Evaluation of high-velocity plunging jet issuing

characteristics as a basis for plunge pool analysis
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ABSTRACT: This paper presents experimental work on the characteristics of jets issuing from
water releasing structures. Systematic experimenta tests have been performed at near-prototype
velocities of up to 30 m/s using acylindrica jet nozzle. Dynamic pressures were measured aong
the diameter at the nozzle outlet with an acquisition rate of up to 2 kHz, for different upstream
supply conditions. These measurements alowed assessing the mean and fluctuaing
characteristics of the jet. The influence of supply circuit secondary currents, aeration, and
geometrical contraction on jet turbulence intensity and velocity profiles is discussed. The initia
turbulence intensty varies from 2 to 8 %, whereas the kinetic energy correction factor ranges
from 1.0 to 1.1. Statistica andysis of pressures measurements shows jet core pressures follow
fairly well a Gaussian distribution for non-exceedence probabilities between 0.1 and 0.999. The
experimenta results and an extensive literature survey are used to define issuance parameters
relevant for engineering practice.

RESUME: L’aticle présente travail expérimentd sur les caractérigiques de jets issues
d ouvrages d’ évacuation d'eau. Essals systématiques ont été réalisés avec un jet cylindrique pour
des vitesses quasi-prototype jusqu’a 30 m/s. Des pressions dynamiques ont &é mesurées tout au
long du diamétre de la buse de sortie avec une fréquence d’ échantillonnage jusqu'a 2 kHz pour
différentes conditions d'dimentation. Les mesures de pression ont permis d'identifier les
caractérigiques moyennes et fluctuantes du jet al’émisson. L’influence des courants secondaires

créés par le systeme d dimentation, des conditions d' aération et de la contraction imposée ala
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buse, sur I’'intensité de turbulence et la distribution de vitesses a la sortie du jet et discutée.
L’intensité de turbulence initide du jet varie de 2 & 8 % et le coefficient de correction de
I’énergie cinétique de 1.0 a 1.1. L’andyse satistique des mesures de pression montre que les
pressions dans |e noyau du jet suivent une distribution gaussi enne dans la plage de probabilités de
non dépassement de 0.1 40.999. Les mesures expérimenta es et une revue extensive de littérature
ont é&té utilisées pour ladéfinition de caractéristiques de sortie de jets d'intérét pour lapratique.

Key-wor ds: dynamic pressures, turbulenceintendty, plunging jets, spillways, pressure
distribution

M ots-cés pressons dynamiques, intensité de turbulence, jets plongeants, évacuateurs de crues,
distribution de pressions.

1 INTRODUCTION

Appurtenant structures of dams used for flood control and/or reservoir management often make
use of plunging jets. The energy of these high-velocity jets is generdly dissipated in natura or
corcrete lined plunge pools. The hydrodynamic loading produced by jet impact on the plunge
pool bottom directly influences its design. This loading is governed by jet issuance
characteristics, jet deformationin the air and jet diffusion through the downstream water cushion
(Hartung and Hausler, 1973). For both natura and man-made plunge pools, it is necessary to
ensure that scour or concrete dab damage due to jet impact does not endanger the foundation of
the dam and its abutments. Design of plunge pools is traditionally based on physica model
testing and assessment of ultimate scour from empirica formulae (Schleiss, 2002). Step-by-step
modelling of scour evolution is, however, of increasing importance in practice. To evauate the
spatid and time evolution of scour, as well as the efficiency of counter-measures, key
information such as the issuing conditions and the hydrodynamic loading at the water-rock
interface for different types of jets, talwater levels, pool geometries, etc. are required. Recently,
Bollaert (2004) and Bollaert and Schleiss (2005) presented a physicaly based engineering model
for evauation of plunge pool scour as afunction of time. This modd points out the importance of
the characterigtics of plunging jets on scour formation. Manso (2006) presented experimenta

evidence of the reduction of mean and fluctuating pressures transmitted to the rock due to the



lateral confinement of jet diffusion in the pool, compared to pools with flat bottom, providing
evidence to further develop the mentioned scour model.

