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Half-Round Circular Crested Weir: On Hysteresis,
Instabilities, and Head—-Discharge Relationship

Hubert Chanson'

Abstract: Waters flowing over rounded weirs experience a rapidly accelerated flow region near the crest. The head-discharge relationship of
a half-round crested weir was tested physically under carefully controlled flow conditions for a weir design with a small radius of curvature.
The experiments were undertaken for a wide range of discharges, over two orders of magnitude, and the results were compared to the
literature on circular weirs. The nappe was not aerated. With increasing discharges, the nappe was initially attached to the weir’s downstream
wall, until some nappe detachment occurred. With a further increase in flow rate, the detached nappe reattached at large flow rates. The
transitions, i.e., both nappe detachment and reattachment, were characterized by large instabilities, change in flow properties, and sometimes
loud noise, and the processes were subject to some hysteresis. The finding demonstrated the complicated features of an unaerated round-
crested weir overflow. The importance of careful experimental procedure is discussed. DOI: 10.1061/(ASCE)IR.1943-4774.0001473.
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Introduction

Weirs are hydraulic structures typically built across a river to facili-
tate the storage of water and raise the upstream water level (Novak
et al. 2001). Small and large flows pass over the top of the weir
wall. The crest of the weir is typically designed to maximize the
discharge capacity, namely, to pass safely the design discharge
at the lowest cost (Henderson 1966; USBR 1987). At the top of
the crest, the specific energy is minimum and the flow conditions
are called the critical flow conditions (Bakhmeteff 1912, 1932;
Chanson 2006). The discharge characteristic curve of the structure
is a function of the weir geometry, roughness, and inflow condi-
tions (Miller 1994; Montes 1998; Chanson 2004). The unit flow
rate ¢ is typically expressed as

ngzc,)x\/QX@X(H—P)>3 (1)

where Q = water discharge; B = channel width; C;, = dimensionless
discharge coefficient; g = gravity acceleration; H = upstream total
head; and P = weir crest elevation above channel invert (Fig. 1).
Cp =1 for an ideal fluid overflow above a broad-crested weir.
For Cp > 1, the discharge capacity is greater than that of a broad-
crested weir for an identical upstream total head above crest
(H — P). The most common types of overflow linear weir are the
broad-crested weir, the sharp-crested weir, the circular crested weir
and the ogee-crest weir (Bos 1976; USBR 1987). The circular
crested weir design is known for having a relatively large discharge
capacity compared to broad-crested and sharp-crested weirs,
its ease of passing floating debris, its simplicity of design, and
lower cost.
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A recent test case study of round-crested weirs (Tullis et al.
2019) reported a number of discrepancies between 20 different hy-
draulic laboratory data sets across the world with the same specified
geometry. The results presented “considerable scatter” in terms of
the discharge coefficient. Tullis et al. (2019) listed a number of po-
tential contributing parameters to the observed scatter and differ-
ences between laboratory results, without definite explanation. It
is the aim of this study to provide a detailed characterization of
the overflow above an unventilated half-round circular weir, includ-
ing a discussion on the hysteresis and flow instabilities. The results
contain some physical explanations for parts of the data scatter re-
ported by Tullis et al. (2019).

Nappe Overflow

In most applications, the approach flow is subcritical and the flow is
critical at the weir crest. Owing to the streamline curvature, the
pressure distribution is not hydrostatic and the velocity profile is
not uniform at the crest (Fawer 1937; Vo 1992). A reanalysis of
experimental observations showed that the solution of the critical
flow depth followed closely (Chanson 2006, 2008):

%x 1 —cos(6/3) + /3 x (1 —[cos(8/3)]?)
3 2

dcresl

H-P

X Acrest =

(2)
where d.., = water depth at weir crest (Fig. 1); cosdé =1—2x
Berest X C3 x A2; A = pressure correction coefficient; 3 = mo-
mentum correction coefficient; Cp = discharge coefficient; and
subscript crest = flow properties at crest. For an ideal uniform flow
above a flat broad crest with the streamlines parallel to the crest, the
velocity distribution is uniform (3 = 1), the pressure is hydrostatic
(A =1), and Eq. (2) yields the classical result

dcresl 2
orest _ = 3
H—-P 3 3)

