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Occurrence and Characteristic Frequencies of Nappe
Oscillations at Free-Overfall Structures

Technical Note
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Michel Pirotton®; and Sebastien Erpicum, A.M.ASCE®

Abstract: The present study investigated the occurrence and characteristic frequency of nappe oscillations on weirs by reanalyzing data from
52 experimental configurations. The considered configurations include various shapes of the weir crest and a range of weir geometric and
hydraulic characteristics with two different scales. Nappes were either confined with lateral and back walls forming a nonvented air pocket
between the nappe and the weir or unconfined with atmospheric pressure everywhere around the nappe. Oscillations occurred at nappes with
uniformly distributed approaching flow of low velocity and unit discharge between 0.01 and 0.06 m?/s, regardless of the model scale. Weir
crests that favored nappe oscillations had an upstream profile without geometric discontinuities. A dimensionless frequency of nappe os-
cillations was expressed as a power function of the ratio of the fall height to the water depth at the point of detachment at the crest, separately
for quarter-round and truncated half-round weir crests. The exponents of the two obtained power functions were very close to
each other, which allows the usage of their average so that different weir crests exhibit solely offsetting curves. DOI: 10.1061/(ASCE)
HY.1943-7900.0001839. © 2020 American Society of Civil Engineers.
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Introduction

The water overflowing a weir crest forms a thin sheet known as
nappe that heads downwards in free fall. The nappe may become
unstable and exhibit vibrations or oscillations when the approach-
ing hydraulic head is relatively low and the flow distribution is uni-
form (Lodomez et al. 2018). Nappe oscillations are characterized
by horizontal bands covering the whole width of the nappe with an
undulated pattern. Nappe oscillations are particularly undesirable
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because they may cause vibrations in the hydraulic structure
(Petrikat 1958) and create a tremendous amount of noise with se-
vere environmental consequences and adverse impacts on people
living nearby (Crookston et al. 2014). The cause of these oscilla-
tions is still not fully understood, and therefore, there is a need to
investigate the flow processes leading to nappe oscillations.
Anderson and Tullis (2018) observed that nappe oscillations
depend on the unit discharge and not on the weir scale, which sug-
gests that the phenomenon cannot be modeled with Froude simi-
larity. Anderson and Tullis (2018) noted that nappe oscillations on a
small-scale weir occurred more erratically and intermittently than
on a large-scale weir. Khodier and Tullis (2018) conducted particle
image velocimetry measurements during intermittent periods of
nappe oscillations and showed that the flow velocity pattern near
a quarter-round weir crest remained similar for oscillating and
nonoscillating periods of the nappe. Chanson (1996) attributed
the formation of nappe oscillations to the abrupt pressure change
at the detachment point of the crest, where the pressure suddenly
decreases. The role of the flow conditions on the weir crest was
also highlighted by Anderson and Tullis (2018), who observed that
an increase in crest roughness impedes the formation of nappe
oscillations. Casperson (1993) suggested that nappe oscillations oc-
cur due to shear and the resulting Kelvin-Helmholtz instabilities at
the interface between the flowing water in the nappe and the sur-
rounding air, while Naudascher and Rockwell (1994) considered
the pressure fluctuations in the air pocket behind the nappe as a
driving mechanism. Oscillations have been observed both at con-
fined and unconfined nappes, i.e., at nappes that were bounded at
their sides and their back leading to nonvented air pockets and
nappes that were fully exposed to atmospheric pressure, respec-
tively. However, confined nappes exhibit more stable and enhanced
oscillations compared to unconfined nappes (Anderson and Tullis
2018). Schmid and Henningson (2002) expressed nappe oscilla-
tions as a linear combination of global modes, while other theoreti-
cal approaches have considered nappe oscillations to behave like a
mass-spring model, with the nappe and the enclosed air pocket
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behind a confined nappe corresponding to the inertia effects and the
spring, respectively (De Rosa et al. 2014; Girfoglio et al. 2017).