The hydrodynamic characterigtics of the jet a impact with the downstream water cushion
are closely related to jet issuing conditions. The latter define jet deformation inthe air (Ervine &
Falvey 1987, Zaman 1999, Buratinni et a. 2004), namely jet spreading and jet break-up. Jet
behaviour inthe air depends mainly on mean jet velocity, air drag and initia jet geometry. These
parameters a | ow estimating the mean trgectory and impact energy, but do not account for the jet
deformation required to assess the impact area. Ervine & Falvey (1987) studied the mechanisms
of jet spreading and break-up in the air and jet diffusion in the plunge pool. They found that the
key parameter governing jet deformation in the air isthe jet’sinitid turbulence intensity, which
defines the rate of increase the jet outer limits and the rate of core contraction by respectively
outward and inward development of surface disturbances. Turbulence intersity is defined as
Tu = u'/U where u' istheroot-mean-square (RMS) value of the axid velocity fluctuations and U
is the mean axid velocity. It defines the increase rate of jet surface disturbances, hence of its
outer limits and core contraction. The degree of break-up is directly related to the jet core Sze at
impact. The extent of the outer limits of the jet defines the zone a impact that is subjected
directly to fluctuating pressures. For practice, a compromise is needed between increasng the
throw distance (which means keeping the jet as compact as possible) and increasing the wetted
impeact area (which means enhancing spreading). Rouse et a. (1951) dedt with asimilar dilemma
for fire monitors and nozzles, by performing systematic experiments. They highlighted the
importance of controlling the initia turbulence of the flow. More recently, Zaman (1999)
assessed jet spreading from nozzles of various geometriesfor jet Mach number ranging from 0.3
to 2.0 and concluded .that rectangular jets deform similarly to circular jets for length/width ratios
up to 10, except when issuing conditions are sgnificantly changed by inclusion of protrusions a
the outl et section.

Issuing conditions dso influence jet behaviour after plunging in the water cushion
downstream, especidly inthe case of undeveloped jets a impact with the pool. Jet core diffusion
depends on both jet velocity and turbulence at impact (McKeogh and Elsawy 1980, McKeogh
and Ervine 1981), which are closely relaed with the issuing conditions and the travel distance.
The higher the turbulence intendity at impact, the faster the diffuson and disintegration of the
core. If no coreremains a impact with the pool bottom, afully turbulent two-phase shear layer



impacts the bottom, generating significant pressure fluctuations. In the opposite case, a core
remains, gererating a high quasi-steady pressure on the bottom, combined with a turbulent shear
layer more radidly outwards with large pressure fluctuations. The turbulent shear flow in the
plunge pool dependson jet turbulence intensity at impact, pool water depth and pool geometry.
Red-life jets and plunge pools may generate hydrodynamic |oadings that significantly differ from
those obtained from theoretical assumptions based on jet trgectory and 2D jet diffusion in an
unbounded medium at rest. Single-point measurements of Tu have been obtained by McKeogh &
Elsawy (1980), Ervine & Fdvey (1987), May & Willoughby (1991) for velocities |lower than 10
m/s and Ervine et d. (1997), Bolleaert (2002) for velocities up to 30 nvs. They used different
instrumentation and velocity ranges, but do not explicitly account for the shape of the velocity
profile a emisson and eventua interference caused by upstream supply conditions. Recently,
Buratinni et d. (2004) sudied horizontd ar jets with velocities upto 12 m/s and radia Tu values
of about 2% for unperturbed jets and up to 20% using a large meshed grid. Smal mesh grids
were reported to reduce jet indability, decrease radid growth and extend the potentia core
length. Some of their conclusions may be vaid for vertica weter jets but need experimenta
vaidation. To the authors' knowledge, no prototype information on jet Tu at emission is
avalable.

The velocity profile at jet issuance is of ten assumed uniform. Neverthel ess, by assuming a
fully developed turbulent profile rather than a uniform ore, an increase of 10 to 20 % of the
maximum impact energy that can be transferred to the rock mass is obtained. The latter
assumption is conservative for prototype conditions and substantialy increases the jet’s erosion
potentia during the early stages of scour comparing to the former assumption.

This paper provides insght on turbulence intensity and vel ocity distribution a jet emission
by presenting results of extensive systematic experiments with jets a near prototype velocities.
Sound insight is obtained on the influence of upstream approach flow conditions, including
aeration and outlet geometry. At the end, a summary of jet issuing characterigtics for the most
encountered hydraulic structures is presented, compling information from both experimental
tests and literature.



2 JETISSUANCE EXPERIMENTS UNDER NEAR-PROTOTYPE CONDITIONS

2.1 Experimental set-up and test conditions

The objective is to study jet characteristics at issuance from a cylindrica nozzle by means of
pressure measurements spatialy distributed over the diameter of the nozzle. Prototype jet mean
velocities of up to 30 nvs, corresponding to Reynolds numbers of maximum 2E+6 have been
used. Pressure measurements were performed at the outlet of a 72 mm diameter jet nozzle usng
piezo-resistive micro-transducers of type ® KULITE X TL-190-17BAR-A. The transducers have
an accurecy of 0.1 % of the full-scale output (17 bar absolute) due to non-linearity and
hysteress. The transducers natura resonance frequency is 680 kHz. The acquisition system
alowed sampling at a maximum frequency of 20 kHz, the signal being conditioned by a lowpass
hardware filter set a the Nyquist frequency. The jet nozzle extends 30 cm out of the supply
conduit and 15 cminside, the ratio between its lengths and diameter is 6.3. The 300 mm diameter
conduit upstream supplies a maximum of 120 I/s by means of a63 m high head pump. Discharge
measurements were performed with an electromagnetic flowmeter placed on the supply system,
with 1 % accuracy. The measuring pressure transducer was placed in a mobile metallic structure
right below the jet supported by a rectangular sted frame (Figure 1). The transducer’s tip was
aigned verticaly with the end section of the outlet nozzle.

