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ABSTRACT

The stepped spillway is a cost-effective hydraulic structure to dissipate the energy of large water flow over the spillway of a dam. In this study,
the focus was placed on the effects of triangular prismatic elements (TPEs) on the hydraulic performance of a stepped spillway. Nine stepped
spillway models were experimentally and numerically investigated with different shapes and layouts of TPES. To adopt a proper turbulent
model, RNG k- and standard k- models were utilized. The computational model results satisfactorily simulated the complex flow over
the stepped spillway of experiment cases, including velocity distributions and pressure profiles on the step surfaces. The results indicated
that the installation of TPES on stepped spillways can be an effective way to reduce cavitation effects. Installing TPEs on stepped spillways
increased the energy dissipation rate up to 54%. The performance of stepped spillways was improved when TPES were spaced more closely
together. Furthermore, the relationships between the roughness coefficient (f) and the ratio of the critical depth to the step roughness (yc/k)
were obtained with high accuracy using the experimental data.
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HIGHLIGHTS

® The Flow-3D model was applied to examine the effects of triangular prismatic elements (TPES) on the hydraulic performance and energy
dissipation of stepped spillways.

® Two types of TPEs with different spacing were experimentally investigated for varied flow rates.

® Stepped spillways with TPEs are more efficient in terms of energy dissipation.

INTRODUCTION

Spillways are widely used for passing excess flow and reducing the risk of dam failure (Roushangar et al. 2019). The kinetic
energy at the spillway toe of large dams is such that it can lead to scouring (Bakhtyar & Barry 2009). Stepped spillways are
efficient energy dissipaters that reduce construction dimensions and the cost of the downstream stilling structures. The steps
act as roughness elements to reduce the kinetic energy of flow. Moreover, stepped spillways are effective hydraulic structures
for aeration in water flow owing to their intense turbulent mixing of large quantities of air bubbles (Toombes & Chanson
2000). Spillway flows are classified into three major regimes with regard to discharge rates. For a range of small discharges,
a nappe flow regime is dominant, and on the other hand, transient flow for intermediate discharge rates and skimming flow
for high discharge rates can be observed. During the last three decades, physical models of standard stepped spillways (with-
out roughness elements) have been developed with a focus on the energy dissipation (Chamani & Rajaratnam 1994; Chanson
1994; Azhdary Moghaddam 1997; Boes & Hager 2003; Kavian Pour & Masoumi 2008). Among them, Barani ef al. (2005)
highlighted the significant role of the step shape on the energy dissipation of spillways. Consequently, V-shaped (Peng ef al.
2019) and circular crested stepped spillways (Parsaie & Haghiabi 2019) were introduced to achieve better energy dissipation.
Detailed studies on energy dissipation of these modified stepped spillways indicated noticeable advantages in comparison to
conventional stepped spillways. Wiithrich & Chanson (2014) performed experiments to address detailed flow properties and
energy dissipation over the normal and gabion-stepped spillways. Their findings demonstrated lower energy dissipation rates
over the gabion-stepped spillways in comparison with smooth, impermeable steps. Sarkardeh ef al. (2015) employed a
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physical model of the stepped spillway to modify the zone where the stepped chute profile and the ogee spillway crest are
joined together. The results obtained from studies of Torabi ef al. (2018) in situ indicated that the roughness of the steps
may enhance the performance of the spillway in terms of energy dissipation by 15-20% compared to the stepped spillway
without step roughness. Benefiting from fast-growing computing power, various models have been employed in recent
years in the domain of numerical models. Therefore, using computational fluid dynamics (CFD) to study the effect of the
number of steps, step height, sizes of step, and spillway slope on the amount of energy dissipation have been the goal of sev-
eral researchers (Abbasi & Kamanbedast 2012; Attarian ef al. 2014; Shahheydari et al. 2015; Tabari & Tavakoli 2016).
Moreover, step configurations have become a matter of concern for an optimal design adapted to varied hydraulic conditions
due to its substantial role in the improvement of energy dissipation and aeration efficiency. Hekmatzadeh et al. (2018) demon-
strated more efficiency of the flat stepped spillway in comparison to the pooled stepped spillway if the spillway slope exceeds
14°. Li et al. (2019) provided numerical insight into the hydraulic characteristics of V-shaped spillways with several step lay-
outs. Arjenaki & Sanayei (2020) carried out a numerical analysis to investigate the effects of different types of step geometries
on the energy dissipation rate of stepped spillways. The results showed that some step geometries with rectangular blocks can
increase energy dissipation rates by as much as two times. In another numerical investigation into the hydraulic character-
istics of the air-water flows over a stepped spillway, more recently, Li ef al. (2020) found that chamfering the step edges
led to slight improvements in the total energy dissipation. Moghadam ef al. (2020) numerically investigated the energy dis-
sipation capability of block barriers with various geometries in stepped spillways. They arrived at the fact that the blocks
with the ratios Hp/h = Ly/B (block height to step height and block length to step length) equal to 0.3 and 0.5 applied the
most effects on dissipation.