Nappe oscillations are broadly characterized by their frequency,
which is affected considerably by the geometric characteristics of
the weir, such as the crest type and the fall height (Lodomez et al.
2019b). However, so far, there have been no established relation-
ships linking the characteristic frequencies of nappe oscillations to
geometric and hydraulic parameters of the weir. To this end, the aim
of this study is to analyze experimental data to (1) determine the
conditions (crest type, weir geometry, and hydraulics) under which
nappe oscillations occur, and (2) provide for the first time a predic-
tive formula linking the dominant frequency of nappe oscillations to
the weir characteristics. The analysis is based on laboratory exper-
imental results from 52 configurations. All of the data have been
recently published in open access by Lodomez et al. (2020). Data
from five configurations have already been partly analyzed by
Lodomez et al. (2018, 2019b), while the data from the 47 remaining
configurations are analyzed for the first time in this paper in which
the dataset is exploited for the derivation of a quantification formula
for the nappe oscillations frequency.

Methods and Experimental Data

A series of experiments was conducted in a large-scale linear weir
at the Engineering Hydraulics Laboratory at the University of Liege
in Belgium (Model 1) and in a small scale model at the Utah Water
Research Laboratory at Utah State University in the US (Model 2).
In total, 52 different configurations (44 in Model 1 and 8 in
Model 2) are analyzed in this study, with varying hydraulic param-
eters, weir geometric characteristics, and crest profiles, as well as
with or without nappe confinement (Table 1).

Five geometries were tested for the weir crest profile: quarter-
round (QR), half-round (HR), truncated half-round (THR), rectan-
gular (R), and rounded rectangular (RR) crests (Fig. 1). Experiments
in the large-scale model were carried out with QR, THR, and HR
crests with a radius of 15 cm. For the small-scale model experi-
ments, the QR and THR crests that were tested had a 5 cm radius.
R and RR crests were tested only in the small-scale model. As
shown in Table 1, the tested fall heights L and crest widths W in
the large-scale Model 1 were varied in the ranges of 0.5-3 m and
1-3.45 m, respectively. In the small-scale Model 2, the fall height
was varied between 0.5 and 1 m, while the crest width was kept
constant at 1.2 m. A wide range of incoming unit discharges was
tested for each configuration. The experiments with QR and THR
crests from Model 2 with a fall height equal to 1 m and from Model
1 with a width of 3.45 m have been discussed in other studies
(Lodomez et al. 2018, 2019b), although from a different perspective
than the present study. The rest of the configurations in Table 1 are
analyzed in this study for the first time.

The flow discharges were measured with electromagnetic flow-
meters and the associated water levels with point gauges. The char-
acteristic frequencies of nappe oscillations were determined from
acoustic measurements and image processing. The acoustic mea-
surements in Model 1 were conducted with a free-field micro-
phone MC212 (Metravid, Limonest, France) and in Model 2 with
a free-field microphone Behringer ECM8000 (Behringer GmbH,
Willich, Germany). The dominant frequency was determined with
spectral analysis with a Hanning window with 50% overlap.
Two high-speed cameras were used for image acquisition for both
models, a GoPro Hero 4 (240 Hz) (GoPro, San Mateo, California)
and an Imager MX4M Lavision (300 Hz) (Lavision, Goettingen,
Germany). The image analysis aimed to detect the motion of visible
horizontal bands that were discernible from the lighting on the
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nappe undulations. Monitored pixels varied between white for lit
bands and black for unlit bands in the grayscale, and the fast Fourier
transform of the obtained time-series generated the associated fre-
quency of the nappe oscillations. All instruments were positioned in
front of the nappe, facing the centerline of the weir. The obtained
frequencies from the video and sound measurements were identical
(Lodomez et al. 2018). Measurements started either at a very low
unit discharge, which was progressively and slowly increasing until
nappe oscillations occurred or, alternatively, at a fairly high unit dis-
charge with no nappe oscillations, which was gradually decreasing
until nappe oscillations were observed. Subsequently, the unit dis-
charge kept increasing or decreasing, depending on the initial unit
discharge, and the frequency of nappe oscillations was measured at
each step. This process was iterated until the unit discharge was too
large or too small for nappe oscillations to occur. More details about
the experiments are given by Lodomez et al. (2018, 2020), and the
whole dataset is available open access in the study by Lodomez et al.
(2020).

