W) Check for updates

1909 RN S0 1] water Supply | 20.5 | 2020

Analysis of minimal and maximal pressures, uncertainty
and spectral density of fluctuating pressures beneath
classical hydraulic jumps

Seyed Nasrollah Mousavi, Davood Farsadizadeh, Farzin Salmasi,
Ali Hosseinzadeh Dalir and Daniele Bocchiola

ABSTRACT
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hydraulic jumps in real-scale structures. Therefore, little information is available about the pressure
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respectively. The results were presented based on the laboratory-scale experiments. These parameters

that the dominant frequency in the classical hydraulic jumps was about 4 HZ. Low-frequency of

pressure fluctuations indicated the existence of large-scale vortices. In the zone near the spillway toe,

P*4.49, reached negative values of around —0.3. The maximum values of pressure coefficients, namely

|Cpo.19%|max @nd Cpeg.99.max, Were achieved around 0.19 and 0.24, respectively. New original expressions

were proposed for P*4 49, and P*99 94, Which are useful for estimating extreme pressures.
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HIGHLIGHTS

® Analysis of the minimal and maximal values of pressures (P*g 19, @and P*gg.99;).

® |nvestigation of the longitudinal distribution of dimensionless pressure coefficients along the
hydraulic jumps (Cpg. 1%, Cpgs.9% and C’p).

@ Evaluation of the power spectral density (PSD) analysis to determine the dominant frequency of
fluctuating pressures in the classical hydraulic jumps.

® Calculation of the total standard uncertainty for the multiple variables (P*g 1%, P*99.9%, P*m.
Cpo.19% and Cpgg.9%)-

® Propose new original best-fit relationships to estimate the dimensionless extreme pressure data
(P*0.19% and P*gg.99,).
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INTRODUCTION

Hydraulic jump has many applications in the field of
hydraulics, including energy dissipation, protection of struc-
tures downstream of spillways, rapid mixing of chemicals for
wastewater treatment, flow aeration, and de-chlorination.
This phenomenon usually occurs inside the stilling basins
to establish the flow with the appropriate energy at the
downstream of the structure (Macidn-Pérez et al. 2020).
Based on the range of the values of incident Froude
number (Fr;), there are two common types of hydraulic.
The most effective hydraulic jump occurs in the range of
4.5 < Fr; < 10, which reduces the length of stilling basins
(Chanson & Carvalho 2015).

Distribution of mean pressures in hydraulic jumps has
been widely investigated in the literature. In turbulent
flows, the fluctuating pressure and velocity may be more
important than the mean values. Evaluation of pressures
on the basin bed is required to optimize the slab thickness.
To analyze the forces affecting the stability of the stilling
basin slab, it is necessary to determine the minimal and
maximal pressures.

Macro-turbulence in hydraulic jumps produces large
pressure fluctuations on the bed and walls of the stilling
basins. This may cause severe damage, due to the lifting of
the floor slab, erosion of materials, and cavitation (Toso &
Bowers 1988), also potentially including the effect on see-
page (Fiorotto & Caroni 2014). It is very difficult to
measure the fluctuating pressures of hydraulic jumps in
the field. Therefore, little information is available on
pressure fluctuations in the literature (Onitsuka et al.
2007). It is necessary to perform experiments of pressure
fluctuations in the laboratory-scale structures (Farhoudi
et al. 2010). Since turbulent pressure patterns are random,
much has been done to define some of the statistical par-
ameters (Toso & Bowers 1988). Indeed, the United States
Bureau of Reclamation (USBR) provides general design cri-
teria for stilling basins, concerning basin length and sequent
depths. However, no indications are given about possible
different jump types, pressure regimes, and forces on the
basin (Padulano et al. 2017).

