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Abstract: Pressure fluctuations are a key issue in hydraulic engineering. However, despite the large
number of studies on the topic, their role in spatial hydraulic jumps is not yet fully understood. The
results herein shed light on the formation of eddies and the derived pressure fluctuations in stilling
basins with different expansion ratios. Laboratory tests are conducted in a horizontal rectangular
flume with 0.5 m width and 10 m length. The range of approaching Froude numbers spans from 6.4
to 12.5 and the channel expansion ratios are 0.4, 0.6, 0.8, and 1. The effects of approaching flow
conditions and expansion ratios are thoroughly analyzed, focusing on the dimensionless standard
deviation of pressure fluctuations and extreme pressure fluctuations. The results reveal that these
variables show a clear dependence on the Froude number and the distance to the hydraulic jump
toe. The maximum values of extreme pressure fluctuations occur in the range 0.609 < X < 3.385,
where X is dimensionless distance from the toe of the hydraulic jump, which makes it highly
advisable to reinforce the bed of stilling basins within this range.

Keywords: extreme pressure; gradually expanding channel; spatial hydraulic jump; stilling basins;
turbulence flow

1. Introduction

Hydraulic jumps are a rapidly varied open-channel flow characterized by a sudden
transition from supercritical to subcritical flow regime [1]. Hydraulic jumps are classified
based on the approaching flow Froude number (Fr;). The most effective hydraulic jump
in terms of energy dissipation occurs in the range of 4.5 < Fr1 <10, which reduces the length
of stilling basins [2]. The jump toe, where the upstream flow impinges into the
downstream region, is a singular locus with discontinuities in velocity and pressure fields
[3]. In hydraulic jumps, energy is dissipated due to the generation of large-scale
turbulence structures [4], which are associated with non-negligible hydrodynamic
pressure fluctuations acting on the stilling basin floor and sidewalls. These pressure
fluctuations may cause severe damage by lifting up slabs, eroding materials, and causing
cavitation [5]. Studies on turbulence intensity and pressure fluctuations in hydraulic
jumps began in the late 1950s, when the necessary instrumentation became available [5].
During that period, major damages due to pressure fluctuations were reported in several
stilling basins, e.g., Karnafuli dam in Bangladesh [6] and Malpaso dam in Mexico [7]. In
both cases, the turbulent pressure fluctuation beneath the hydraulic jump was the primary
cause of failure of the chute slabs [6,7]. Later on, Elder [4] presented information about
model and prototype relationships, indicating that low-frequency turbulence and
pressure fluctuations are primarily due to large-scale eddies and water surface
disturbances, in which gravity and inertia forces are dominant. Conversely, high-
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frequency fluctuations are due to turbulence associated with viscous forces [5]. The
statistical characteristics of the pressure fluctuations at the bottom of the hydraulic jump
were studied by Schiebe [8], Abdul and Elango [9], Akbari et al. [10], Bowers and Toso [6],
Lopardo and Henning [11], Lopardo et al. [12], Spoljaric et al. [13], Tullis and Rahmeyer
[14], Vasiliev and Bukreyer [15], Fiorotto and Rinaldo [16], Lopardo and Romagnoli [17],
and Novakoski et al. [18]. The values of standard deviation, skewness and kurtosis,
maximum and minimum value, and temporal correlation of the pressure fluctuations at
the bottom of the hydraulic jump are reported in these studies. In addition, they found
that the peak value of the dimensionless index of the pressure fluctuation depends on the
distance from the hydraulic jump toe, the chute slope, the approaching Froude number,
the incident flow development, and the length of the test run. These studies also showed
that the maximum and the minimum positive and negative pressure fluctuations along
the jump increase abruptly at the beginning and decrease smoothly downstream of the
peak.