Dimensionless variables are needed for sound comparison of the
results obtained from different geometries and from experimental
setups at different scales. A dimensional analysis was carried out
with the following ten variables: fall height, L; weir width, W;
water depth at the crest point where the flow is detached, e; char-
acteristic frequency of nappe oscillations, f; unit discharge of the
flow approaching the crest, g; gravitational acceleration, g; fluid
density, p; surface tension, o; dynamic viscosity of the fluid, fx;
and characteristic velocity of the nappe, v, which is defined as
the difference between the free-fall vertical velocity of the nappe
at the impact and at the point of detachment at the crest, (v =

\/ v} + 2gL — vy, with v, as the vertical flow velocity at the nappe
detachment point). This expression of the characteristic velocity
has been proposed by Schwartz (1964).

The dimensional analysis generated the following seven dimen-
sionless variables: L/e, W/e, fe/v, q/(ve), v/(ge)®>, pv*e/o,
and pve/u. The last three variables are the Froude, Weber, and
Reynolds numbers, respectively. The configurations and tests an-
alyzed in this paper cover a large range of these seven dimension-
less variables, with the maximum value being at least five times
greater than the minimum value.

Results and Discussion

Nappe oscillations were observed in 34 out of 52 tested configu-
rations (Table 1) for uniformly distributed approaching flows with
unit discharge ¢ ranging from 0.01 to 0.06 m?/s for the vast ma-
jority of cases. The corresponding upstream head varied from 0.03
to 0.12 m, with the oscillations gradually vanishing as the upstream
head increased above or decreased below a certain value. A hys-
teresis effect on nappe oscillations occurrence was observed only
on Model 2 for discharges lower than 0.02 m?/s (Lodomez et al.
2019b), despite the fact that the nappe was always detached from
the weir wall.

The weir crest profile has a substantial influence on whether or
not the nappe oscillations occur. For the large-scale Model 1, when
geometry was kept constant with 3-m fall height and 3.45-m width,
nappe oscillations occurred for QR and THR crest profiles but not
for the HR crest profile. A notable difference between the HR crest
and the QR and THR crests lies in the fact that in QR and THR
crests, the nappe detachment occurs at a sharp edge of the weir
crest, which is not necessarily the case for the HR crest (Fig. 1).
Nappe detachment in the HR crest occurs less abruptly, as the
pressure gets further reduced toward atmospheric pressure (or en-
trapped air pocket pressure in case of confinement) along the crest
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Table 1. Summary table of experimental setups, geometries, and the number of observations with oscillations development, n

No. Model Crest W (m) L (m) n g (m?/s) f (Hz) Data analyzed in previous studies
1 1 QR (C) 345 3.00 203 0.029 £ 0.012 33.0£1.8 Lodomez et al. (2018, 2019b)
2 1 THR (C) 345 3.00 132 0.037 £0.014 19.9 +11.2 Lodomez et al. (2019b)
3 1 THR (C) 3.45 2.50 77 0.027 £ 0.011 19.3 £+ 10.1 —