Endres (1990) investigated the intensity coefficient of
pressure fluctuations (C’p), with different results from those
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obtained by Vasiliev & Bukreyev (1967) and Abdul-Khader
& Elango (1974). The difference in the data was probably
related to the degree of flow boundary layer development.
Souza et al. (2015) compared the values of mean pressures,
pressure fluctuations, and the data obtained by others. The
results showed that the distribution of pressure fluctuations
and mean pressures tends to behave similarly to those of
the other authors. However, these values tended to be
higher than those obtained by Endres (1990), Marques et al.
(1997), Pinheiro (1995) and followed the development of
Dai Pra (2o011). This difference was related to the determi-
nation of Y7, Y5, the initial position of the hydraulic jump,
and the submergence influence. Dai Prd et al. (2016) evalu-
ated the hydrodynamic effects of flow conditions that affect
the hydraulic jumps. These effects include the transition
from the vertical curve between the spillway toe and stilling
basin, the supercritical flow in a smooth basin, and the
macro-turbulence characteristics of free and submerged
hydraulic jumps. Novakoski et al. (2017) studied bed pressures
downstream of a stepped spillway. A significant difference was
found at the beginning of the stilling basin, with the 99.9%
cumulative probability of occurrence. They concluded that
this difference might be due to the absence of a toe
curve between the stepped spillway and stilling basin. Chiew
& Emadzadeh (2017) showed that the mean pressure calcu-
lated from the pressure fluctuations is less than that obtained
from the water surface profile using high-speed images.
Based on the estimation method proposed by Teixeira (2003),
Hampe ef al. (2020) evaluated the extreme pressures for the
flat bed of a stilling basin downstream of a spillway, in the
case of its application for the low Froude numbers (Fr; < 4.5).

Some cases of damage in stilling basins due to turbulent
flow were presented in the report of ICOLD (Sanchez Bri-
biesca & Vizcaino 1973). For instance, damage to the stilling
basin of the Malpaso-Mexico dam occurred during the passage
of a 3000 m>/s flow discharge in 1970 and caused the lifting of
720-ton of the basin slab. Also, there are two cases in which the
macro-turbulence generated by a hydraulic jump caused
damage or need to repair in stilling basins, Karnafuli Hydro-
electric Power Plant Project, Bangladesh (1961) and Scofield
Dam, Utah, USA (2005) (Alves 2008).
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Determination of the C'p coefficient is not enough for
cavitation tendency analysis or slab lift action calculation
(Lopardo et al. 2004). The work aims to measure the
extreme pressures related to the low and high cumulative
probabilities of occurrence (P*p 0, and P%*gg 9s,). This
study deals with the analysis of the values of P*j ;4, and
P*g9.90, for different incident Froude numbers (Fr;) with
relatively high values (7.12 to 9.46) along the free hydrau-
lic jumps. For reference, the results were compared with
the data obtained by others. The power spectral density
(PSD) of measured fluctuating pressure data was analyzed
to determine the dominant frequency of random pro-
cesses. In addition, the total standard uncertainty for the
measured and multiple variables along the stilling basin
was evaluated. Also, the probability density function
(PDF) for the fluctuating pressures was plotted at different
pressure taps. The distribution of dimensionless pressure
coefficients was investigated along the hydraulic jumps.
For technical purposes, new original best-fit relationships
were developed to estimate the parameters of P*j 14, and
P*99 905

The manuscript is organized as follows. First, the
materials used, and the methods adopted in the laboratory-
scale experimental study are reported. Then, the main
results in terms of the statistics of the pressure field along
the basin will be presented. Afterward, findings concerning
the present literature will be discussed. Finally, some con-
clusions are provided and ways forward.

MATERIALS AND METHODS

Experimental setup and instruments

The case of a hydraulic jump in a flat and horizontal rec-
tangular channel is well known as the classical hydraulic
jump (CH]J) (Valero ef al. 2019). Experiments were carried
out in the hydraulic laboratory at the University of Tabriz,
Iran (Figure 1). An experimental setup consisted of a stilling
basin with 200 cm length (L) in a horizontal flume. The
flume has a width of 51 cm, a height of 60 cm, and an
approximate length of 10 m. An Ogee spillway with 70 cm
height (H) was designed according to USBR recommen-
dations (USBR 1987; Chanson & Carvalho 2015).
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According to Figure 1, the subcritical depth (Y,) was
measured using an ultrasonic sensor of Datalogic with the
US30 series and PR-5-N13-VH model, made in Italy. The
operating distance (typical values) of this sensor is 100 to
1000 mm, with the minimum resolution of 1 mm. The Y,
parameter was measured at the endpoint of the hydraulic
jump length (L;). As a result, all air bubbles have been
removed, and the uniform flow was established along the
flume. The values of the supercritical depth (Y;) were calcu-
lated using the continuity equation. The mean incident
velocity (V) was calculated as follows (Peterka 1984):

V1:1/2gx(H+%) (1)

where d, is the hydraulic head upstream of the spillway
crest, and g is the gravitational acceleration. The flow dis-
charge (Q) was measured using a portable transit-time
ultrasonic flowmeter with an accuracy of +1%. Experiments
were carried out with different incident Froude numbers
(Fry), as summarized in Table 1. To measure the time
series of instantaneous pressures, 25 pressure taps were con-
sidered on the bed of the stilling basin (Figure 2).

