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Abstract: Nappe oscillation and its potentially undesirable impact associated with significant noise production can be an issue for free-
overfall hydraulic structures. Although nappe oscillation has been observed on various prototype free-overfall structures, this instability
behavior may not be evident during the design process in which experimental and/or numerical modeling may be utilized. In addition,
previous studies regarding nappe oscillation scalability using similitude or other relationships has received very limited attention in the
literature. An experimental study aimed at investigating the possible size scale effects on nappe oscillations was undertaken utilizing two
experimental facilities: a prototype-scale linear weir (3-m fall height) and a geometrically similar 1:3-scale model (1-m fall height). The nappe
oscillation occurrence assessment and oscillation frequency evaluation were performed using sound and image analyses. Experiments on both
models showed that the nappe oscillation phenomenon generally occurs over a fixed range of unit discharge and is independent of size scale.
Nappe oscillation can therefore not be reproduced at different model scales according to standard similarity laws. This study also highlights
the secondary influences of the crest profile and the fall height on the oscillation characteristics. DOI: 10.1061/(ASCE)HY.1943-
7900.0001615. © 2019 American Society of Civil Engineers.
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Introduction

Nappe oscillation is an instability behavior associated with a
gravity-driven free-falling jet occurring under low-head conditions
(USBR 1964; MWSDB 1980; Casperson 1993; Chanson 1996;
Lodomez et al. 2018c). This instability is characterized by visible
horizontal bands, also called waves, that develop across the width
of the nappe, and a high noise production sounding something like

a helicopter (Casperson 1993). In the case of overflow gates, nappe
oscillation can induce vibrations in the structure or its actuators
(Lodomez et al. 2018a). The acoustic energy generated by the
nappe oscillations may also cause significant negative effects lo-
cally such as rattling windows of nearby residences (Crookston
et al. 2014). Nappe oscillation behavior has been observed with
various prototypes and laboratory-scale physical models. Indeed,
they have been observed on fountains, weirs (labyrinth and linear),
and gates as referred in Casperson (1993), Crookston et al. (2014),
and Lodomez et al. (2018a). In addition, various studies reproduced
this unstable behavior using experimental facilities varying sig-
nificantly in size. Binnie (1972), Sato et al. (2007), and Schmid
and Henningson (2002) reported nappe oscillations along 0.3- to
0.7-m-high thin vertical jet issuing from 0.2- to 3-mm-wide pres-
surized slots, while Anderson and Tullis (2018) and Lodomez et al.
(2018c) studied these oscillations on large-scale models of linear
weirs, close to typical prototype dimensions.

Despite the development of increasingly accurate numerical
models, physical modeling remains a powerful engineering tool
to design hydraulic structures and to understand their behavior.
Nevertheless, physical modeling remains challenging in that full
model-prototype similarity requires that geometric, kinematic,
and dynamic similitude be achieved. Using a common fluid
(i.e., water) for both prototype and model scales makes full simi-
larity impossible (Ettema et al. 2000), but, in many cases, there is a
single dominant force, along with inertia, that justifies neglecting
the other minor forces that cannot be accounted for accurately.
Particular laws of similitude have been developed based on the ratio
of the inertia and other dominant forces [e.g., Froude (gravity),
Reynolds (viscosity), and Weber (surface tension)]. Froude simili-
tude is most appropriate, typically, for free surface flows because
gravity and inertia represent the most relevant forces. In free surface
flow, under certain circumstances, the minor influence of the
other forces (e.g., viscosity and surface tension) can increase to
the point where they are no longer negligible and Froude scaling
results in discrepancies between the model and prototype hydraulic
behavior. This phenomenon is referred to as scale effects. Thus, a
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main challenge of laboratory-scale physical modeling lies in the
identification and understanding of the resulting scale effects
(Heller 2011).

A review of the literature found only one study addressing scale
effect and nappe oscillation. Anderson and Tullis (2018) found that
smaller scale linear weir models exhibited more temporal variabil-
ity and irregularity as well as a hysteretic behavior relative to larger
(non-geometrically similar) linear weir models. This study also im-
plied that nappe oscillation may not scale with Froude similarity
because nappe oscillation occurred for a common range of unit dis-
charge (q) at both model scales. In an effort to better understand the
scaling of nappe oscillations, a new study has been undertaken to
assess the nappe oscillation occurrence and characteristics on two
geometrically similar laboratory-scale facilities with a size scale
factor of 3 regarding the fall height and weir geometry.