The transducer membrane has a measuring diameter of 3.8 mm and is mounted on an elongated
90 mm long hollow stainless steel cylinder. The top of this cylinder is conicdly shaped to
minimize the influence of the cylinder upon the turbulent flow characteristics. Measuremernts
were performed a points evenly spaced of 5 mm, the points closes to the wals were2 mm from
the nozzle inner sdewals (Table 1). The pressure signa was sampled a 2 kHz during 32.5 sec.
Two different supply conditions were tested. The upstream circuit has severa 90° bends, which
induce secondary currents at the exit for the lowest velocities tested. These conditions have been
congdered for the firg series of tests and were similar to those used by Bollaert (2002). For the
second series of tests, ahoneycomb grid was placed immediately upstream of the I ast bend of the
supply conduit to reduce the upstream secondary currents by placing. The grid corsists of 10 cm
long, 10 mm diameter metalic tubes. In addition, anair vent was added a the highest point of the



supply system to assure a good and complete ventilation of the conduit, €iminating an eventua
source of jet instability.

Table 1 — Test conditions

Ted series  Discharge  Velocity Reynolds Comments
[m°/g] [m/g] [-]

0.030 7.37 4.61E+05
0.040 9.82 6.15E+05
0.050 1228 7.69E+05
0.060 1474 9.23E+05 13
) 0.072 1756 1.10E+06  measurement
1% series ]
0.081 19.77 1.24E+06  points spaced
0.091 2235 1.40E+06 by 5 mm
0.102 2493 1.56E+06
0.114 28.00 1.75E+06
0.120 2947 1.85E+06
0.047 1162 7.27TE+05
. 0.059 1437 9.00E+05 15
2" series
] ) 0.071 1746 1.00E+06  measurement
with an air )
0.083 2048 1.28E+06 points by
vent and a .
0.095 2336 1.46E+06  addition of 2
honeycomb .
0.107 26.16 1.64E+06 pointsclose
bundle
0.118 29.08 1.82E+06 towall
0.125 30.73 1.92E+06

On prototype, a large range of jet conditions can be dstinguished. For orifices with high
Reynolds numbers at emission, the turbul ence characteristics of either rectangular or circular jets
do not substantialy differ, except for hollow jet va ves due to their specid configuration (Renna
et d, 2006). In the case of free overfdl weirs, which have relatively low turbulence conditions at
issuance, this difference can be more sgnificant. However, since the fal distance is rather long
on high-head dams (relatively to the jet break-up length), the jet will often deform towards a
circular shape. Circular water jets have been and are object of extensve investigation (McKeogh
& Elsawy 1980, Ervine & Favey 1987, Canepa & Hager 2003, Mans0 et d. 2004, Bollaert &
Schleiss 2003). A quite different stuation occurs for jets issuing from ski jumps at the end of
long chutes, for which the core is aready aerated, reducing surface tension, compactness and
enhancing disintegration. The jets produced in the experimentd facility show the same behaviour



of orifices, free-faling high-velocity undevel oped nagppes and submerged outlets encountered in
practice, in dl cases with non-aerated cores at impact with the pool.

2.2 Mean and fluctuating velocity distributions

Pressure measurements were collected via a multi-channel acquisition card. The signd was
conditioned by hardware low-pass filtering a 1 kHz. The filtered signal was digitized by means
of an ARCNET PCI 14 bitscard.

The jets being rather compact a emisson, the pressure transducers measure a highly
efficient conversion of kinetic energy head into piezometric head a stagnation. The velocity
fluctuations U’ were obtained from the pressure fluctuations p’ usng Equation 1 proposed by
Arndt & Ippen (1970). It neglects higher order terms when converting pressures into velocities
with an estimated error of maximum 5 % for a turbulence intensity level of 10 %, which is
cons dered acceptabl e regarding the expected prototype turbul ence intensities.

RMS(U) = /a7 = g VP” (1)

U

In Eq. (1),p’ isthe RMS vaue of pressure fluctuations [kN/m?] and g the gravitational acceleration.
The mean and RMS pressure vaues were computed a each measurement position. The time-

averaged loca velocity Vy at any point aong the diameter was derived from Equation 2.