Pressure transducers were selected to be Atek BCT
110 series with 100 mbar-A-G1/4 model, made in
Turkey. The six transducers were mounted at different
points along the stilling basin. The measuring range is
from -100 to 100 cm, with an accuracy of +0.5%.
Figure 1(a) shows that pressure transducers were mounted
on a support plate and connected to the flexible hoses. An
important point in using a transducer instrument is that it
should be at the same level as the basin bed. As a result,
the measured pressures will be equal to the pressures on
the bed of the stilling basin. The transparent plastic
hoses with an internal diameter of 3 mm were connected
to the pressure taps with the screws and positioned under
the bottom of the flume. Due to the laboratory conditions,
the maximum length of hoses was considered to be
200 cm for the pressure taps at the end of the basin.
Therefore, for the first part of the hydraulic jump, which
is very important, it has been tried as much as possible
to use the minimum hose length to connect the transdu-
cer to the pressure tap. Under these conditions, the
effect of the hose on data quality is minimized.
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Figure 1 | Laboratory flume with the experimental setup: (a) details of measuring instruments, (b) downstream view of the spillway, and (c) view of the spillway.

Table 1 | Experimental parameters along the hydraulic jump

Frq Q (L/s) do (cm) Y, (cm) Y, (cm) Vv, (m/s) Lj (cm)
7.12 60.4 14.39 3.04 27.55 3.89 189.0
7.44 55.0 13.77 2.78 26.84 3.88 189.0
7.59 52.7 13.35 2.66 26.05 3.88 189.0
7.96 47.5 12.52 241 24.87 3.87 189.0
8.34 43.0 12.02 2.18 23.70 3.86 162.5
9.46 33.0 10.65 1.68 20.65 3.84 142.5

There was significant air entrainment in the upstream
part of the hydraulic jump (Figure 1(b)). There should be no
air bubbles along the hoses to alleviate the influence of air
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on the pressure transducers. The hoses should not be made
of soft or hard material so that they can transmit the correct
values of pressures to the transducers and can be easily used.
To do this, for all experiments, hoses should be de-aerated by
establishing a uniform flow within the flume before the
hydraulic jump formation. The hoses de-aeration depends
on experience. In the present study, this important issue
was carried out with the utmost attention and effort using
the small valves installed at the end of the hoses. After ensur-
ing that the entire length of the hoses was fully de-aerated,
they were connected to the transducers. If there is any air
bubble along the hose, it should be moved out of the hose
by slightly opening the valve at the end of the hose. As a
result, the acquisition of pressure data was acceptable.
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Figure 2 | Schematic view of the experimental setup, and the longitudinal distribution of pressure taps.
Statistical data analysis (Lopardo ef al. 2004).
The statistical data analysis includes the determination c Py, — Piy .
of pressure parameters (P*;) such as the mean pressure Plat) = V2/2g ®)
head (P,,) and the pressure head with a certain cumulative
probability of occurrence (Pas,). The values of Pgs, were The results of Alves (2008) showed the longitudinal dis-
calculated using the probability distribution of the instan- tribution of the Cpo 10, and Cpoo o0, coefficients has a much

taneous pressures. Marques ef al. (1997) proposed  gmaller dispersion. As stated by Toso & Bowers (1988),
Equation (2) for the dimensionless pressure parameters — pressure fluctuations related to 1% of the cumulative prob-
(P¥x), namely P*,, and P¥z0,. ability of occurrence do not lead to conservative pressure
values. The dimensionless standard deviation of the pressure
data series (ox) is known as the intensity coefficient of

o Pk — Yl . . .
P, = Y, — Y, @) pressure fluctuations (C'p), according to Equation (4)
(Toso & Bowers 1988).
In the present study, the parameter of hydraulic jump ,  Ox @)
length (L;) has been considered to normalize the position P VZ/2g

of the pressure taps (X* = X/L;), where X* is the dimension-

less distance of each point from the beginning of the stilling The PDFs of fluctuating pressures for different pressure
basin. It is necessary to determine the pressure coefficients taps were plotted using EasyFit professional software (Easy-
in the design of the floor slab thickness. According to  Fit 2010). P¥(Z) is the probability density function of the