In most prototype conditions with large Froude numbers, the air entrainment in
hydraulic jumps is significant, both at the jump toe and through the roller, the
recirculating region where most of the air entrapment occurs, and is transported
downstream by large vortex structures [19]. Wang et al. [3] studied the total pressure
fluctuation and the two-phase turbulent flow characteristics in different hydraulic jumps.
The result shows that the maximum average of total pressure and the maximum pressure
fluctuations are observed at different vertical positions. The total pressure fluctuations are
associated with both velocity and water level fluctuations. This is supported by a
comparison between relative total pressure fluctuation and turbulence intensity, as well
as by a preliminary investigation of the pressure fluctuation frequencies. Wang et al. [20]
predicted that the jump toe oscillation is closely linked to the air entrapment at the toe
and the velocity variation in the shear flow. Their results corroborated that the unstable
total pressure distribution is primarily associated with the free-surface fluctuation in the
roller region. Additionally, statistical parameters regarding flow depths (average values,
standard deviation, and skewness) were compared to the statistical values of pressure
fluctuations obtained from the literature by Nobrega et al. [21]. The results indicated that
the correlation between both phenomena is due by the fact that flow depth fluctuations
and pressure fluctuations are both caused by turbulence. Onitsuka et al. [22] and Lopardo
[23] found that roller oscillations also affect the instantaneous flow depth and bed
pressure. In addition, instantaneous bed pressures are associated with free surface
fluctuations. Schiebe [8] described the stochastic characteristics of the pressure
fluctuations under a hydraulic jump. The results indicated that the root mean squares of
pressure fluctuations in two experimental channels of different size were identical. Abdul
and Elango [9] reported that the maximum intensity of pressure fluctuations with respect
to the incident dynamic pressure is about 0.085. This value is higher than those reported
by earlier investigators due to the turbulence development derived from the large velocity
gradients near the impinging jet. Along the same line, Fiorotto and Rinaldo [16] presented
a characterization of transient uplift generated by turbulent pressure fluctuations in
stilling basins. They showed that the longitudinal correlation is heterogeneous and the
statistical characteristics of pressure fluctuations depend on the position on the
streamwise axis. They also found that the transversal spatial correlation is homogeneous
and that the statistical characteristics of the pressure fluctuations are independent of the
crosswise coordinate. Bellin and Fiorotto [24] conducted laboratory experiments to
evaluate the design criteria for protection slabs in stilling basins, showing that the
fluctuating force is highly related to the slab shape. Rectangular slabs placed with their
longer side parallel to the flow direction seemed to be the most appropriate layout.
Novakoski et al. [18] studied bed pressures downstream of a stepped spillway. The results
indicated that the longitudinal distribution of skewness and kurtosis coefficients
condition the positions of flow detachment start, roller end, and the limits of influence of
the hydraulic jump on the flow.



Water 2021, 13, 60

3 of 15

According to the study of Abdul Khader and Elango [9], Akbari et al. [10], and
Lopardo and Henning [11], the dimensionless index of pressure fluctuation is defined as
follows:

NrEl

~VE/2g v

Cp
where VZ/2g is the kinetic energy of the approaching flow (V; is approaching flow
velocity and g is gravity) and VP2 is the root mean square (RMS) of pressure and it is
obtained from:

N
- 1 5
VP7 = [ Ylpeeyman ~Pay) @

where N is the number of recorded data, P(x,y,nAt) is instantaneous pressure, P(x,y)
is the average pressure, and At is the data recording period. Additionally, the positive
and negative pressure coefficients are defined by Toso and Bowers [5] as follows:

Ctp = APt
VZ/2g ©)
Cp=o @)
V12/Zg

where AP* and AP~ are the maximum and minimum pressure deviations from the
average value, respectively. Toso and Bowers [5] obtained peak values of the RMS
dimensionless pressure fluctuations (Cp) up to 0.1 and dimensionless pressure
fluctuation (Cp) values up to 1.3. Esfahani and Bajestan [25] demonstrated that increasing
the Froude number causes an initial increment of the maximum values of positive and
negative pressure coefficient. In addition, the result shows that the value of C'p is always
between C~p and C*p. The average pressure data are shown as a function of the position of
the hydraulic jump according to the nondimensionalization proposed by Marques et al. [26]:

P =22 = () 5)

Y2=V1 Y2=Y1

where P, is average pressure per unit specific weight at a given horizontal distance from the
hydraulic jump toe, and y, and y, are the supercritical and subcritical flow depths,
respectively. Teixeira [27], using the experimental data of Marques et al. [26], proposed the
following relationship for the average pressure distribution:

¥ = —0.015X2 + 0.0237X + 0.07 (6)

The state-of-the-art review shows that pressure fluctuations constitute an important
research topic and a crucial aspect of the hydraulic structure design due to the major
damages suffered by several stilling basins due to this phenomenon. However, it is worth
remarking that most of these studies focus on the distribution of pressure fluctuations in
classical hydraulic jumps. Nevertheless, when the hydraulic jump occurs in gradually
expanding stilling basins, it is influenced by the formation of side eddies and few
researchers focused on this effect on the fluctuating pressure.