Downstream of the weir crest, the flow is accelerated by gravity.
The flow depth & and velocity V derive from the equations of
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Fig. 1. Definition sketch of half-rounded circular weir overflow.

continuity and motion. For a one-dimensional ideal-fluid flow, this
gives

b ((dees 32 2 X
= <—°r651> x Cp X S — — X gxr 4)
r r g X déresl V

gvxr_\/( gvxr)2+2x(l—cos¢) (5)

with r the radius of curvature (Fig. 1). At the surface of the circular
weir invert, the invert pressure may be deduced from the motion
equation in the radial direction. At an angular position ¢ > 0,
the dimensionless invert pressure equals

Pym — P 2
MZEZX« v ) _COS¢X(1+ d >> (6)
pXgXr r VoxXr 2xr

where P, = absolute invert pressure; P, = atmospheric pres-
sure; and p = water density. In its gravitationless form, Eq. (6)
was successfully compared with pressure distributions associated
with the deflection of air jets blowing past circular quadrants
(Fekete 1963; Sarpkaya 1968; Chanson 1998). The ideal-fluid flow
calculation [Eq. (6)] predicts a suction pressure force acting on the
flow along the downstream face of the weir, which increases with
increasing velocity and increasing distance from the crest. When
the absolute pressure of the fluid at the wall P, falls below
the vapor pressure P,, the water next to the wall will vaporize
and separation will occur through cavitation. In practice, cavitation

may take place at higher absolute pressures depending upon vis-
cous, gravity and surface tension effects, the relative roughness,
the water quality, and flow turbulence. Experimental observations
suggested that, in a free-surface flow, cavitation occurs for

Pym — P,
<, (7)
IXpxV

where o, = critical cavitation number at which cavitation starts to
appear, with o, about 0.5-1 (e.g., Robertson 1965; Knapp
et al. 1970).

Experimental Facility, Instrumentation, and Methods

The investigation was conducted in the Hydraulics Laboratory of
the Advanced Engineering Building (AEB) at the University of
Queensland (UQ). Experiments were performed in a 3.0-m-long
and 0.4-m-wide (B = 0.40 m) tilting flume. The bed and sidewalls
of the flume were made of PVC and glass, respectively (Fig. 2).
The bed of the channel was horizontal, i.e., Sy = sin# = 0, for all
experiments to reduce the number of independent variables. Up-
stream of the flume, the water was supplied by a 0.75-m-long x
0.90-m-wide x 1.0-m-deep intake structure, fed by a constant head
tank, and equipped with baffles, followed by a 0.54-m-long three-
dimensional (3D) convergent leading to the 3.0-m-long x 0.4-m-
wide flume. The intake structure and 3D convergent design allowed
smooth inflow conditions at the flume’s upstream end. At the
downstream end, the flume ended with a free overfall.

A half-round circular crested weir was installed at 1.34 m down-
stream of the flume’s upstream end, at a right angle across the
flume. The weir was 0.020 m thick, with the crest height 250 mm
above the invert (P = 0.250 m), based upon the design proposed
by Tullis et al. (2019). The half-round crest had a 10.0-mm radius
(r =0.010 m) round over the upstream and downstream crest
edges. Both the weir and crest were made of PVC, machined with
an accuracy of +0.2 mm.