Equation (3), Cpgo, is usually used as the dimensionless  normalized pressure level (Z) (Fiorotto & Rinaldo 1992).
coefficient of pressure fluctuations with different cumulative

probabilities of occurrence for the analysis of extreme press-

7(X ¢ _ P(X,t) — Py, 5
ures. The coefficients of Cpg 70, and Cpgg g9, represent the X, 1) = ox ©)
maximum negative and positive pressure fluctuations rela-

. . . . 1 Zz
tive to the mear? p'ressure, as a fun(':tlc.m of the kll:leth P(Z) = « Exp (7 7) ©)
energy at the beginning of the hydraulic jump, respectively V2r 2
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where P(X,t) is the instantaneous pressure of the sample
data at each pressure tap. The dimensions of P(X, ?), P,
and ox are in cm of column water.

Uncertainty analysis

The uncertainty due to the precision error (Sx) is used for
the errors that varied during the experiment. Also, the uncer-
tainty due to the bias error (bx) is related to the errors that
were constant during the experiment. Based on the Taylor
Series Method (TSM) (ISO 1993), the total uncertainty (ux)
is obtained using the root sum squares (RSS) of the com-
bined elemental standard wuncertainties (ASME 2013;

Coleman & Steele 2018).

M 3
ux = (s% o zﬁ() ™)
K=1

Sx
Sy = n ®)
where Sx is the sample standard deviation of N measure-
ments, and M is the number of bias error sources. The
uncertainties of by are estimated in a variety of ways, such
as the previous experience, manufacturer’s specifications,
and calibration data. The estimate of the bias error must
be based on judgment. Using the TSM method, the dimen-
sionless form of the total standard uncertainty (u,/r) for
the multiple variables of P*, (including P*,, and P*,,) and
Cpay would be appropriate in the uncertainty analysis.
This leads to:

up\?_ (Pe OP\® (up\® (Yo 0PN (uy))?

p; P, " 0Py Py P, oY, Y,
Z 0P\’ uz\? (Q 0P\’ [(ug)®

() < mrae) (@) o

(ucp(a%))z ( Py, < 8CP(a%))2>< (UPR%)Z
CP(aO/o) CP(aO/o) OP, a% P a%

P 9Cpawy\> (up,\? Z  Cpuiy\* (uz\?
* (cp(a%)x Py ) “\Pu) "\Couy 0z )~ (7)

(10)

According to ISO (1993), the uncertainty at a certain
level of confidence can be determined using an appropriate
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factor (k), as follows:

Uy = koy ty 11)

The large-sample assumption was considered for the
uncertainty of the results at a 99% level of confidence
(Ugg = 2.6*u) (Coleman & Steele 2018). The average values
of the total standard uncertainties at a 99% level of confi-
dence for the measured and multiple variables are
presented in Table 2.

RESULTS AND DISCUSSION
Power spectral density

In this section, the power spectral density (PSD) of the
measured data at each pressure tap was analyzed using a
MATLAB® code (MATLAB 2016) and the application of
appropriate Fourier transform techniques. The PSD analysis
is usually used to estimate the dominant frequency of
random processes and indicates which frequency has sub-
stantial variations and vice versa. Figure 3(a) presents the
experimental results of PSD at different pressure taps.
Some of the points have one peak, and others have two
peaks or more. There is a tendency for the peak frequencies
to decrease as they move away from the beginning of the
jump. This behavior was already verified by Neto & Mar-
ques (2008).

The results showed that in the classical hydraulic jumps,
the highest PSD variations were related to the frequencies

Table 2 | Average values of the total standard uncertainties

variable type Symbol Ux/X (%) U/ (%)
Measured variables Q 0.09 -
VA 0.56 -
Y, 0.79 -
Multiple variables Y, - 0.18
Fr; - 0.23
pP*, - 1.87
Py.106 - 1.25
P*¥59.90 - 0.97
Cpo.100 - 2.35
Cpoo.90 - 2.64
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Figure 3 | Spectral analysis of pressure fluctuations beneath hydraulic jumps for Fr, =7.12. (@) PSD function at different pressure taps. (b) Raw signal of the pressure transmitter at the

pressure tap No. 9.