In a gradually expanding stilling basin, three types of hydraulic jump can occur,
namely: repelled hydraulic jump (R-jump), transitional hydraulic jump (T-jump), and
spatial hydraulic jump (S-jump) [28]. The S-jump is characterized by a toe located within
the expanding section and shows asymmetric flow features. The work presented herein
reports a thorough study of the pressure fluctuations on spatial hydraulic jumps and
provides extensive information on statistical parameters of pressure fluctuations in
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different scenarios. Recommendations for hydraulic-structure designers are also outlined
from the results.

2. Methods
2.1. Experimental Setup and Instrumentation

The experiments were conducted at the hydraulics laboratory of the University of
Tabriz (Iran) in a metal-glass horizontal rectangular flume of dimensions 10.0 m length,
0.5 m width, and 0.5 m height. The floor material is metal, whereas the sidewalls are made
of glass to allow flow visualization. The schematic diagram of the experimental
arrangement is shown in Figure 1.
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Figure 1. Plan and side view of the experimental setup with instruments.

The flow discharge was measured by an ultrasonic flow meter model Transit Time
Clamp-on located in the supply line. The inflow conditions were controlled by a vertical
sluice gate that was rounded undershoot to induce a horizontal impinging flow without
contraction. A sluice gate was placed at the end of the flume to control the position of the
hydraulic jump toe. Four physical model setups were built (see Figure 2) with different
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expansion ratios (B = b1/b2) of 0.4, 0.6, 0.8, and 1 (where b1 and b2 are the widths of the
stilling basin upstream and downstream of the spatial hydraulic jump, respectively).
Pressure fluctuations were measured using pressure transducers of the Atek BCT 110
series with an operation range of +100 mbar and accuracy of +0.5%. A sampling rate of 20
Hz with 90 s duration was used to collect 1800 sample data for each test and each pressure
tap. Table 1 summarizes the tests conducted in the work that is presented herein.

(©) (d)

Figure 2. Sketch of gradual expanding geometry with an expansion ratio of (b) =0.8, (c) =0.6, (d) =
0.4, and (a) = 1 (flume without any expansion).
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Table 1. Main characteristics of the experiments carried out in the present study: b1 and bz,
upstream and downstream widths of the stilling basin; g, discharge per unit width; Fri,
supercritical flow Froude number; Rei, supercritical flow Reynolds number; y1, inflow depth; V1,
average velocity of upstream; and 12, sequent depth of flow.

Experiments b1 (m) bz (m) q (m?/s) Fr1 Re1 x 106 y1 (m) V1 (m/s)
1 0.5 0.5 0.0700-0.1169  7.5-12.5 0.065-0.109 0.021 3.368-5.622
2 0.4 0.5 0.0619-0.1071  6.4-11.2 0.056-0.097 0.021 2.946-5.098
3 0.3 0.5 0.0601-0.1076 ~ 6.4-11.3 0.053-0.094 0.021 2.864-5.123
4 0.2 0.5 0.0612-0.1090  6.4-11.4 0.050-0.090 0.021 2.916-5.192

The pressure transducers were connected to the taps on the stilling basins through
flexible tubes and were mounted at different points along the stilling basin. The computer
was linked to the transducers via a 6-channel (6CH) digital board and after processing the
signals using a data acquisition system, the recorded data were displayed using 6CH
Pressure DAQ (data acquisition) software. The pressure fluctuations were measured at 31
points on the center of the stilling basins, thus the distance between contiguous pressure
taps in the longitudinal axis was 0.047 m (see Figure 3).

29
g3
Qg

E

{444}

Figure 3. Pressure transducers connected via a 6-channel digital board.