Experimental Setups

Testing Facilities

Model 1 was a prototype-scale linear weir (Fig. 1), constructed and
evaluated at the Engineering Hydraulics Laboratory at the Univer-
sity of Liège (Belgium). This facility included an elevated headbox
that provided flow to two identical weirs (3.5-m-long crest and a
3.0-m-high chute) installed in parallel, with only one weir tested at
a time. In the framework of this study, only the one constructed
with two sidewalls and a backwall to investigate a confined nappe
with a nonvented air cavity behind the nappe (on the right in Fig. 1)
was used. Flow to the headbox was provided by two pumps with a
combined maximum flow capacity of 0.25 m3=s, measured with an
electromagnetic flowmeter with an accuracy of 0.5%. Inflows
passed through a diffuser and a baffle to establish tranquil uniform
approach flows to either weir.

Model 2, which was tested at the Utah Water Research Labo-
ratory (UWRL) at Utah State University, featured a 4.70-m-long,
1.20-m-wide, and 1.20-m-deep rectangular flume (Fig. 2). The
flume was supplied with water via a 0.3-m-diameter pipe contain-
ing a calibrated venturi flowmeter (�0.25% accuracy). A baffle
wall was placed near the upstream end of the flume to minimize
the turbulence and improve flow straightening. The linear weir sup-
ported by a wooden frame was set up 3.5 m downstream from the
flume inlet. The fall height was 1.0 m and confined by two side-
walls (acrylic) and a back wall (wood).

Models 1 and 2 were geometrically similar (1:3). Two crest pro-
files were tested: a quarter-round (QR) and a truncated half-round
(THR) (Fig. 3). The crest radii (R) for Models 1 and 2 were 150 and
50 mm, respectively. Weir flow experiments at both model scales
were limited to confined nappe-flow conditions.

Instrumentation

A free-field microphone [MC212 (Model 1), Metravib, Limonest,
France and Behringer ECM8000 (Model 2), Behringer GmbH,
Willich, Germany] and a high speed-camera (GoPro Hero 4, GoPro,
San Mateo, CA), placed in the centerline of the weir, were used to
document the nappe oscillations occurrence and their associated
frequencies. Sound recording and analysis supported the detection
of the oscillations and provided, for nappe oscillation cases, two
sound characteristics: the dominant noise frequency and its mag-
nitude. Details of the method can be found in Lodomez et al.
(2018c). The absolute sound intensities of Models 1 and 2 could
not be compared because the sound signals were recorded in differ-
ent acoustic environments. The absolute thresholds defining the oc-
currence of nappe oscillation were therefore different. To compare
the models, the sound intensity of each test was normalized by the
maximum intensity of the tested configuration.

The high-speed camera (240 Hz) captured the visible horizontal
bands of the falling water. Fig. 4 illustrates these bands for Model 1
(THR crest shape and a unit discharge, q, of 0.03 m2=s) and their
propagation along the nappe in the direction of flow. The frequency
of these visible oscillations was determined according to the
method developed in Lodomez et al. (2018c). As shown in
Lodomez et al. (2016a, b, 2018c), the frequencies gained from
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Weir crest Confinement walls

3.5

3.0

1.1

1.8

7.0

Fig. 1. Model 1 schematic facility. Dimensions in meters.
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Fig. 2. Model 2 schematic facility.
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Fig. 3. Quarter-round and truncated half-round crest profiles,
with the radius (R) for Models 1 and 2, respectively, equal to 0.15
and 0.05 m.
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image and sound analyses are identical. In the following, nappe
oscillation frequencies are quantified without distinction between
the two detection methods.