less than 5 Hz. According to sampling theory, the minimum
frequency of data acquisition should be about twice the
dominant frequency in the signal (Yan ef al. 2006).
Figure 3(a) shows that the maximum values of the vertical
axis (amplitude) are close to the frequency of 4 Hz. Accord-
ingly, the data acquisition frequency of 20 Hz with a
duration of 90 seconds was used for each pressure tap.
According to Pei-Qing & Ai-Hua (2007), large-scale eddies
produce large and low-frequency pressure fluctuations and
vice versa. This type of eddies carry on the main part of
the turbulent energy and are called energy-carried eddies.
Accordingly, hydraulic jumps can be considered as a rapidly
varied flow with strong vortices that cause macro-turbulent
fluctuations.
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Figure 3(b) presents the time series diagram of the raw sig-
nals related to the pressure transducer at pressure tap No. 9,
which has the maximum pressure fluctuations. It is observed
that the turbulent pressures in hydraulic jumps are very sto-
chastic. Accordingly, the application of statistical methods
is necessary for the analysis of pressure data (Khatsuria 2005).

Probability density function

Figure 4 indicates that the PDFs at each pressure tap do
not follow the normal distribution along the hydraulic
jump, especially in the zone of 0<X*<0.3. In this
zone, minimum and maximum extreme pressures
(P*p.100 and P%g9.90,), have maximum differences with



1916  S.N. Mousavi et al. | Minimal and maximal pressures beneath classical hydraulic jumps

Water Supply | 20.5 | 2020

(a) 0.16

—Gen. Extreme Value—Normal

P*(z)
8

—Gamma (3P)—Normal

Figure 4 | Histogram of probability density function (a) Point 1, (b) Point 9, and (c) Point 25.

the mean pressures (P*,,). In addition, the coefficients of
skewness (S) and kurtosis (K) do not correspond to zero
value. The skewness coefficient is a measure of the asym-
metry of the data, indicating if the mean of the data is
further out than the median. For a positive skewness,
more values of instantaneous pressure data have fewer
large values than the mean, and the tail is on the right
side of the PDF distribution. For instance, Figure 4 pre-
sents the variations of P*(Z) as a function of Z(X.?),
compared with the normal distributions for different
points along the stilling basin for Fr; =7.12.
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In accordance with the results of Fiorotto & Rinaldo
(1992), at the beginning of the stilling basin, around the
point 1 (X*=0.013), the positive pressure fluctuations are
relatively more frequent than the negative pressure fluctu-
ations (S>0). At point 9, with the maximum pressure
fluctuations (X*,,4x ~ 0.225), the positive fluctuating press-
ures represent approximately the same frequency as the
negative fluctuating pressures. Accordingly, at this position,
the frequency distribution is normal (S~ 0). Finally, at the
endpoint of the jump, around the point 25 (X*= 1.00), the
skewness coefficient Therefore,

is negative. negative
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pressure fluctuations are more frequent than positive
pressure fluctuations (S < 0).

Extreme pressures

As can be found in Figure 5, the extreme pressures increase
with decreasing Froude number (i.e. increasing flow dis-
charge) and cause an increase in the kinetic energy of the
flow, and pressure fluctuations. This process indicates the
intensity of flow turbulence along the hydraulic jump. The
pressure values increase with an increment of the cumulat-
ive probability of occurrence, and the highest values of
pressures corresponding to the highest cumulative probabil-
ities of occurrence (P*99.90p)-

There are more fluctuations compared with the mean
pressure at the positions close to the spillway toe (probably
due to the incidence of flow in the stilling basin), reaching
negative values around -0.3 up to the approximate X*=~
0.3. The negative values may indicate zones subject to low
pressures, and may be related to erosion or cavitation pro-
cesses. Beyond that, up to the position X*~ 0.7, the lowest

1.50

values of pressures (P*10,) have an ascending trend with
a mild gradient. At the position X*~ 1.0, these data begin
to oscillate near the dimensionless value of 1.0 and slightly
lower. The P*9994, data have higher and more different
values compared with the mean values in the vicinity of
the spillway toe, justified by the impact of flow on the stilling
basin. The values of P*yg 99, increase until X*~ 0.3. After
that, up to the position X*=~0.7, these values tend to
decay almost linearly with a milder gradient, and then con-
tinue to decrease approximately until X*~1.0. It can be
observed that the values of P*y9 g0, are nearly three times
higher than the values of P*,, at the position around 0.1 <
X*<0.3. The results seem to be in good agreement with
Marques et al. (1997), along a stilling basin with a flat bed.