The water discharge was measured using a volume-per-time
technique and a 90° V-notch weir. The former was used for flow
rates up to 0.015 m?/s, while the latter could be used with flow
rates up to 0.120 m3/s (Chanson and Wang 2013). The percentage
of error of the flow rate was less than 2%. A rail-mounted pointer
gauge was used to measure the upstream free-surface elevation

Fig. 2. Overflow experiments on half-round circular weir; flow direction from right to left: (a) attached nappe for Q = 0.0016 m?3/s
(g = 0.004 m?/s), (d — P)/P = 0.060—experiment with increasing flow rate; and (b) detached nappe for Q = 0.0128 m*/s (¢ = 0.032 m?/s),
(d — P)/P = 0.234—experiment with increasing flow rate; and (c) attached nappe for Q = 0.0378 m®/s (¢ = 0.0945 m?/s), (d —P)/
P = 0.476—experiment with decreasing flow rate.
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Table 1. Flow conditions for different flow regimes above a half-round circular weir (current study)

Experiments Regime 1 Regime 11 Regime 111
Increasing discharges (d—P)/P<0.25 025<(d—P)/P<0.34 (d—P)/P>0.34
(d—P)/r<6.25 6.25<(d—P)/r<85 (d—P)/r>385
Decreasing discharges (d—P)/P<0.08—-0.1 0.08—0.1 < (d—P)/P<0.3 (d—P)/P>03
(d—P)/r<2-25 2-25<(d—P)/r<15 (d—P)/r>15

©

Fig. 3. Sequence of nappe detachment during a series of experiments with decreasing discharge. Flow conditions: Q = 0.0217 m3/s
(g = 0.05425 m?/s), (d—P)/P =0.312 (a) to 0.34 (b and c); flow direction from right to left: (a) attached nappe shortly before detachment at
t =ty and (H — P)/r = 8.73—note formation of air pockets in undetached nappe; (b) detached nappe shortly after nappe detachment at r = ¢, +
16 s and (H — P)/r = 7.64—note very turbulent aerated flow beneath air cavity next to weir toe; and (c) detached nappe 1 min after nappe detach-

ment at t = 1y + 61 s and (H — P)/r = 7.64.

0.5 m upstream of the weir with an accuracy of +0.5 mm and
zeroed in situ. The depth above the weir crest was recorded through
the glass sidewall. Photographic information on the experimental
facility and flow patterns were further recorded using Pentax K-7
and Pentax K-3 digital single-lens reflex cameras, as well as with a
Casio EX-10 Exilim digital camera with high-speed movie capabil-
ity (Supplementary Data).

Experiments were performed for discharges between 3 x 107*
and 3.94 x 1072 m3/s, corresponding to unit discharges from
7.5 x 107 t0 9.85 x 1072 m?/s. For all experiments, the tailwater
conditions were controlled only by the free overfall at the down-
stream end of the flume, and the nappe was unventilated. Following
initial tests, some hysteresis was observed. Detailed experiments
were repeated with both increasing and decreasing discharges.
While the experimental readings were initially taken every 3 min,
the nappe detachment and reattachment could occur over a longer
period. Measurements for these flow conditions were undertaken
after 30 min of stable flow conditions. Further steady-state experi-
ments were undertaken for more than 1 h in a few cases to docu-
ment some cyclic flow instabilities.

Flow Patterns

Although the weir overflow was unventilated, three basic flow
patterns were observed for different ranges of discharge (Fig. 2
and Table 1). At low flow rates, the overflow was undetached and
the nappe remained attached to the downstream face of the weir
wall (Regime I) [Figs. 1 and 2(a)]. For a range of intermediate
discharges, the overflow became detached and a well-defined air
cavity formed underneath the lower nappe, with a pool of water
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forming at the toe of the weir wall (Regime II) [Fig. 2(b)]. The pool
of water at the downstream toe of the weir was important because
its weight provided the pressure force parallel to the channel invert
required to change the momentum flow direction upon nappe im-
pact (Moore 1943; Chanson 1995). At large discharges, the air
cavity disappeared and the overflow reattached and was unaerated
(Regime III) [Fig. 2(c)].