Vy — ’z(p'rpatm) (2)

In Eq. (2), r is the water densty [kg/m], p the mean locad pressure [kN/m?] and pam the
atmospheric pressure [kN/m?]. Time-averaged loca velocities are estimated within 0.5 % for Tu
values of about 10 % (Arndt and | ppen 1970)

The distribution of non-dimensona locd outlet velocities is plotted in Figure 2 as a
function of y/D, in which D stands for the nozzle diameter and y is the coordinate adong the
diameter. A comparison is made with data presented by May and Willoughby (1981) for a plane
jet. The experimentd profiles do not follow theoretica turbulent flow profiles. For velocities
lower than 12 s, the profiles show very low velocities in the jet core. During the first series of

teds, the secondary currentsin the supply conduit tend to keep most of the flow close to the outer



wals of the nozzle. In the second series of tests, with the honeycomb grid and the air vent, a
better flow distribution inside the conduit was achieved for low and intermediate vel ocities (up to
20 m/s). The grid improves flow homogenisation in the section, rendering the operation of the
outlet more regular. The additiona head |oss did not reduce the range of tested vel ocities.

For high velocities (V > 25 m/s), the velocity profiles are quasi-uniform, mainly due to
the extreme contraction produced by the nozzle. This is more evident from the second series, for
which upstream swirling is reduced. Flow is better distributed across the section and a good
ventilation of the upstream circuit was assured. No secondary current effects were observed
during the second set of tests, most likely due to the combined effect of the grid, the air vent and
the contraction.

(Figure 2)

The RMS velocity profiles show a clear reduction of the fluctuating pattern in tests with the grid
and ar vent. Furthermore, a quite homogeneous repartition of turbulence fluctuations across the
section is observed, with some amplification close to the boundaries. Burattini et a. (2004)
observed similar amplifications at about 1.5 times the boundary layer thickness from hotwire and
anemometer measurements of a jet diameter of 55 mm and a flow velocity of 12.9 nvs.
According to Streeter and Wylie (1983), the boundary layer thicknessin this case corresponds to
Vy/Vmax = 0.99 and is about 4 to 5 mm in the present experimenta set-up. Due to the length of
the nozzle, the vena contracta created downstream of the nozzle entrance may still influence
measurements closest to the wall of the nozzle. Measurements at that location exhibit pressure

and vel ocity fluctuations characteristic of flow separation boundaries.

2.3 Presauredigribution

The probability density functions (PDF) of the measured data were computed and compared with
the corresponding Gaussian distribution fit, using linear and logarithmic scales, in Figure 3.
Placing the grid and adding the air vent seems to slightly increase the (negative modules of the)
skewness Cs and further increase the peakedness of the data PDF a y/D =0.5 (jet axis) and
y/D =0.083. All presented data series show negative skewness, meaning that asymmetry
regarding a standard Gaussian distribution (p =0, RMSp’ = 1, G = 0, K = 0) is more
pronounced for extreme low pressure values. On the other hand, dl but one series present
positive relative kurtosis vaues K, reflecting the peakedness of the functions. The increasein C



and in K is the result of enhanced compaction of the jet core (by reduction in swirling and air-
weter mixture), in agreement with the reduction of RM S va ues. Jet deflection at the transducer’s
tip stagnation became more pronounced; in this situation Cs becomes negative, as observed aso
by Manso et a. (2006a) for impact pressures in pool with flat bottom. Closer to the nozzle
boundaries, the PDF functions for low velocities (i.e. V = 10m/s) show rdative kurtosis vaues
closer to aNormal fit (K = 0) than at the jet centreline. At the jet axis, the trend is inversed and
the PDF functions for high velocities (i.e. V = 30 m/s) show kurtoss closer to the Normd fit at
the axis than at the boundaries.

Daa PDF a y/D=0.028 without grid and ar vent, show the flattest functions (lowest relative
kurtoss), namely for low velocities. This is most likely representative of wal turbulence due to
interference with the boundary layer or with the vena contracta separation zone created by the
sudden section contraction.

(Figure 3)

For the highest vel ocities tested (quasi-prototype high-vel ocity jets), dynamic pressures at the jet
axis seem to fairly agree with the Gaussian distribution, except for extreme probabilities (Figure
4). In fect, for very high non-exceedence probabilities beyond 0.999, pressure vaues drift from
the Gaussan fit. Assuming a Gaussian distribution can lead to an underestimation of necessary
extreme pressure vaues (non-conservative, i.e. lower) for desgn purposes. For low-pressure
extremes such assumption provides aso non-conservative (i.e. higher) pressures estimates. Each
acquisition run lasted 325 sec satisfying ergodicity for the mean vaue within a 1 % accuracy
margin. Nevertheless, it may not be excluded that higher and lower extreme pressure vaues
occur inredity or when larger sampling durations are used.