4 1 THR (C) 345 2.00 65 0.021 £ 0.008 193 +7.0 —

5 1 THR (C) 3.45 1.50 36 0.017 £ 0.006 20.7+6.5 —

6 1 THR (C) 345 1.00 49 0.038 +£0.013 19.6 £ 1.0 —

7 1 THR (C) 2.50 3.00 57 0.024 + 0.007 19.8 £4.8 —

8 1 THR (C) 2.50 2.50 60 0.020 £ 0.008 22.1+4.7 —

9 1 THR (C) 2.50 2.00 59 0.015 £+ 0.004 17.0 £ 6.1 —

10 1 THR (C) 2.50 1.50 0 — — —

11 1 THR (C) 2.00 3.00 50 0.023 £+ 0.008 146 +59 —

12 1 THR (C) 2.00 2.50 42 0.022 + 0.008 129+5.7 —

13 1 THR (C) 2.00 2.00 20 0.014 £ 0.004 16.2+0.6 —

14 1 THR (C) 2.00 1.50 0 — — —

15 1 THR (C) 1.50 3.00 34 0.021 £ 0.005 20.4 +3.0 —

16 1 THR (C) 1.50 2.50 42 0.021 £ 0.008 14.44+0.6 —

17 1 THR (C) 1.50 2.00 35 0.014 £+ 0.003 2444134 —

18 1 THR (C) 1.50 1.50 0 — — —

19 1 THR (C) 1.00 3.00 15 0.016 £ 0.002 227+04 —

20 1 THR (C) 1.00 2.50 61 0.022 £+ 0.008 21.7+0.7 —

21 1 THR (C) 1.00 2.00 12 0.013 £+ 0.003 21.8 +13.0 —

22 1 THR (C) 1.00 1.50 0 — — —

23 1 HR (O) 3.45 3.00 0 — — —

24 1 HR (C) 345 1.00 55 0.022 +£0.010 39.8 +8.9 —

25 1 HR (O) 3.45 0.50 76 0.025 £0.010 37.5+2.6 —

26 1 QR (UC) 3.45 3.00 310 0.031 £ 0.009 40.2+6.0 Lodomez et al. (2018)
27 1 QR (UC) 3.45 2.50 44 0.026 +0.011 419+55 —

28 1 QR (UC) 3.45 2.00 103 0.023 £0.010 354+6.7 —

29 1 QR (UC) 3.45 1.50 0 — — —

30 1 QR (UC) 3.45 1.00 0 — — —

31 1 QR (UC) 345 0.50 0 — — —

32 1 QR (UC) 2.50 3.00 79 0.018 £+ 0.009 49.8+3.9 —

33 1 QR (UC) 2.50 2.50 75 0.024 +£0.010 39.0+74 —

34 1 QR (UC) 2.50 2.00 103 0.023 £ 0.009 33.9+43 —

35 1 QR (UC) 2.50 1.50 0 — — —

36 1 QR (UC) 2.50 0.50 0 — — —

37 1 QR (UC) 2.00 2.00 2 0.023 £ 0.003 35.04+0.3 —

38 1 QR (UC) 2.00 1.50 0 — — —

39 1 QR (UC) 2.00 1.00 0 — — —

40 1 QR (UC) 2.00 0.50 0 — — —

41 1 QR (UC) 1.50 3.00 54 0.016 £ 0.004 499+2.6 —

42 1 QR (UC) 1.50 2.50 28 0.013 £+ 0.002 29.8 +0.1 —

43 1 QR (UC) 1.50 2.00 0 — — —

44 1 QR (UC) 1.00 3.00 0 — — —

45 2 QR (O) 1.20 1.00 134 0.034 +£0.012 39.6 +3.8 Lodomez et al. (2019b)
46 2 QR (C) 1.20 0.75 73 0.035 £0.011 38.8+4.3 —

47 2 QR (O) 1.20 0.50 0 — — —

48 2 THR (C) 1.20 1.00 79 0.033 £ 0.011 478 +£6.8 Lodomez et al. (2019b)
49 2 THR (C) 1.20 0.75 25 0.039 + 0.006 485+ 1.7 —

50 2 THR (C) 1.20 0.50 0 — — —

51 2 R (O) 1.20 1.00 0 — — —

52 2 RR (C) 1.20 1.00 18 0.023 £ 0.002 400+ 1.7 —

Note: In the crest column, confined and unconfined nappes are denoted by C and UC in the parenthesis, respectively. The unit discharge of the approaching to
the crest flow and the frequency of nappe oscillations are given as mean value * one standard deviation.

until the point where the nappe detaches. For all other weir crests,
the detachment point is imposed by the crest geometry at the sharp
downstream edge (Fig. 1) and is less controlled by the approaching
flow characteristics. At such abrupt geometric discontinuities, sud-
den pressure differences are anticipated that could lead to nappe
oscillations (Chanson 1996).