The current experimental observations showed, however, some
hysteresis in the transitions between regimes. The flow conditions

Upper nappe

crest

Nappe impingement perimeter

Lower nappe

Fig. 4. Nappe instability for Q = 0.0217 m*/s (g = 0.0543 m?/s,
(d — P)/P = 0.344, see Movie S2) during long-duration (1 h) steady-
flow experiment—Ilarge transverse nappe instabilities are highlighted
with thick arrows; Movie S2 presents further details of temporal in-
stabilities of nappe.
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Fig. 5. Dimensionless water depth d../d, at crest and discharge coefficient Cp over half-round circular crest weir: (a) dimensionless water depth
deest/d. at crest—comparison with data of Fawer (1937), Vo (1992), and Chanson and Montes (1998) (thick dashed line) on circular weirs;
and (b) dimensionless discharge coefficient C,—comparison between present data and data of Fawer (1937), Vo (1992), Sarginson (1972), and

Chanson and Montes (1998) on circular weirs.

for the transition from Regime I to Regime II and from Regime II to
Regime III were substantially different, whether the experiments
were performed with increasing or decreasing discharges (Table 1).
The present findings are summarized in Table 1. Herein P and r
were kept constant following Tullis et al. (2019), and in Table 1,
the variations in (d — P)/P only represent the variation of upstream
water depth d. This might affect any generalization of the results.

Physically, such a hysteresis was linked to the nonlinearities
in the nappe detachment and reattachment processes, hydrody-
namic instabilities, large pressure fluctuations, and weir vibra-
tions (Ogihara and Maramatsu 1985; Wu and Plaut 1996; Chanson
1997). With increasing discharges, Regime I with an attached
nappe was observed for small to medium flow rates, i.e., (d — P)/
P < 0.25. Some air bubbles were observed in the undetached nappe
for (d — P)/P > 0.2. Regime Il occurred with a detached nappe for
medium flow rates corresponding to 0.25 < (d — P)/P < 0.34.
Regime III with an undetached nappe was observed for large flow
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rates corresponding to (d — P)/P > 0.34. In contrast, experiments
with decreasing discharges showed different regime transition con-
ditions (Fig. 3). Starting from a large flow rate, Regime III (unde-
tached nappe) occurred for (d — P)/P > 0.3. A detached flow
(Regime IT) took place for 0.08-0.1 < (d — P)/P < 0.3. Regime I
with a reattached nappe was recorded for (d — P)/P < 0.08. How-
ever, a detached nappe with a very unstable cavity was seen for
0.08 < (d — P)/P < 0.14. For one flow rate (¢ = 0.05425 m?/s,
(d — P)/P ~0.3), cyclic behavior was observed with the formation
of a large air cavity, sometimes in an explosive manner with a loud
noise, followed by the slow filling of the air cavity (12- to 15-min
period), then the air cavity closure/disappearance, and again a very
sudden cavity reopening into a large air cavity.

Further long-duration experiments were conducted for steady
flow rates with 0.285 < (d — P)/P < 0.35, with a minimum dura-
tion of 30 min up to more than 1 h. These observations showed
cyclic behavior with cavity filling followed by attached nappe

J. Irrig. Drain. Eng.

J. Irrig. Drain Eng., 2020, 146(6): 04020008



—— — Tullisetal. Upper bound - - ® - Decreasing Q 1/11/18
——  — Tullis et al. Lower bound & Decreasing Q 15/11/18
—— = Chanson and Montes (1998) - - EJ- - Increasing Q 4/12/18
- - & - Increasing Q 1/11/18 L 1] Increasing Q 5/12/18
© Increasing Q 8/11/18 - - B - Decreasing Q 5/12/18
3 Increasing Q 12/11/18 =] Decreasing Q 6/12/18
* Increasing Q 13/11/18 o Increasing Q 6/12/18
1.75 T T T T
1.55 -
\lﬂ\
135 g’ T .
. %m " o
Q L 1] —]
@]
1.15 -
< i = “ .
0.95 -
0.75 . L L L
8 10 12 14 16