(Figure 4)

2.4 Turbulence intensity and kinetic energy correction factor

Section-averaged and loca turbulence intensities were computed using the mean section-
averaged velocity U and the mean locd velocity V, respectively. For section-averaged Tu val ues,
eventud errors depend on both transducer and flowmeter cadibration accuracy, whereas for loca
Tu estimates, only the cdibration accuracy of the transducersis concerned. In Figure 5, section-
averaged and locd turbulence intensities (at the jet axis) are presented. Results of Bollaert (2002)

with convergent and pipe nozzles are dso included. Jet turbulence intensities are below 8 %,



except for velodities lower than 12 m/s. For higher vel ocities, the results tend to 3 - 4 % for both
supply conditions (with/without honeycomb grid). The convergent nozzle reduces turbulence
intengtiesto values of 2 to 3 %.

For comparison, McKeogh & Elsawy (1980) oltained Tu vaues of less than 1 % for
laminar jets and 2 % for turbulent jets with velocities lower than 5 m/s, using pressure
transducers. May & Willoughby (1991) used atota-head Pitot tube to measure the RMS values
of pressure fluctuations and estimated Tu in the range of 5.5 to 5.8 % for velocities between 4.9
m/s and 6.6 m/s. Ervine & Favey (1987) presented initia turbulence intensties of 0.3 % for
amog laminar plunging jets, 1.2 % for smooth turbulent plunging jets and 5 % for rough
turbulent plunging jets, based on experiments using alaser Doppler velocimeter, velocities from
3.3 n¥s up to 29 m/s and a smooth tapered nozzle. The presents results are in good agreement
with those of Ervine and Falvey (1987). As an example, ther 25 nvs jet had a turbulence
intensty estimated at 7 %, which is slightly higher than the present findings with pressure
measurements. As prototype velocities and aeration are used, it is assumed that the results are
exempt of sgnificant scale effects. It should be kept in mind that locad Tu estimates depend on
the estimate of locd velocity Vy which is obtained from an average absolute pressure
measurement. These measurements have an inaccuracy margin estimated in 2 % of the
transducers’ full scae output (i.e. gpproximately 0.35 bar), including histeresis, non-linearity,
zero drift and amospheric pressure variability (Manso 2006). Therefore, the lower the velocity
tested and the mean pressure measured, the larger the relative error of V, and local Tu estimates.
RMS staidics are less prone to these sources of inaccuracy, since they represent differences
between absolute pressure vaues taken in relatively short time intervals that may, each one of
them, present equa deviaions. The differences between Tu local vaues of the present data
without grid and ar vent and Bollaert (2002)’s observations (i.e. Smilar conditions) are within
the accuracy margin of the pressure measurements. All results present the same trend and
converge to Tu ~ 3 -4 %for the range of vel ocities most relevant for engineering practice.
(Figure5)

The vel ocity profiles dlow computing the kinetic energy correction factor a.
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In Equation 3, ro isthe radius [m] of the nozzle and the velocity profile is assumed vaid over the
whole cross-section. This coefficient is used to define the kinetic energy and dynamic pressure
coefficients of afdlingjet impacting inaplunge pool.

For the first series of tests, a isless than 1 for vel ocities |lower than 15 nvs since the flow
section is not completely ful and core velocities are very low. For velocities higher than 15 nvs,
a varies from 1.0 to 1.1 as the influence of the observed secondary currents is reduced. Vaues
close to 1.1 correspond to well-developed turbulent profiles and values close to 1 are typicd for
uniform profiles (Streeter and Wylie, 1983).

For comparison, Bollaert (2002) found a values of 1.0 a low jet velocities and 1.05 a
high jet velocities (up to 30 m/s) with similar supply conditions, performing measurements only

under the jet axis and assuming aturbulent velocity profile as given by:

1

V(y) _a&y on
4
gD/Zg (4

max e

where n = 7 (typicd vaue for turbulent rough flows). Streeter and Wylie (1983) presented a
vaue of 1.06 for a 7-power law turbulent velocity profile, whereas May and Willoughby (1991)
suggested 1.158 for n = 6.33 for planejets.

Using the honeycomb grid and the air vent, a vaues are dways higher than 1.0 for
V > 10 m/sand rapidly decrease to 1.0 for velocities up to 30 nm/s.