Results

Quarter-Round Crest Profile

The flow range affected by nappe oscillations for Model 1 and QR
crest profile was found to be 0.01–0.055 m2=s, with higher sound
disturbances between 0.025 and 0.045 m2=s, as confirmed by the
visual nappe characteristics and sound intensity in Figs. 5 and 6(a).
Indeed, although a substantial decrease of the sound level was ob-
served for q ¼ 0.05 m2=s, horizontal waves were visible up to
q ¼ 0.055 m2=s. The frequencies of the nappe oscillations in this
configuration were between 31.5 and 35.5 Hz [Fig. 6(b)]. Nappe
oscillations typically occurred in a steady-state fashion, showing
little to no temporal fluctuation in behavior (e.g., starting and stop-
ping, changes in amplitude) when present.

According to Froude similitude, the flow range leading to nappe
oscillations in Model 1 (0.01–0.055 m2=s) would correspond to

0.002–0.011 m2=s for Model 2. However, for these discharges,
nappe oscillations were not detected for Model 2. In addition,
nappes tend to break up at such low discharges. In particular,
the nappe break-up length is less than the Model 2 fall height
(1 m) for q < 0.004 m2=s according to Horeni’s formula (Ervine
et al. 1997; Castillo et al. 2014). In contrast, nappe oscillations were
observed in Model 2 between 0.015 and 0.06 m2=s, while the flow
range that generated high noise disturbance was only between
0.015 and 0.03 m2=s [Fig. 6(a)]. For higher discharges, a continu-
ous decrease of the sound intensity was observed. In parallel, Fig. 7
illustrates the horizontal bands that characterized the nappe oscil-
lations in particular between 0.015 and 0.04 m2=s. For higher dis-
charges, these bands were visible at the crest but seemed to vanish
during the fall. Based on sound and image analyses, frequencies
varying from 48.85 to 36.5 Hz for q lower than 0.03 m2=s were
detected. For higher q, several frequencies coexisted at the same
time as shown by the audio spectrum in Fig. 8. These frequencies
were equal to 34.25, 36.5, 38.85, 41.3, and 42.85 Hz for q ¼
0.04 m2=s [Fig. 6(b)]. In addition, a hysteretic behavior was
observed for q smaller than 0.02 m2=s. Indeed, for increasing dis-
charges, the oscillating nappes experienced intermittent periods of
nappe stability. Oscillating periods lasting approximately 20–50 s

Fig. 4. Downstream view of on oscillation nappe. Tracking of the oscillations along the nappe in a set of five successive images with 8.33 × 10−3 s
between two successive images.

Fig. 5. Nappe characteristics for Model 1 and QR crest profile: (a) q ¼ 0.01 m2=s; (b) q ¼ 0.02 m2=s; (c) q ¼ 0.03 m2=s; (d) q ¼ 0.04 m2=s;
(e) q ¼ 0.05 m2=s; and (f) q ¼ 0.06 m2=s.

© ASCE 04019022-3 J. Hydraul. Eng.

 J. Hydraul. Eng., 2019, 145(6): 04019022 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ite
 d

e 
L

ie
ge

 o
n 

05
/1

6/
19

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



0

10

20

30

40

50

60

Fr
eq

ue
nc

y 
[H

z]

Model 1
Model 2

0 0.01 0.02 0.03 0.04 0.05 0.060 0.02 0.04 0.06

Unit Discharge [m²/s] Unit Discharge [m²/s]

0

0.2

0.4

0.6

0.8

1

I/
I m

ax
[-

]

Model 1
Model 2

Nappe oscillations - Model 1

Nappe oscillations - Model 2p nN 2

(a) (b)

Fig. 6. (a) Results of sound analysis for the QR crest profiles. Hysteresis behavior for Model 2 illustrated by oscillating data (dotted circle) and no
oscillating data (solid circle); and (b) frequencies of nappe oscillations.

Fig. 7. Nappe characteristics for Model 2 and QR crest profile: (a) q ¼ 0.015 m2=s; (b) q ¼ 0.02 m2=s; (c) q ¼ 0.03 m2=s; (d) q ¼ 0.04 m2=s;
(e) q ¼ 0.05 m2=s; and (f) q ¼ 0.06 m2=s.
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Fig. 8. Audio spectrum for Model 2, QR crest profile, and q ¼ 0.04 m2=s.
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were observed at a frequency of approximately 5 min. In contrast,
for decreasing discharge from an oscillating unit discharge (q >
0.2 m2=s), oscillations were temporally constant.