(H-P)/r

Fig. 6. Dimensionless discharge coefficient data over half-round cir-
cular crested weirs (r = 0.010 m, P = 0.25 m)—comparison between
all data sets reported by Tullis et al. (2019) including current study
(black symbols)

and nappe detachment. The periods of the cyclic pattern were typ-
ically between 10 and 12 min, although some unusually wider
range of periods, from 1 to 12 min, was observed for (d — P)/P =
0.34 (Fig. 4). For that discharge, large transverse fluctuations of the
lower nappe impingement perimeter were seen (Fig. 4). Movies S1,
S2, and S3 (Supplementary Data and Table S1) present video re-
cordings of the transverse nappe instabilities along the lower nappe
impingement with the receiving pool of water. The high-speed re-
cordings (Movies S2 and S3) provide fine details of the wavy
nature of the nappe impingement perimeter. Fig. 4 presents a photo-
graph of the lower nappe impacting on the pool of water.

Basic Flow Characteristics

In a rectangular horizontal channel with hydrostatic pressure
distribution, the flow depth at critical flow conditions is d, =
(g%/9)"/3. At the crest of a half-round circular crested weir, the
streamline curvature implies a pressure gradient less than hydro-
static (Fawer 1937; Ramamurthy and Vo 1993). The flow depth
at the crest of circular weirs is thus expected to differ from d,.. Care-
ful measurements of the depth at the crest were undertaken, and the
data are presented on Fig. 5(a). Fig. 5(a) compares the current data
set to previous observations (Fawer 1937; Vo 1992; Chanson and
Montes 1998). With the current data, the water depth at the weir
crest was less than the critical flow depth as previously documented
(Chanson and Montes 1998; Castro-Orgaz et al. 2008), and the
mean value was d.q/d. = 0.74, irrespective of the experimental
procedure (increasing/decreasing discharges). Although the present
finding suggested a lower d .y/d. ratio than past data (Fawer
1937; Vo 1992; Chanson and Montes 1998), it covered a much
broader range of flow conditions.

Experimental observations of dimensionless discharge coeffi-
cients are reported in Fig. 5(b). Fig. 5(b) presents the discharge
coefficient as a function of the dimensionless head above crest
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(H — P)/r (Fig. 1). In Fig. 5, the legends state whether the data
sets were collected with increasing or decreasing discharges. Thin
dotted lines connect experimental observations to emphasize
the experimental procedure (Fig. 5). The head-discharge data indi-
cated a monotonic increase in the discharge coefficient with an in-
creasing dimensionless head above the crest for (H — P)/r < 4-5
[Fig. 5(b)]. The discharge coefficient was larger than unity for
(H—P)/r > 1, i.e., the discharge on the rounded weir was larger
than that on a broad crest [Fig. 5(b), dashed line] for a given up-
stream head. The present data set is further compared to previous
observations [Fig. 5(b)] (Fawer 1937; Vo 1992; Sarginson 1972;
Chanson and Montes 1998). The agreement was generally reason-
able for (H — P)/r < 3.5. However, the present data showed a
broad scatter for 4 < (H — P)/r < 11, which was caused by some
nonlinearity and hysteresis of the hydrodynamic system. Within
that range, i.e., 4 < (H — P)/r < 11, several experiments presented
two different data points for the same water discharge, i.e., one for
the attached nappe and another for the detached nappe.

The present data were further compared to 19 different data sets,
collected in hydraulic laboratories across Asia, Europe, North
America, and South America with the same weir height P and ra-
dius r (Tullis et al. 2019). Note that the current data set was com-
piled as one of the 20 data sets reported by Tullis et al. (2019).
For 2 < (H — P)/r < 11, the present data scatter was consistent
with the cloud of data points presented by Tullis et al. (2019)
(Fig. 6). While not a definitive explanation, the comparison hinted
that (1) the hydrodynamic instabilities and hysteresis of circular
weir overflow might be responsible to a large extent for the scat-
ter and variability of results on half-round circular-crested weirs
(Fig. 6); and (2) the experimental procedure must be developed to
include long-duration observations, allowing a visualization of the
nappe instabilities.