2.2. Dimensional Analysis

Complete solutions to engineering problems can rarely be achieved by analytical
methods alone and laboratory tests are usually necessary to determine the way in which
one factor depends on others. Dimensional analysis has proved very useful in reducing to
a minimum the number of tests required and in grouping factors together. In other words,
dimensional analysis is a technique not only to search for the correct form of the relation
between different variables but also to suggest how experimental campaigns should be
designed. In the case reported herein, the magnitude and extent of the pressure
fluctuations are known to be influenced by the geometry of the stilling basin, the incoming
flow conditions, and the Froude number [29]:

fl(p,'p'v'yl'yz'vl!x'blﬂbZ’g) =0 (7)

where p is pressure fluctuation, p is the density of water, v is water kinematic
viscosity, y; is inflow depth, y, is sequent depth of flow, V; is average velocity at the
beginning of the jump, x is longitudinal distance from the toe of the hydraulic jump, b;
and b, are upstream and downstream widths of the stilling basin, and g is gravity.
Based on the principle of dimensional reasoning [30], the functional relationship among
them can be expressed as:

Jp? 1 1 b, b
P~ Y - _ YV X 2 _Inhb_, (8)

f (C,p = ] ) = =) ) - ] )
2 V12/2.9 Y1 Rey Viy, 'y FT'12 V12 Vi V1
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where C 'p is the pressure fluctuation coefficient, Fr; is the supercritical Froude number,
and Re; is the supercritical flow Reynolds number. Since the latter is rather high
(50,000 < Re; £109,000), viscous effects may be neglected (Rajaratnam [31] and Hager
and Bremen [32]). Therefore, the dimensionless RMS of pressure fluctuation can be
defined as:

Vp? Y2 X b,
= — = —,—,FT,— (9)
P=Vvz/2g f3(y1 vt bz)

Consistently, the negative and positive pressure coefficients (C*p,C™p) can be
obtained as:

Ap* V2 X by
Ctp=———=f,(~~,—, Fr,— 10
P V12/29 f4(y1 V1 ! bz) (10)

Ap~ Y2 X by
Cp=———=f(—,—, Fr,— 11
P V12/29 fS(y1 Y1 ! bz) ()

3. Results and Discussion

The dimensionless RMS of the pressure fluctuation and positive and negative
pressure coefficients are analyzed to investigate the nature of pressure fluctuations of the
S-jump in gradually expanding stilling basins. Additionally, statistic indicators, such as
the skewness coefficients, are computed and discussed along with the rest of the results.

3.1. Dimensionless RMS of Pressure Fluctuations

Figure 4 shows the variations of the C'p along the centerline of the spatial hydraulic
jump according to the Froude number for expansion ratios of 0.4, 0.6, 0.8, and 1. In the
figure, a clear pattern of the dependence of C'p on the Froude number can be observed.
This pattern seems to follow a similar trend regardless of the Froude number values,
which suggests that the analyzed variable may show certain self-similarity. In all cases,
the value of C'p is relatively small near the hydraulic jump toe, following by an abrupt
rise in the roller region, where most of the turbulence develops. Downstream of the peak
value, the variable follows an exponential decay, which appears to be more abrupt at low
Froude numbers. The results also indicate that the maximum value of C'p in the
expansion ratios of 1 and 0.4 decreases when the Froude number increases. In this case,
the rate of increase of dynamic pressure is larger than the corresponding pressure
fluctuations. This finding is in good agreement with the results obtained by Fiorotto and
Rinaldo [33]. However, in the expansion ratios of B = 0.8 and B = 0.6, the maximum
value of C'p increases as the Froude number increases. In this case, the rate of increase of
pressure fluctuations is larger than that of dynamic pressures. The experimental data in
the expansion ratios B = 0.8 and B = 0.6 shows that the intense turbulent fluctuations
of the free surface characterizing these hydraulic jumps cause the differences in the
pressure fluctuation patterns. In addition, probably by increasing the expansion ratio,
flow separation and consequently flow turbulence increases.

Figure 4 also shows that the C'p values reach a maximum value at an X value
around 2, whereas the asymptotic range seems to be attained at about 8, where the
influence of the hydraulic jump is no longer observable. This achievement coincides with
the data obtained by Marques et al. [26] and Novakoski et al. [18], but from the beginning
of the stilling basin to approximately between X = 1.75 and X = 4, the C'p values reach
their maximum value, according to Marques et al. [26] and Novakoski et al. [18].