In the case of the small-scale Model 2, nappe oscillations were
observed with a 1-m fall height and 1.2-m width for the QR, THR,
and RR crest profiles but not for the R crest profile. The fact that no
nappe oscillations were observed for the R weir crest may be
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attributed to its edgy upstream geometry, which is radically differ-
ent from the other crests (Fig. 1). Such a crest disrupts the flow over
the crest and hinders the formation of consistent oscillations across
the width of the nappe. A similar finding was reported by Anderson
and Tullis (2018), who impeded the formation of nappe oscillations
by increasing the roughness of a quarter-round crest, and Lodomez
et al. (2019a), who prevented oscillations development by adding
bolts on the upstream face of the crest. In all these cases, the flow
turbulence on the crest increased, and this could be the reason that
nappe oscillations did not occur.
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Quarter round Half round Truncated half round Rectangular Rounded rectangular
(QR) (HR) (THR) R) (RR)
1359
Scm Scm

Fig. 1. Five different crest geometries tested in the experiments. The radius R in QR, HR, and THR crests is equal to 15 cm for Model 1 and 5 cm for

Model 2.

The effect of L and W on the formation of nappe oscillations
appears more erratic, as can be inferred from Table 1. For Model
1, nappe oscillations occur for relatively large values of these var-
iables. For example, for the QR crest and unconfined nappe, nappe
oscillations were observed for L >2 m and W > 1.5 m. For the
THR crest with confined nappe, oscillations were observed for
all tested crest widths provided that L >2 m, while for
L <2 m, nappe oscillations were observed only for the largest
tested weir width (i.e., W = 3.45 m). For a fixed weir crest, nappe
oscillations were observed in Model 2 for smaller fall heights than
in Model 1.

The frequencies f of nappe oscillations depend primarily on the
upstream unit discharge ¢, the confinement or not of the nappe, and
the weir crest profile (Lodomez et al. 2018). The obtained frequen-
cies of nappe oscillations are shown in Table 1. For Model 1 with
a QR crest and unconfined nappe, the influence of the fall height
on the frequency of nappe oscillations becomes stronger when
the width of the weir is decreased. Indeed, for a width equal to
3.45 m, the frequencies remain relatively unchanged as the fall
height decreases from 3 to 2 m. In contrast, a decreasing trend in
the frequencies with a decrease in fall heights can be distinguished
for widths equal to 2.50 and 1.50 m. The variations of the fre-
quency of nappe oscillations for weirs with a THR crest and con-
fined nappe are rather erratic, and no noticeable patterns could be
detected.

Possible correlations between the seven dimensionless variables
defined in the “Methods and Experimental Data” section and their
combinations were systematically explored. The most satisfactory
correlation was observed between the ratio L/e and a dimension-
less frequency of nappe oscillations defined as F = fg/v?, which
is the product of the third and fourth of the aforementioned dimen-
sionless variables. The relationship between the two dimensionless
variables for weirs with the QR crest is shown in Fig. 2, with the
data exhibiting a distinct power-law pattern that fits the data re-
markably well, with the coefficient of determination R = 0.96.
Notably, the fitted curve covers a wide range of hydraulic and
geometric characteristics from the two models at different scales,
and oscillation frequencies vary by up to an order of magnitude.
This trend is observed despite the fact that the crest width is not
included in the considered dimensionless variables.

For some geometric configurations of the weir with a THR crest,
data analysis revealed the existence of more than one dominant fre-
quency for similar unit discharges. This wide range of dominant
frequencies is attributed to harmonics of the signal and the fact that
the signal processing algorithm captured a series of frequencies that
are multiples of the lowest or fundamental frequency. This pattern
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was observed in nine out of the 19 experimental configurations
with a THR crest where nappe oscillations occurred. To avoid
subjectivity, data fitting was carried out by using only the data of
the 10 configurations that did not present harmonics. The least-
squares fit derived a power-law equation again with a very good
fit to the data (R* = 0.95) [Fig. 3(a)]. Subsequently, all data with
the THR crest were plotted in Fig. 3(b), from which it can be in-
ferred that the harmonics led to a scatter of the data for specific L/e
values. To further investigate this, Fig. 4 presents an example of one
weir geometry with a THR crest that did not exhibit harmonics and
one that did. For W = 1.00 m and L = 2.50 m, there were no har-
monics present [Fig. 4(c)], and the data collapsed on a single curve
when plotted in the dimensionless form [Fig. 4(a)]. The presence
of harmonics became evident for W =3.45 m and L =3.00 m
[Fig. 4(d)], and the corresponding dimensionless variables formed
relatively parallel trends [Fig. 4(b)]. The curve that was derived
from least-squares fitting in the data with no harmonics fitted
very well the harmonics data from this example that had frequency
approximately equal to 22.5 Hz, which is not the fundamental