The turbulence intensity is pl otted agai nst the kinetic energy correctionfactor in Figure 6.
These two parameters can be rdated by means of Tu = 0.85 a — 0.824 for 10< V < 30 m/s and
Tu=1.092 a —1.071 for 20<V <30 nvs. The first equation was obtained with a correlation
factor of R? = 0.947 and the second with R* = 0.974 from the results with grid and air vent, both
with aconfidence interva of 99 %.
(Figure 6)
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2.5 Influence of a sudden section contraction and of the upstream supply sysem

The 17.4 to 1 surfece contraction ratio between the supply conduit section and the outlet nozzle
section forces the flow to accelerate. According to Chassaing (2000), a contraction accelerates
axid flow and reduces the difference between axid fluctuations (either velocity or pressure in
compact jets) and latera (radid) fluctuations while increasng the mean velocity. Turbulence
intensity should thus decrease with increasing contraction influence (with the Reynolds number,
i.e. with velocity), whichisin good agreement with the experimental observetions. Since the used
contraction is rather sudden than smooth, the velocity profile presents slightly higher velocities
close to the sdewalls. The relatively long nozzle length (I/D = 6.25) assures the re-attachement of
the streamlinesto the nozzle wals upstream from the measuring section, that generaly occurs for
I/D vaueslarger than 4 - 5 in turbulent pipe flows. Contractions of many different types are often
present in large-size hydraulic structures, namely in orifices and other gated structures, and their
eventud influence in jet behaviour should be accounted for whenever possible depending on the
contraction and nozzl e | ength-to-diameter ratios

Concerning the supply system, the differences between loca and average Tu vaues
observed a low velocities in the first tests were eliminated by the addition of the honeycomb
bundle and the air vent. Power spectrd density and time autocorrel ation functions were computed
for low and high velocities (data series used in figure 3) without and with the honeycomb grid
(Manso 2006). Without the grid and air vent, spectrafor high velocities shows rather mild slope
decrease with frequency of maximum f, typica of highly compact jets (Bollaert 2002, Bollaert
& Schleiss 2003).The low velocity spectrum is dmost flat at intermed ate frequencies (up to 80
Hz, log - scdes), before sloping down into the dissipation range. This corresponds to an energy
transfer from larger to intermediate scales, typicd of jet somewhat influenced by geometry-
related turbulence. After placing the honeycomb grid, the low and high vel ocity spectra collapse
when divided by the corresponding variances. No isol ated energy peaks were observed between 2
and 1000 Hz

The autocorrelaion function at the axis obtained for the first series measurements with V =
10 nvs showed a wavy patternwith a1 slength, reflecting the unstable behaviour of the jet due to
swirling and air entrgpment. These oscillaions are not present in the autocorreation function

obtained from measurementsin similar conditionsin the second series of tests.
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Interferences of secondary currents, pump regime or oscillations that were present in the

first series of tests were eliminated in the second series by addition of the grid and air vent.
3 APPLICATION TOPROTOTYPE JETS

3.1 Introduction

The hydraulic characteristics of seven typica jet-issuing structures are summarized in Table 2.
The experimentd results were used to compile suggestions for turbulence intensity and kinetic
energy correction factor, which may be consdered as first-hand indications for design. Designers
can use Tu to select adequate jet spreading and jet contraction angles for different hydraulic
structures in practice, according reationships presented by Ervine et d.(1997) based on the
development of jet surface perturbations. Physica ly—based estimates of the impact area and the
degree of jet break up can thus be obtained, which are of utmost importance for plunge pool
layout and design. Table 2 is non exhaustive and highlights the absence of sound knowledge on
the flow patterns of the most widely used hydraulic structures in large dams. To the authors’
knowl edge, information on pressure and velocity profiles is quditative since detailed research is
often missing. Particular geometric features (splitters, deflectors, etc.) of each type of outlet are
not taken into account and may significantly ater the presented va ues.

3.2 Oveafall weirs

Overfdl weirs are characterised by relatively low approach vel ocities. How accelerating over the
weir can be considered potentia. Along the downstream face, surface roughness initiates
boundary layer devel opment. For some cases such as the ogee crest, vel ocity and pressure at crest
level have been systematically studied and assessed. Jets issuing from such gructures are often
quite compact and non-aerated. For chutes shorter than the distance needed by the turbulent
boundary layer to reach the surface (point of inception), the velocity profile in the upper part of
the water column corresponds to a non-developed potentia flow and israther uniform (Hager and
Vischer 1998). The turbulence intengity is consdered very low. The distance from the highest
crest point to the inception point measured a ong the crest and chute may be computed directly as
shown by Ferrando and Rico (2002) based on boundary layer thickness devel opment as given by

Wood et d. (1983). For atypica case where q = 10 n/s, k = 2 mm and g = 45° a distance of
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about 54 m would be required to reach inception. In most practica cases of overfdl weirs the
chute length does not exceed 20 m and the issuing jet may be assumed to have a non-aerated core
with a uniform velocity profile and aturbulence intendity of lessthan 3 % (case 4 in Table 2)

For chutes sufficiently long for the turbulent boundary layer to reach the flow surface, the
jet is aerated over depth at issuance and the velocity profile is that of a partialy developed
turbulent flow (case 5 in Table 2). The turbulence intensity is then about 4-5 % (Ervine and
Fdvey, 1987).