The maximum values of C 'p in the expansion ratio of 1, 0.8, 0.6, and 0.4 are 0.0354,
0.0417, 0.0375, and 0.0360, respectively. In addition, the results show that the maximum
value of the pressure fluctuation coefficient and the peak frequencies of the spatial
hydraulic jumps are larger than that of the classical hydraulic jump, which agrees well
with Yan et al. [34]. This phenomenon can probably be explained by the formation of
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vortices near the expanding sidewalls in spatial hydraulic jumps, in coherence with
Onitsuka et al. [22], who found that the instantaneous bed pressures are associated with
the free surface fluctuations. Furthermore, the location of the maximum value of C 'p,
depends on the Froude number. The distance where the C'p reaches to its maximum
value increases with the increase of the Froude number, which needs to be taken into
account to provide stilling basins with appropriate protection against dynamic loads.
Table 2 shows the maximum values of dimensionless RMS of the pressure fluctuations
according to the expansion ratio.
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Figure 4. Dimensionless RMS of the pressure fluctuation versus position in the hydraulic jump for different expansion

ratios and Froude numbers.
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Table 2. Maximum RMS pressure fluctuations measured as a function of Froude number.

Expansion Ratio (B) Froude Number (Fr1) C’pmax x/ (Y2 —¥1) x/y1
7.5 0.0349 1.167 7.667

8.3 0.0330 1.614 12.143

1 9.3 0.0354 1.961 16.619
10.4 0.0285 2.563 25.571

11.3 0.0241 2.085 23.333

125 0.0215 1.171 14.381

6.4 0.0301 1.278 7.667

7.4 0.0370 1.715 12.143

08 8.4 0.0405 1.769 14.381
9.3 0.0405 1.612 14.381

10.3 0.0417 1.621 16.619

11.2 0.0336 1.323 14.381

6.4 0.0363 1.396 7.667

7.3 0.0361 2.579 16.619

06 8.3 0.0375 2.195 16.619
94 0.0381 1.621 14.381

10.4 0.0347 1.739 16.619

11.3 0.0358 1.629 16.619

6.4 0.0355 2.355 12.143

7.4 0.0360 2.763 16.619

04 84 0.0253 3.217 23.333
94 0.0227 3.146 25.571

10.4 0.0205 2903 25.571

11.4 0.0194 2.681 25.571

3.2. Positive and Negative Pressure Coefficients

The positive and negative pressure coefficients are calculated using pressures measured
according to Equations (3) and (4), respectively, and shown in Figure 5.
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Figure 5. Positive and negative pressure fluctuation versus position in the hydraulic jump for
different expansion ratios and different range of the Froude numbers.
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As shown in Figure 5, the values of positive and negative pressure coefficients show
a strong dependence on the distance to the hydraulic jump toe. Once again, positive and
negative pressure coefficients increase abruptly near the hydraulic jump toe, reaching to
the peak value at X =2 and then decrease until approximately X =8, where the
asymptotic range is reached. It can be seen that the absolute values of the positive pressure
coefficient are always higher than those corresponding to the negative pressure
coefficient. It may be due to the presence of a water column above the pressure
transducers. Table 3 shows the range of maximum positive and negative deviations from
the average pressure according to the expansion ratio and the Froude number. Since the
maximum values of the positive and negative pressure coefficients occur within the range
0.609 < X < 3.385, it is therefore advisable to reinforce the bed of stilling basins in this
region to avoid damages due to dynamic loads. The evolution of dimensionless RMS of
the pressure fluctuation and the positive and negative pressure coefficients along the
hydraulic jump are presented according to the expansion ratio and the Froude number.
This information can assist designers of hydraulic structures to adopt the most suitable
and economical stilling basin setup according to the flow conditions.

Table 3. Variation of maximum positive and negative pressure fluctuation.