Truncated Half-Round Crest Profile

With the THR crest installed in Model 1, nappe oscillations were
detected between 0.015 and 0.06 m2=s. Nappe oscillation noise
production increased with increasing q, peaked at q ¼ 0.03 m2=s,
and then showed a gradual decrease as q continued to increase
[Fig. 9(a)]. The visual characteristics of nappe oscillations, reported
in Fig. 10, illustrate clear horizontal bands for q < 0.04 m2=s.
For higher q, horizontal waves still existed but were disordered
and finally vanished. Although nappe oscillations were not visually
detectable due to their phase shift, image analysis detected a fre-
quency pattern of 7.25–8 Hz until q ¼ 0.06 m2=s [Fig. 9(b)]. This
frequency was also detected with the audio spectrum. In parallel,

for q < 0.04 m2=s, two particular frequencies, i.e., ≈22 and
≈32 Hz, were simultaneously detected by sound and image analy-
sis. These particular frequencies seem to be harmonics of the small
frequency (≈7.25–8 Hz) detected for the higher q. As illustrated in
Fig. 9(b), harmonics were also discerned by sound and image
analysis for 0.035, 0.04, 0.045, and 0.05 m2=s.

In the same way as for the QR profile, no oscillation was ob-
served in Model 2 for the scaled q range of Model 1, i.e., between
0.003 and 0.012 m2=s. Nonetheless, nappe oscillations were de-
tected in Model 2 between 0.015 and 0.05 m2=s. High levels of
sound intensity were recorded for 0.015 < q < 0.03 m2=s with a
maximum intensity for q ¼ 0.03 m2=s [Fig. 9(a)]. Then, for
q > 0.03 m2=s, a continuous decrease of the intensity was ob-
served. In parallel, Fig. 11 illustrates the horizontal bands that
characterized the nappe oscillations in particular between 0.02
and 0.04 m2=s and their disappearance for q > 0.05 m2=s. The
frequencies of the nappe oscillations varied from 58.75 to 37.65 Hz
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Fig. 9. (a) Results of sound analysis for the THR crest profiles. Hysteresis behavior for Model 2 illustrated by oscillating data (dotted circle) and no
oscillating data (solid circle); and (b) frequencies of nappe oscillations.

Fig. 10. Nappe characteristics for Model 1 and THR crest profile: (a) q ¼ 0.01 m2=s; (b) q ¼ 0.02 m2=s; (c) q ¼ 0.03 m2=s; (d) q ¼ 0.04 m2=s;
(e) q ¼ 0.05 m2=s; and (f) q ¼ 0.06 m2=s.
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based on sound and image analysis. The highest frequencies were
observed between 0.015 and 0.03 m2=s with a decrease in that
range from 58.75 to 44.15 Hz [Fig. 9(b)]. Then for higher q, a sta-
bilization of the frequency was observed with frequencies varying
from 44.15 to 37.65 Hz. For q ¼ 0.015 and 0.02 m2=s, nappe os-
cillations showed a hysteretic behavior. With these conditions,
nappe oscillation occurrence was dependent upon the unit dis-
charge prior to changing the flow. In addition, some temporal vari-
ability was observed for this configuration as illustrated in Fig. 12
based on the air pressure (sound) measurement.

Discussion

The first key finding of this research is that the nappe oscillations
always appeared in the same range of unit discharge independent
of size scale. The occurrence of nappe oscillations was indeed

observed, for both facilities and crest shape, between 0.015 and
0.05 m2=s approximately. This suggests that the nappe oscillation
phenomenon cannot be scaled according to Froude similitude and
is thus not driven solely by gravity and inertia.