Proposition of relationships for the extreme pressures

Using the results obtained in the present study, by adjusting
the dimensionless extreme pressure data (P*.,), new
second-order rational relationships were developed as a
function of 0<X*<1. These relationships are valid for

1.25
1.00
0.75

A 0.50
0.25
0.00

-0.25

-0.50
0.0 0.1 0.2 0.3 0.4 0.5
X

0.6 0.7 0.8 0.9 1.0

P*99.9%, Fr1=7.12

--------- P*m, Fr1=7.12 seeme==ss P¥m, Fr1=7.96

———-P*0.1%, Fr1=7.12 — ——-P*0.1%, Fr1=7.96
o P*99.9% (Marques et al. 1997) o

P*99.9%, Fr1=7.96

P*m (Marques et al. 1997)

P*99.9%, Fr1=9.46
--------- P*m, Fr1=9.46
— ——-P*0.1%, Fr1=9.46
a P*0.1% (Marques et al. 1997)

Figure 5 | Longitudinal distribution of P*g 15, and P*y9 e, together with P*,, with error bars.
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the Froude numbers in the range of 7.12 to 9.46.

. a+pX

P, =—"-" 12
a% 1+7/X*+§X*2 ( )

The factors of ¢, 8, 7, and § are provided in Table 3. The
accuracy of the relationships was assessed based on some
statistical criteria, including determination coefficient (R?),
root mean squared error (RMSE), mean absolute error
(MAE), and Willmott’s Index of Agreement (WI) (Bennett
et al. 2013). For a perfect fit, RMSE and MAE values are
equal to zero, and WI values should be close to the unit.

Pressure coefficients

According to Figure 6, the values of Cpgg 90p, and C'p coef-
ficients rapidly increase in the region close to the spillway
toe, until reaching the maximum values at the position
around 0.10 < X* <0.30. Afterward, these curves have a
descending trend until they reach constant values. For
the values of Cpg 10, coefficient, the variation trend at
the beginning of the stilling basin is descending, until
reaching the minimum values at the position around
0.10 < X* <0.30. Afterward, the curves have an ascending
trend until they reach constant values. The values of C'p
increase with decreasing Fr;, which indicates that the
flow turbulence is more intensive for low Froude num-

The obtained results are presented in Table 3. bers. The values of |Cpoioolmax and  Cpogovpmax

Table 3 | Values of o, B, y, § and the statistical criteria to estimate P*,4,

P*a0, a B y R? RMSE MAE wi

P*4 105 -0.0839 0.4781 -1.8210 1.2289 0.756 0.186 0.141 0.994

P*39 90, 0.3879 8.3165 3.6029 3.2141 0.625 0.160 0.110 0.872
0.30

0.20

0.10

0.00

-0.10

Pressure coefficients

-0.20

-0.30
0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.7 0.8 0.9 1.0

CP(99.9%), Fr1=7.12 CP(99.9%), Fr1=7.96
CP(99.9%), Fr1=9.46 oo C'P, Fr1=7.12
--------- C'P, Fr1=7.96 ------—--- C'P, Fr1=9.46
— ——-CP(0.1%), Fr1=7.12 ———- CP(0.1%), Fr1=7.96
— — —-CP(0.1%), Fr1=9.46 o CP(99.9%), Marques et al. (1997)
o C'P, Marques et al. (1997) a  CP(0.1%), Marques et al. (1997)

Figure 6 | Longitudinal distribution of Cpo 1%, Cpe9.9%, and C’p with error bars.

Downloaded from http://iwaponline.com/ws/article-pdf/20/5/1909/728174/ws020051909.pdf



1919 S. N. Mousavi et al. | Minimal and maximal pressures beneath classical hydraulic jumps

Water supply | 20.5 | 2020

coefficients are necessary to determine the slab thickness
and the forces on the slab. According to Table 4, the
mean values of C'pax, |Cpo.100lmaxs aNd Cpog gvpmax are
approximately 0.06, 0.19, and 0.24, respectively. It
should be noted that the maximum negative and positive
pressure fluctuation coefficients, namely Cp~ [(Pin—Pm)/
V2/2 gl and Cp* [(Prax—P)/ V312 gl, are usually used
instead of Cpg 10, and Cpgg 90, coefficients in the literature.
Wang et al. (1984) proposed a statistical method to define
extreme pressures. They stated that pressure values with a
low probability, such as 1%, have been applied with a
safety factor to estimate extreme conditions. Toso &
Bowers (1988) believed that the choice of |Cp ;4 and
Cp'max coefficients provides a conservative or large
pressure loading. According to Table 4, the results of the
present study and Marques et al. (1997) are slightly less
than those obtained by Toso & Bowers (1988).