Expansion  Froude C*pmax x/y1 x/(¥Y2—y1) |- pmax| x/y1 x/(Y2—y1)
Ratio (B) Number (Fr1) Ctpmax C*pmax |C"pmax| |C pmax|

75 0.166 5.429 0.826 0.153 12.143 1.849

8.3 0.128 7.667 1.019 0.140 16.619 2.209

1 9.3 0.123 7.667 0.904 0.109 16.619 1.961
104 0.148 21.095 2.115 0.109 25.571 2.563

11.3 0.123 14.381 1.285 0.103 30.043 2.685

12.5 0.144 14.381 1.171 0.076 25.571 2.081

6.4 0.157 5.429 0.905 0.113 12.143 2.024

74 0.160 5.429 0.767 0.118 7.667 1.083

8.4 0.162 14.381 1.769 0.129 16.619 2.045

08 9.3 0.167 5.429 0.609 0.127 16.619 1.863
10.3 0.178 14.381 1.403 0.136 21.095 2.058

11.2 0.129 7.667 0.705 0.093 7.667 0.705

6.4 0.121 7.667 1.396 0.120 16.619 3.027

7.3 0.130 12.143 1.885 0.149 12.143 1.885

06 8.3 0.138 7.667 1.013 0.148 16.619 2.195
94 0.120 14.381 1.621 0.125 16.619 1.873

104 0.146 7.667 0.802 0.104 16.619 1.739

11.3 0.141 12.143 1.190 0.113 25.571 2.506

6.4 0.125 5.429 1.053 0.114 12.143 2.355

7.4 0.119 14.381 2.391 0.109 21.095 3.508

04 8.4 0.128 14.381 1.983 0.112 23.333 3.217
94 0.090 16.619 2.045 0.093 25.571 3.146

10.4 0.081 25.571 2.903 0.080 25.571 2.903

114 0.100 32.286 3.385 0.090 23.333 2.446

3.3. Average Pressure along the Central Axis

Figure 6 shows the resulting curves according to Equation (6) and the Froude number
with different expansion ratios. A clear pattern can easily be observed among all the data,
thus indicating the self-similarity of the average pressure profiles.

The average pressure values in the vicinity of the toe in the spatial hydraulic jumps
are larger compared to the classical hydraulic jump. This is due to the presence of
gradually expanding walls that decrease the sequent depth ratio [35]. It can also be
observed in Figure 6 in all cases that the average pressure increment is nearly linear in the
region X < 2.5 (zone 1). Beyond that, in the range 2.5 < X < 8, the average pressure
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shows an exponential trend (zone 2), and for X > 8 (zone 3) the average pressure trend
stabilizes and approaches the asymptotic range. This pattern is similar to that observed in
free surface profiles in the hydraulic jumps, which suggests that, despite the large kinetic
energy causing violent pressure fluctuations, the average pressure profile is also
hydrostatic, in agreement with Macian-Perez et al. [36]. In expansion ratios of 0.6 and 0.4,
and also the case without any expansion (a =1) the average pressure becomes
particularly constant in zone 3. Concerning the B = 0.8 case, direct observation of
experiments showed overly large turbulent instabilities. This is may be due to water
surface fluctuations making pressure readings less reliable. Therefore, these results must
be interpreted with caution. The result obtained by Marques et al. [26] showed that the
average pressure coefficient () beyond X > 8 is almost constant and equal to one. In
Figure 6, a comparison between the average pressure coefficient (1) with the equation of
Teixeira [27] is presented, showing good agreement.
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Figure 6. Average pressure distribution versus relative distance from the toe of the hydraulic jump according to

expansion ratio and Froude number.

3.4. Skewness Coefficient of Pressure Fluctuations
The skewness coefficient of pressure fluctuations according to position within the
hydraulic jump is computed according to the following expression:

S(x,y) =

L[PGy ) = Py
nxa3(x,y)

(12)
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where P(x;,y;,t) is the instantaneous pressure value at point (x,y), P(x,y) is the average
pressure, 1 is the number of the instantaneous pressure measurements, and o(x,y) is the
standard deviation of the pressure fluctuations. Skewness represents the degree of asymmetry
of a distribution, i.e,, how instantaneous values are biased to the left or right [37]. Figure 7
shows the skewness coefficient according to the expansion rate and Froude number, thus
demonstrating that skewness is nearly independent from the Froude number variations in all
expansion ratios. It can also be observed that the skewness reaches its maximum values at
relative distances (X) between 0 to 3 and its minimum values within the range 4 < X < 8. It
can be observed in Figure 7 that from the vicinity of the hydraulic jump toe to the approximate
position of X =2, the skewness coefficient is positive, which is probably due to the
overpressure caused by the jet impingement into the hydraulic jump. The minimum skewness
coefficient occursat X = 6 for expansion ratios of 1and 0.4, and at X = 8 for expansion ratios
of 0.8 and 0.6 (near the end of the roller). In the zone downstream (4 < X <9), flow
detachment due to jet oscillation is probably the cause of negative skewness coefficients [38],
also in this range the negative pressure fluctuations are more frequent than positive values
[33]. From this point on (X > 9), the flow tends to an equilibrium, being parallel to the bottom
of the stilling basin, so the skewness coefficient tends to a constant value close to zero.
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Figure 7. Distribution of the skewness coefficients versus relative distance from the toe of the hydraulic jump according
to expansion ratio and Froude number.