Within this flow range, oscillation characteristics were slightly
affected by the model scale. In particular, the sound intensity evo-
lution as a function of q varied. For the QR crest profile weir tests, a
clear decrease in sound intensity was observed for q > 0.45 m2=s
in the larger model (Model 1), while a more gradual decrease was
observed for the smaller model (Model 2). For the THR crest pro-
file, Model 1 produced a slight dampening of the sound intensity
between 0.03 and 0.04 m2=s and then reached a stabilized sound
level for q > 0.04 m2=s; Model 2 produced continuously decreas-
ing sound levels for q > 0.03 m2=s. The frequencies of the nappe
oscillations also varied with model size. For a QR crest profile, the
Models 1 and 2 frequencies varied for q < 0.03 m2=s and became
similar for q > 0.03 m2=s. For the THR, Models 1 and 2 frequen-
cies were completely different except for three tests at q ¼ 0.035
and 0.04 m2=s.

The second observation concerns the variability of the nappe
oscillations and their frequencies. The smaller model (Model 2) re-
sults showed substantially more variation in the nappe oscillation
characteristics than the larger model (Model 1). Specifically, nappe
oscillations with the smaller model were more inclined to exhibit
temporal fluctuations in that periodically the nappe oscillations
would stop for a short period of time and then start up again. With
the larger model, nappe oscillations were temporally stable. Sec-
ond, the variability also concerned the frequencies of these oscil-
lations and the coexistence of various frequencies at the same time.
Finally, hysteresis was observed with respect to nappe oscillation in
the smaller model, while no hysteresis was observed in the larger
model. These findings are in agreement with the first investigations
on nappe oscillation scaling in Anderson and Tullis (2018).

In view of the variability of the nappe oscillation behavior
between the models, an additional configuration was tested. This
configuration, called Model 3, was Model 1 with a reduced fall
height of 1 m and a THR crest profile, i.e., the fall height of
Model 2. For this configuration, nappe oscillations were detected

Fig. 11. Nappe characteristics for Model 2 and THR crest profile: (a) q ¼ 0.01 m2=s; (b) q ¼ 0.02 m2=s; (c) q ¼ 0.03 m2=s; (d) q ¼ 0.04 m2=s;
(e) q ¼ 0.05 m2=s; and (f) q ¼ 0.06 m2=s.
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Fig. 12. Time evolution of the air pressure signal (sound signal re-
corded by the microphone) for Model 2, THR crest profile, and
q ¼ 0.03 m2=s. Alternation of oscillating and nonoscillating behavior
along time.
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between 0.015 and 0.06 m2=s, i.e., a similar q range as for Models
1 and 2. By comparison with other configurations, sound intensity
evolution with q, illustrated in Fig. 13(a), varied less. However, the
typical increase of sound intensity was observed for 0.015 < q <
0.025 m2=s followed by a drop of the intensity, which character-
ized the reduction of the nappe oscillations for 0.03 < q <
0.06 m2=s. Nevertheless, the detection of two maximum intensities
for q ¼ 0.04 and 0.045 m2=s demonstrate the existence of the os-
cillations for these q. Dominant frequencies in the audio spectrum
were therefore detectable between 0.015 and 0.06 m2=s. These
were identical to the horizontal band frequencies and varied from
17.4 to 20.6 Hz [Fig. 13(b)].

The five configurations tested in this study led to several find-
ings. By comparing the configurations with an identical fall height
and a different crest profile, i.e., Model 2 QR, Model 2 THR, and
Model 3, or Model 1 QR and Model 1 THR, it is found that the
frequencies of the oscillations were different. Although some sim-
ilar frequencies (≈32–35 Hz) were observed for Models 1 and an
identical frequency behavior (decrease from 58 to 40 Hz) was ob-
served for Model 2, the oscillation frequency of Model 3, different
from the ones of Model 2, shows that the frequencies depend on the
crest profile. In addition, experiments for the Model 1 THR profile
identified the existence of harmonics, which was not observed for
the other profile. This shows that the profile of the crest affects the
appearance of the oscillations and their characteristics. The crest
widths in the transverse direction of Models 2 and 3 are different.
However, Lodomez et al. (2017) showed that frequencies of the
oscillations were not affected by a modification of the width, which
allowed the comparison of these two data sets. The comparison of
the configurations with an identical crest profile and a different fall
height, i.e., Model 1 THR and Model 3, indicates that the fall height
impacts the frequencies of the oscillations and the evolution of their
intensity. This finding is in accordance with the findings of Schmid
and Henningson (2002), who show a variation of the oscillation
frequency of a vertical thin nappe with its fall height.