0.15 \ \
+ Ml (C): W=3.45m, L=3m
x M2 (C): W=1.2m, L=1m
M2 (C): W=1.2m, L=0.75m
0 M1 (UC): W=3.45m, L=3m
A M1 (UC): W=3.45m, L=2.5m
0.11 & MI (UC): W=3.45m, L=2m |
™ O M1 (UC): W=2.5m, L=3m
2 A M1 (UC): W=2.5m, L=2.5m
Y ¢ M1 (UC): W=2.5m, L=2m
I & M1 (UC): W=2m, L=2m
, o Ml (UC): W=1.5m, L=3m
0.05 L A M1 (UC): W=1.5m, L=2.5m |
’ ——F =2.937(L/e)” 1145
— ——F =4.607(L/e) 1%
0 I I I
0 50 100 150 200

Fig. 2. Relationship between the ratio of the fall height to the water
depth at the crest L/e and the dimensionless frequency of nappe
oscillations F for weirs with a quarter round (QR) crest profile. In
the legend, M1 and M2 denote Model 1 and Model 2, respectively,
while C and UC in parentheses show if the nappe is confined or
unconfined, respectively.
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Fig. 3. Relationship between the ratio of the fall height to the water depth at the crest L/ e and the dimensionless frequency of nappe oscillations F for
weirs with a truncated half-round (THR) crest profile for (a) data with the THR crest without the presence of harmonics; and (b) all data with the THR
crest. The curve depicted in both subfigures was fitted in the data of (a). In the legend, M1 and M2 denote Model 1 and Model 2, respectively. All

configurations are with the nappe being confined.
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Fig. 4. Examples of relationships between L /e and F for weir geometries with a truncated half-round (THR) crest profile with (a) data from geometry
that did not contain harmonics in their signals; (b) data from geometry that contained harmonics in their signals; and (c and d) similar data for the

relationship between g and f.

frequency. The reason for this frequency preference is unclear and
should be further explored in future research.

Notably, the exponents of the best-fit curves for the QR and
THR crests are very close to each other, i.e., —1.145 and—1.355,
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respectively. The derived relationships could be further simplified
by considering the average value of these two exponents, which is
equal to —1.25, as a constant exponent, regardless if the crest type
is QR or THR. The resulting R? is 0.88 for QR and 0.91 for THR,
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and thus, the effect of the crest type on the relationship between F
and L/e is solely to offset the curves for QR and THR.

Conclusion

Nappe oscillations occur in free surface weirs for relatively low
hydraulic heads and can have an adverse impact to the surrounding
environment and the structure itself. This study analyzed experi-
mental data from two different experimental facilities with model
weirs of different scales under various hydraulic and geometric
conditions.

Nappe oscillations were observed at both scales for similar
unit discharges between 0.01 and 0.06 m? /s, confirming the fact that
nappe oscillations cannot be modeled with Froude similarity. The
weir crest geometry controls, to a large extent, whether nappe oscil-
lations occur. Crests with geometric discontinuities at their upstream
profile disturbed the flow substantially and inhibited the formation of
nappe oscillations. On the contrary, an abrupt nappe detachment due
to downstream discontinuities favored the formation of nappe oscil-
lations, presumably due to sudden pressure change at the point of
flow detachment. The confinement of the nappe was not necessary
for nappe oscillations to occur.

A dimensionless nappe oscillations frequency, F, was expressed
as a power function of the ratio of the fall height to water depth at the
crest detachment point, L/e, for quarter-round and truncated half-
round weir crests. The power function exponents for these two weir
crests are close to each other, allowing the usage of their average
value and the simplification of the power functions by considering
a constant exponent as F = a(L/e)~"?°, with a being an offsetting
parameter depending on the crest type.

Data Availability Statement

All data generated or used during the study are available in a reposi-
tory online (Lodomez et al. 2020).
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