Non-controlled overtopping of concrete dams may correspond to flow over a broad-
cresed weir (case 6). Whenever weirs are equipped with jet splitters or deflector blocks issuing
conditions are difficult to assess (case 7). These devices reduce the unit discharge and enlarge the
streamwise span of the issuing jets, as well as the impact area. They enhance jet disntegration
and reduce impacting pressures downstream. Their study by Froude scaed model tests is hardly
representative snce processes like jet aeration, jet spread and jet break—up largely depend on
Weber and Reynolds numbers. The effects of viscosity and surface tension become less relevant
only at scales larger than 1/15.

3.3 Orifices

Orifices comprise bottom and intermediate level outlets. Issuing jets are initialy non-aerated,
save in case of reduced intake submersion. They tend to be operated with full opening of the
gates to prevent vibration. FHow streamlines smoothly contract a the intake and the flow
accelerates towards the issuance section. The exiting velocity depends on the upstream head. For
small gate openings, thereis an additiona contraction of the streamlines close to the gate. In such
case, the velocity profile a issuance is rather uniform and low turbulence intensity vaues are
expected. For large gate openingsin orifices of thin arch dams the length of the orificeis around
3-6timesits largest dimenson (height). In this case, the contraction from the reservoir to the
orifice conduit prevails and conditions similar to small gate openings should be found. Jets
issuing from high head orifices are considered rough (high Reynolds number), with high mean
vel ocity, rather uniformflow distribution and low turbulence intensity.

For low head orifices (typically less than four times the height of the opening or exiting vel ocities
less than 9 m/s, for which the difference between the velocity at the upper and lower streamlines

is larger than 10 %), the contraction will not have such an important role and the flow pattern
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may exhibit secondary currents. Jets issuing from low head orifices are less affected by
streamline contraction and flow acceleration, and are thus more likely to have higher turbulence
intensity, eventual ly with uneven flow di stribution due to swirling.

Based of the experimenta results, a Tu vaue higher than 8 % should be considered if
secondary currents are expected. For low head orifices (case 2), Tu should be lower than 8 % if
the flow section is fully occupied, vaues as low as 3 to 4 % being possble for smoothly
converging sections producing rough jets. Thus, for high head orifices and bottom outlets (case
3), Tu values lower than 4 %, which can reach 2 to 3 % for prototype velocities larger than
30 n¥'s, can be considered.

34 Sk-junps

The length of the chute being often larger than the distance to the inception point, aeration is
either partialy or fully developed and quasi-uniform flow conditions may be found at the toe of
the chute. For gated structures, Toso and Bowers (1988) estimate the distance needed for the
boundary layer to reach the surface to about 50 times the gate opening. At the entrance of the flip
bucket, the pressure gradient is hydrostatic and the velocity profile approaches that of a uniform
free surface turbulent flow. The mean air concentration is a function of the slope and the
characteristics of the water (Falvey 1980). The bucket concave shape deforms the streamlines
that tend to remain paralel to the bottom. Streamline contraction deforms the pressure profile
from the hydrogatic triangular shape. Some ar detranment may occur. Maximum bottom
pressures increase with decreasing invert radii. For equa takeoff angle, most designers rather
reduce the radii in the downstream part of bucket to prevent pressure from dropping to
inconvenient values (Mason 1993). An extensive study on takeoff anglesis presented in Juon and
Hager (1998). At issuance, though, one can readily agree that neither the pressure profile is
hydrostatic nor the velocity profile is steadily turbul ent.

Due to the lack of more sound knowledge, one can assume that these jets have an aerated
core with gpproximately the same mean ar content as computed for the chute. The velocity
profile may approach the uniform flow shape. Due to the pressure increase, U is expected to
decrease in the flip-bucket thus increasing Tu regarding values a the toe of the chute. The
influence of the reduced core density in the trgectory of the issuing jet is atopic of discussion.
On one hand, state-of-the-at developments by Ervine et d. (1997) do not apply directly to
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aerated jet cores and, on the other hand, prototype observations like those done by Kawakami
(cited in Martins 1977) ae not only few (just two observations) but often lead to an over-
conservetive correction of the bdlistic jet trgectory estimate. For ski jump outlets where no
contraction is imposed but the effect of curvature somewhat uniforms the velocity profile, Tu
vauessimilar to roughjets, i.e. 4 - 8 %, are suggested for feasibility purposes.

4 SUMMARY AND CONCLUSIONS

The complex physics of high-velocity ar-weter jets demands for prototype scaed studies.
Experiments were performed with acircular jet nozzle a prototype velocities of up to 30 m/s to
measure dynamic pressures across the jet outlet and to assess hydraulic characteristics of the jet
core, such as the velocity profile and the turbulence intensity. The experimenta investigations
show that:

1) Jet outlet turbulence intensities are generdly below 8 %, reaching larger vaues if the outlet
section is ether not fully occupied or swirling occurs (secondary flows). For near-prototype
velocities, jet turbulence intersities are close to 4 % if the outlet has a pronounced
contraction, and close to 2 - 3 %if the outlet is smoothly convergent.