Conclusion

The current physical study was undertaken with an unventilated
half-round circular weir that had a relatively small radius of curva-
ture. On the basis of a detailed investigation under controlled
flow conditions, the observations demonstrated that half-round
circular weir overflow may be a very complicated flow motion.
The data showed some hysteresis, with different results depending
on whether the experiments were conducted with increasing or
decreasing discharges at 0.08 < (d — P)/P < 0.35. Large hy-
drodynamic instabilities were linked to the absence of nappe
ventilation. Long-duration cyclic behaviors were recorded for
0.285 < (d — P)/P < 0.35, including large transverse instabilities
of the lower nappe impingement into the body of water. It is im-
portant to note that the same parameters P and r were used in the
present study and the data sets reported by Tullis et al. (2019). In
turn, the generalization of conclusions and the extrapolation of re-
sults to other dimensions might need to be tested further.

The present results showed further the importance of the quality
of experimental setup and expertise of the individual experimental-
ist. In the future, it would be recommended to conduct such exper-
imental investigations, in such a way that the flow would be
allowed to settle for 30 min before any reading, and to observe
for at least 12—15 min the occurrence of any cyclic behavior. Fur-
ther investigations might include detailed nonintrusive velocity
measurements at the crest, as performed by Vo (1992), and in
the falling nappe, instantaneous weir invert pressure, and nappe
cavity pressure fluctuation recordings, as well as performing the
same study in larger physical and numerical computational fluid
dynamics models.
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Notation

The following symbols are used in this paper:
B =channel width (m);
Cp =dimensionless discharge coefficient;
d = upstream water depth (m);
d. =critical flow depth (m);
d e = water depth (m) at weir crest;
g = gravity acceleration (m/s?): g = 9.794 m/s? in
Brisbane, Australia;
H =upstream total head (m);
h =water depth along weir wall (m);
P = weir height (m);
P, = atmospheric pressure (m);
P, =vapor pressure (Pa);
P, = invert pressure (Pa);
O = water discharge (m?/s);
g = water discharge per unit width (m?/s): ¢ = Q/B;
r = circular radius (m) of weir crest;
Sy =bed slope: Sy = sin6;
V = velocity (m/s);
(8 =momentum correction coefficient;
6 = dimensionless term such that
€080 =1 =2 X Beeq X C%) X Agrest;
¢ =radial coordinate;
A = pressure correction coefficient;
0 = angle between bed slope and horizontal; and
o, = critical cavitation number at which cavitation starts to
appear.

Subscript

¢ = critical flow conditions; and
crest = weir crest flow conditions.

Supplemental Data

Table S1 and Movies S1-S3 are available only in the ASCE Library
(www.ascelibrary.org). Movie S1 shows some transverse nappe in-
stabilities in real time. Movies S2 and S3 present some high-speed
movies (240 fps) of large transverse nappe instabilities. The high-
speed recordings provide fine temporal details of the wavy nature
of the nappe impingement perimeter. Table S1 lists the details of the
experimental flow conditions for each movie.
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Table S1 - Movies of nappe instabilities above a half-round circular crest weir

Movie Filename Camera| Movie details Flow conditions Comments
S1 |IMGP1089.mov| Pentax HD Q =0.0193 m%s, d = 0.326 Detached nappe
K-3 | (1920x1080 | m, dcrest =0.058 m, H = overflow with large
pixels), 50 fps 0.3271m, Cp = 1.32, transverse nappe
increasing discharge instabilities
experiment

S2 |CIMG5836.mov| Casio 512x384 Q=0.0217 m%s, d = 0.336 | High-speed movie of
EX-10 | pixels, 240 fps| m, derest = 0.0675 m, H = |detached nappe overflow
0.3373m, Cp =1.23, |with small air cavity and

increasing discharge large transverse nappe
experiment instabilities
S3 |CIMG5862.mov| Casio 512x384 Q=0.0253m%s, d = High-speed movie of

EX-10 | pixels, 240 fps| 0.3395m, H =0.3413 m, |detached nappe overflow

Co = 1.35, steady discharge with very large
experiment transverse nappe

instabilities