In an effort to better understand the impact of model dimension
and parameters on the oscillation frequency, a dimensionless fre-
quency fad was defined by the following equations (Lodomez
et al. 2018c):

fad ¼
q
fe2

ð1Þ

with e = characteristic dimension of the nappe (m); and f = nappe
oscillation frequency (1=s). This characteristic dimension, e,
was computed as the nappe thickness at impact, calculated from

the downward velocity of the water sheet at impact VðLÞ (m=s)
(Casperson 1993)

e ¼ q
VðLÞ ¼

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
0 þ 2gL

p ð2Þ

where L = chute height (m); g = gravitational acceleration (m=s2);
and V0 = vertical velocity component of the nappe leaving the crest
(m=s). For the QR crest, the initial vertical velocity was assumed
equal to 0, while for the THR crest V0 was deduced from nappe
thickness, experimentally measured, and then projected according
to the angle of the weir crest at the downstream end (45° with hori-
zontal). Fig. 14 shows the dimensionless frequencies obtained as a
function of the Reynolds number, R ¼ q=ν, with ν being the kin-
ematic viscosity, for the five data sets. First, the variability of the
frequencies by the occurrence of harmonics for the data set of
Model 1 THR is clearly visible. Second, the impact of the crest
shape and the fall height, discussed previously, is illustrated in par-
ticular with the comparison of the data gained for Model 3, Model 1
QR, and Model 1 THR. Finally, the impact of the scaling is visible
by the clear difference of dimensionless frequencies observed for
Models 1 and 2.
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100 101 102 103

f
ad

 [-]

0

1

2

3

4

5

6

R
e 

[-
]

104

Model 1-QR
Model 2-QR
Model 1-THR
Model 2-THR
Model 3-THR

Fig. 14. Dimensionless frequency of nappe oscillation for all data of
this study.

© ASCE 04019022-7 J. Hydraul. Eng.

 J. Hydraul. Eng., 2019, 145(6): 04019022 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ite
 d

e 
L

ie
ge

 o
n 

05
/1

6/
19

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Conclusions

This experimental study investigated the possible size scale effects
on nappe oscillations. The nappe oscillation occurrence assessment
and frequency evaluation were performed using sound and image
analyses for two experimental facilities, i.e., a prototype-scale lin-
ear weir (3-m fall height) and a scale model (1:3) of the same weir
(1-m fall height). Experiments showed that nappe oscillations can-
not be scaled according to the traditional similarity for free-overfall
structure, i.e., Froude similitude. Indeed, the nappe oscillations al-
ways appeared in approximately the same unit discharge range
(0.015–0.05 m2=s), independent of the weir size scale and the test
facility.

This research also indicated that nappe oscillation develop-
ment and characteristics (intensity and frequencies) are affected
by fall height and crest profile. In particular, experiments pointed
out that the crest profile modified the oscillation frequencies,
while the fall height impacted both the frequencies and the sound
intensity evolution. In addition, for a fall height of 1 m and
q < 0.02 m2=s, a hysteretic behavior and a variability of the os-
cillation in time were observed. Finally, this study shows that
nappe oscillations may appear on free-overfall structures, with
a quarter-round or a truncated half-round crest profile, for 0.015 ≤
q ≤ 0.05 m2=s independent of the structure size (for the range of
weir sizes tested).

The results presented in this study are specific to the five tested
geometries. Additional studies are needed to better understand the
detailed effect of the crest profile, the fall height, and the width of
the weir on the nappe oscillation characteristics.
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Notation

The following symbols are used in this paper:
e = characteristic length (m);
f = oscillation frequency (1=s);

fad = dimensionless frequency;
g = gravitational acceleration (m=s2);
I = maximum sound intensity of audio spectrum for a given

configuration and a unit discharge (dB);
Imax = maximum sound intensity of audio spectrum for a given

configuration in the unit discharge range affected by
nappe oscillations (dB);

L = fall height (m);
q = specific discharge (m2=s);
R = Reynolds number;
V0 = initial vertical velocity (m=s);

VðLÞ = vertical velocity of the water sheet at impact (m=s); and
ν = kinematic viscosity (m2=s).
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