2) An abrupt contraction renders the mean velocity and pressure profiles dmost uniform. The
kinetic energy correction factor varies between 1.0 and 1.1, which influences the impact
kinetic energy downstream. Using a value of 1.1 for design purposes leads to conserveti ve
calculations.

3) At very high mean velocities, a more uniform profile corresponds to a lower turbulence
intengty.

4) Core pressures follow fairly well a Gaussan distribution for non-exceedence probabilities
between 0.1 and 0.999. Extreme pressures drift from a Gaussian distribution. High extreme
pressures normaly used in design procedures may, still, be farly estimated with such
distribution in the case of compact jets with low turbulence intensty for which the core
remans a impact downstream. For mos red-life jets, however, this is hardly the case a

impact, and extreme pressure di stri butions should be considered for design.
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Based on experimenta results and extensive literature survey, a synthesis of hydraulic
charecteristic for typicd structures is presented. Turbulent jet parameters such as initid
turbulence intensity and velocity and pressure profiles are described. These dlow estimating the
jet deformation in the air, the extent of the impact area downstream, the dimensons of the
remaining jet core and the resulting jet impact energy downstream. The jets produced in the
experimenta facility assembled at LCH-EPFL generate near-prototype aeration within the tested
range of discharges and jet break-up length. Due to their velocity and turbulence intensity
characteristics they entrgp as much air inthe outer boundary as prototype j ets issuing from orifice
spillways and free overfal chutes long enoughto dlow afull development of the boundary layer.
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Table 2 — Hydrodynamic characteristics of seven typica spillways and orifices corfigurations. P(n) and V(n) stand for pressure and
velocity profile at issuance, respectively. Initia jet turbulence intensity and kinetic energy correction fector a according to the type of

outlet based on experimenta results with high-vel ocity jet flows.
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Case  Schematic  Typeofjet Typeofintake Boundarylayer ~ Outlet Hydrodynamics | Aeraon  Angleoi | Angleof  Turbulence Kinetic energy
development structure lower upper nappe  intensity Tu  correction factor
nappe [%] [-
1 WESweir  Fullyor partially = Skijump P(n) concave,  Partially or fully  tang(lip) approx. | 4 .8%, take tending towards
(gated ornon- = developed ~ (plane bucket) ~ V(n) deformed  aerated core tang(lip).  4%forhigh = 1.0 for high
qated) logaritmic eventual velocities velocities
tending to uniform correction
Orifice, Non-developed = Curvedlp | P(n)hydrostatic,  Dependingon  tang(lip) approx. 3-8%  tending towards
2 . low head V(n) turbulentev. | submergence tang(lip), 1.0 for high
Trajectory swirling tending to eventual velocities
uniform correction
for high V
3 Orifice, Non-developed =~ Curved lip P(n) hydrostatic, None tang(lip) approx. 2-4% approx. 1.0
high head V(n) quasi uniform tanglip),
eventual
correction
4 WES weir, Partially Straight lip P(n) approx. None tang(lip) approx. Low,<3% | approx. 1.0
short chute developed parabolic, tang(lip)
V(n} almost uniform
5 WES weir, Partially or fully Straight or P(n) hydrostatic, Partially tang(lip) approx. 4-5% approx. 1.1
long chute developed curved lip V(n) turbulent aerated tang(lip)
Overfall uniform
6 Broad-crested  Non-developed  Syraight lip P{’Qr;‘ggifg"- None horizontal = approx.4  Low,<3%but  approx. 1.0
weir p IC, to5 may depend
V(n) freefall o crask
quadratic details
7 Complex = WES weir Partially or fully | blocks or Mixed Partiallyor ~ tang(lip) approx. 8% overall or -
overfal developed deflectors fully aerated tang(lip) more
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APPENDIX Il —NOTATIONS

The foll owing symbol sare used in this paper:

Vm ax

nozzle section suface;

Skewness coefficient

nozzle diameter;

Frequency;

Gravitationa accderation (= 9.8 m/s’)
Relative kurtosis coefficient

from velocity profile Eq. 4;

tota pressure;

mean locd pressure [kN/m?];

pressure fluctuations;

atmospheric pressure [kN/m?];
turbulence intensity;

mean flow vel ocity;

velocity fluctuations;

mean locd velocity;

maximum locd velocity across jet
section (asinFigure 2);

radial coordinate of jet section;
kinetic energy correction factor; and
water density (1000 kg/m°);
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