4. Conclusions

Some of the most relevant hydrodynamic characteristics of spatial hydraulic jumps
in stilling basins with different expansion ratios are presented herein. The results obtained
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indicate that the increase of turbulence intensity due to the high Froude numbers makes
pressure fluctuations larger. It is observed that the dimensionless RMS of the pressure
fluctuations also depends on the Froude number. The observed values of the
dimensionless RMS of the pressure fluctuations are minimum near the hydraulic jump
toe and an abrupt rise of the dimensionless RMS of the pressure fluctuations is observed
downstream until the peak value, followed by an exponential decay. The maximum
values of the dimensionless RMS of the pressure fluctuations in the main channel (a =1)
and in expansion ratios of 0.8, 0.6, and 0.4 are 0.0354, 0.0417, 0.0375, and 0.0360,
respectively. In addition, the experimental data corroborated that instantaneous pressures
on the bed are associated with free surface fluctuations. The results indicate that the
dimensionless RMS of the pressure fluctuations values at the position of X =~ 2 can reach
the maximum value, and from that point to the distance X = 6, the pressure fluctuations
decrease exponentially. After that point the values tend to stabilize, reaching the
asymptotic range at X ~ 8. The results also show that the values of extreme pressure
fluctuations depend on the distance from the hydraulic jump toe and the maximum values
of the positive and negative pressure coefficients occur within the range of 0.609 < X <
3.385. It is therefore advisable to reinforce the bed of the stilling basin in this region to
avoid damages due to dynamic loads. The analysis of the average pressure indicates that
pressures near the hydraulic jump toe in the spatial jumps are larger than those of a classical
hydraulic jump, since the presence of the gradually expanding walls decreases the sequent
depth ratio. The longitudinal distribution of the skewness coefficient allows for determining
the position in which the flow detachment starts and where the roller ends. Additionally, it is
found that the pressure distributions along the spatial hydraulic jumps do not follow a normal
distribution, being the skewness values between —1.3 and 1.7. The results discussed herein
contribute to understanding the flow in gradually expanding stilling basins, thus helping
designers of hydraulic structures to adopt the most suitable strategies according to the
flow conditions.
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Notation

The following symbols are used in this paper:

Symbol Dimensions Definition of the Symbols

B - Divergence ratio

by L Width of the stilling basin in upstream

b, L Width of the stilling basin in downstream
Cp - The dimensionless index of pressure fluctuation
C'pmax - Maximum RMS pressure fluctuations
C*p - Positive pressure coefficients

Ctpmax - Maximum positive pressure fluctuation
Cp - Negative pressure coefficients

C pmax - Maximum Negative pressure fluctuation
Fry - Approaching flow Froude number

g LT™? Gravitational acceleration

N - The number of recorded data
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P, L The average pressure per unit specific weight of water
P(x,y,nAt)L The pressure at any time
P(x;,yi,t) L The instantaneous pressure value at point (x, y)
P(x,y) L The average value of pressure
AP* L The maximum pressure deviation from the average pressure
AP~ L The minimum pressure deviation from the average pressure
p L The pressure fluctuation
\/ﬁ L The root mean square (RMS) of pressure
q L2771 Discharge per unit width
Re; - Inflow Reynolds number
S(x,y) - Skewness coefficient of pressure fluctuations
At T The data recording period
14 LT Approaching flow velocity
VZ/2g L Dynamic pressure
x L Longitudinal distance from the toe of the hydraulic jump
X - Dimensionless longitudinal distance from the hydraulic jump toe
Y1 L Inflow depth of the hydraulic jump
Y2 L The sequent depth of the hydraulic jump
p ML3 The mass density of water
v L2771 Kinematic viscosity of water
o(x,y) L The standard deviation of pressure fluctuations
Y - The average pressure coefficient
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