.. However, the nappe, -

plunged during low submergences for
all other weirs, For any one weir the
plunging condition persists for a
- greater submergence range as Q is
increased (see dashed lines of Fig.
3). As n increases from 1 to 7/2, the
water-section changes from the bot-
tom-heavy proportional type to the
top-heavy cusp parabolic type Fig.
2. Under the latter condition more
of the water mass is under a lower
head, the nappe trajectory has a
steeper downward slope, and the
plunging - condition persists for
greater submergences (Fig. 2 & 3).

Comparisons and conclusions
“Results agree favorably with those
of ‘earlier: workers. - Values of (g)
1

found by equation (6) are compared
in Table I with a summary of ex-
isting data on rectangular notches,
‘compiled by Vennard and Weston
and Stevens (Stevens, J. C., “Sharp-
Crested Weir Flows,” ENR, July 29,
1943, vol. p. 187). Also values of
(%) for two other types of sharp-
crested .weirs are given.

As a result of this study, the fol-
lowing conclusions may be drawn:

1. The experimental work indi-

cates that(-g-)and‘(l - %) have the

same functional relationship for each
weir tested. In addition, it is reason-
able to expect that this relationship
should be applicable to the general
group of sharp-crested weirs.

2. The ‘effect of submergence on
weir ' discharge ‘decreases ‘as n in-
creases, -but the stability and con-
sistency of such effect are improved
as n increases. Therefore, triangular
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and parabolic weirs,” are more ac-
curate when submerged than are pro-
portional and rectangular weirs.

3. Recommendations for practical
application of equations (6) and (7)
are:

(a) Measure hy just beyond the
surface turbulence caused by the
nappe, generally 6 to 10 ft. down-
stream from the weir.

(b) Measure hy at least 4h; up-
stream.

(¢) For proportional weirs about
5 percent accuracy can be expected if

P
W is greater than 1; for rectangular
1

] P
weirs 3 percent if~- is greater than 3,
1

and for fully contracted triangular
and parabolic weirs less than 2 per-
cent.

(d) The velocity of approach can

be neglected in computing S and —E

4. The accuracy of s\xbmerged
weirs will be improved if the tail-
water basin is sufficiently wide and
deep to permit free circulation of the
water underneath the nappe. In this

4

Cities siwhere
acute parking| fy
few have put iniyse some of the most
convenient am§l| economical space
generally avaflfble—the cluttered
areas behind Bfildings, inside blocks.

This statenfiit by the American
Society of Pl fining Officials high-
lights recent stedies done on interior-
block parking gnd is substantiated by
cities which hfé-,e used this method to

are bucking

help meet downtown parking needs.

Quincy, Mags.; Garden City, N. Y.
and Kalamazgh, Mich. operate park-
ing lots in [tq center of business
block, utilizijg and valued at lower

d 1,200 ft. lot in Quincy
cost about $§5PJ000 and was acquired
by condemniafign of property lying
between railrqall tracks and stores.
Kalamazoo® financed its interior
block parking: lot with an assessment
against a special benefit district. In
Garden City about 800 cars can be
parked in the city’s eight paved and
landscaped interior block lots.

way, interaction effects are stabilized.

5. An application of the principle
of superposition might be valuable in
studying the effect of submergence on
other hydraulic structures—such as,
orifices, slide gates and culverts.

Throughout ' the testing program,
valuable suggestions and assistance
were received from F. T. Mavis, for-
merly head of the Civil Engineering
Department of the Pennsylvania State
College: and from J. A. Sauer, head
of the Engineering Mechanics De-
partment.

The work is now being extended by
the writer in graduate study at the
University of Wisconsin. It will in-
clude a broad study of submergence
phenomena  downstream from the
weir and testing of a series of differ-
ent sharp-crested weirs, Moreover,
submergence tests will be conducted
on broad-crested weirs, orifices, sluice
igates and culverts. J. G. Woodburn,
Professor of Hydraulic Engineering,
University of Wisconsin who is in
charge of the program, has been most
helpful in the preparation of this

paper.

j Parking Lots Located
j‘ Wi ithin City Blocks

The Yale University traffic bureau
has conducted a study showing the
feasibility of low-cost parking in
downtown New Haven if block in-
teriors are used. Land valuations are
$21 less per sq. ft. for interior prop-
erty, in one sample block, than for
street-front property. Officials esti-
mate that 100 cars could be parked
inside the block -for nearly $500,000
less than in a street-front lot.

Similar developments in the West
include the rear-parking area pro-
vided by store owners in a privately-
controlled - development “along -Wil-
shire boulevard in Loz Angeles. In
Qakland, the planning commission

 has proposed to build 16 groundlevel

parking lots on the edge of the busi-
ness district, some within blocks.
The Oakland parking plan involves
cost estimates of $3.1 million for ac-
quiring the land and building facili-
ties for 6,138 auto spaces. The Ana:
heim, Cal., planning commission also
includes interior block parking in its
city masterplan. '
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