CONCLUSIONS

Hydraulic jump is one of the most common forms of energy
dissipation with the possible damage to the dissipator struc-
tures. As a result, it is important to characterize the extreme
pressures that may occur as best as possible. In summary,
several conclusions are provided from this study, covering
the different patterns of pressures within the free hydraulic

Table 4 | Maximum values of the dimensionless pressure coefficients

Results Frq ICro.r%lmax [Cplmax  Cpos.s%max Cp'max C'pmax
Present study 7.12 0.21 - 0.26 - 0.073
7.44 0.21 - 0.27 - 0.070
7.59 0.20 - 0.27 - 0.069
7.96 0.18 - 0.23 - 0.060
8.34 0.17 - 0.22 - 0.059
9.46 0.16 - 0.20 - 0.055
Marquesetal. 49 0.28 - 0.33 - 0.072
(1997) 54 026 - 0.35 - 0.076
6.3 027 - 0.34 - 0.074
73 025 - 0.30 - 0.067
8.1 0.23 - 0.26 - 0.060
Toso & Bowers 3.8 - 0.35 - 033 -
(1988) 45 - 0.36 - 040 -
51 - 0.32 - 040 -
84 - 0.30 - 0.46 -
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jumps downstream of an Ogee spillway, equipped with the
USBR Type I stilling basin, as follows.

(i) The maximum values of the power spectral density
function are close to the frequency of 4 Hz for the free
hydraulic jumps. Accordingly, energy dissipation in hydrau-
lic jumps usually has large pressure fluctuations with low
frequency. It can be considered as a rapidly varied flow
with strong vortices that cause macro-turbulent fluctuations.

(ii) The probability density function (PDF) indicates that
the pressure distribution underneath the hydraulic jumps at
a given position on the bed of the stilling basin does not
follow a normal distribution.

(iii) It is obvious that the pressures corresponding to the
lowest cumulative probabilities of occurrence (P*j 10,) reach
lower values, and have negative values around -0.3 up to the
approximate X*=~0.3. The negative values may indicate
zones subject to low pressures and may be related to erosion
or cavitation processes. The values of maximum pressures
(P*99.90,) are approximately three times higher than the
mean pressure data (P*,) at the position around 0.1
<X*<0.3, justified by the impact of flow on the stilling
basin. The uncertainty analysis of the experimental data
indicates that the average values of the total standard uncer-
tainty for the multiple variables of P*,,, P*y 10, and P%¥gg g0,
along the stilling basin are about 1.87, 1.25, and 0.97%,
respectively.

(iv) The results indicate that the pressure coefficients
increase with decreasing Fr;. The mean values of C’pyuy,
|Cpo.1%|max, and Cpog.goumax are approximately 0.06, 0.19,
and 0.24, respectively. The results of the present study and
Marques et al. (1997) for the |Cpo.106|max and Cpog gopmax cOEf-
ficients are slightly less than the |Cpluax and Cp'pax
coefficients obtained by Toso & Bowers (1988). The uncer-
tainty analysis of the experimental data indicates that the
average value of the total standard uncertainty for the mul-
tiple variables of Cpg 10, and Cpgggo, along the stilling
basin are about 2.35 and 2.64%, respectively.

(v) The results of the current research overlap reason-
ably well with those found in similar existing works. It
should be noted that the hydraulic jump is the multiphase
flow phenomenon, with high levels of aeration. Some lab-
oratory equipment fails to provide accurate estimations of
experimental variables. The air entrainment in the
hydraulic jump makes it difficult for the application of
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well-established techniques such as pressure transducers.
An extended experimental campaign would improve
pressure distribution representation. A better understand-
ing of pressure fluctuations and their distribution may
lead to more economical design or greater safety of stil-
ling basins.

(vi) Another aspect of this study is to propose new
adjustments to estimate the values of P*;; and P%*gg g0,
with different cumulative probabilities of occurrence. New
second-order rational relationships as a function of X*
were developed, which give more accurate results for P*; ;
and P¥gg g0, €stimations.
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