Although there has been significant experimental and numerical research associated with stepped spillways, there is a lack
of comprehensive research on the effects of roughness elements on stepped spillway performance. Therefore, the main goal of
the present study is to gain a greater understanding of the effects of triangular prismatic elements (TPEs) on the complex
skimming flow properties over the stepped spillways. To this end, several forms of TPEs are developed, and the impacts of
changing the prismatic layout and the discharge rate on the variations of the velocity and pressure on the steps, Darcy-Weis-
bach roughness coefficient (f ), water level, and consequently, downstream energy dissipation are analyzed using the Flow-3D
CFD package.

Physical and experimental characteristics

The experimental parts of this research were conducted in the Hydraulic Laboratory, Department of Civil Engineering, Uni-
versity of Tabriz, Iran. The experimental facility is comprised of a smooth, toughened glass-sided and galvanized steel
bottomed flume that is 10 m long, 0.5 m wide, and 0.8 m deep. Rolling point gauge instrumentation, with +0.1 mm measure-
ment accuracy, was used in order to measure the water height above the weir and at different locations upstream of the
stepped spillway (Figure 1). The channel was equipped with two grid walls and wave suppressors as upstream stilling struc-
tures to achieve the steady approach flow. The geometric model of the standard form of the stepped spillway is 50 cm wide
with six steps. The total height of the fabricated spillway was adjusted to 60 cm (H = 60 cm), where the step height of the
model is 10 cm (W=h =10 cm). The stepped spillway model was installed at 4 m downstream of where the water enters
the headbox. The discharge was measured by means of a magnetic flow meter installed in the supply line with an accuracy
of 5%. The water depth was measured through a gauge by a +0.1 mm precision at the end of the hydraulic jump. In high
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Figure 1 | General schematics of laboratory flume facilities.
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discharges, in contrast to low discharge, the water depth varies across the flume due to the flow turbulence which makes its
evaluation difficult. When it is the case, the sequent depth of the hydraulic jump (y,) is determined, and with the help of
hydraulic equations, the primary depth is obtained. Velocities were measured with an ultrasonic ADV device (vecterino
model with an accuracy of 200 MHz). Four different layouts of TPEs were investigated for discharges ranging from 10 to 60
liters/second, and consequently, a total of 25 experiments were performed, as shown in Figure 2. Samples of laboratory data
for the common stepped spillway and stepped spillway with TPEs are given in Table 1.

NUMERICAL FLOW SIMULATION

The full geometry of the three-dimensional stepped spillway with the TPEs is prepared through ‘solid modeler,” computer-
aided design (CAD) files. The developed framework is embedded in FLOW-3D® as a high potential CFD code to simulate
the effect of TPEs on the flow pattern over the stepped spillway. The geometry and layout of the TPEs are illustrated in
Figure 3. Two different TPEs were used:

Type A: A triangle with a base equal to 0.2 times the width of the channel

Type B: A triangle with a base equal to 0.3 times the width of the channel

The height of the triangles was fixed for both types of TPEs (100 mm). Four different spacings for each element were
numerically simulated for varied flow rates ranging from 10 to 60 liters/second. As a result, a total of nine different layouts,
including the standard stepped spillway, were investigated in the present study.

Flow-3D utilizes a Reynolds-averaged Navier-Stokes (RANS) approach, numerically discretized through the use of the
finite volume/-finite difference method in a Cartesian, staggered grid system. Average values of the flow parameter for
each computational cell are calculated at discrete times through a staggered grid method. The governing equations can be
outlined as follows:

H= 60 em

Figure 2 | Different layouts of the selected TPE in the experimental study (y, and y- are initial, and sequent depths of hydraulic jump).

Table 1 | Samples of laboratory data for the standard stepped spillway and TPE A-4

Stepped spillway type Q (liters/second) Reynolds number Head water (cm) Tail water (cm) Y. (cm)

Standard stepped spillway 20 16.3 x 10° 7.4 18 5.5
30 17 x 10° 9.6 21 7.1
40 18.2 x 10° 11 22 8.7
50 20.1 x 10° 13 25 10.1
60 21.3 x 10° 14.6 29 11.3

TPE A-4 20 13.7 x 10° 7.4 14 55
30 14.9 x 10° 9.6 18 7.1
40 15.1 x 10° 11 21 8.7
50 15.4 x 10° 13 23 10.1
60 15.8 x 10° 14.6 26 11.3

Downloaded from http://iwa.silverchair.com/jh/article-pdf/24/2/243/1030545/jh0240243.pdf

bv auest



Journal of Hydroinformatics Vol 24 No 2, 246

100 mm 50 mm | 150 mm 75 mm Lb

) \/&H
[TPE A | TPEB

50 50 ba) - wm a i
100mm  100mm  100mm 100 mm 100 mm 100 mm 100 mm 100 mm 100 & 150 mm 150 mm 150 N S 75mm o 150mm  75om 75 mm &
.

.........

100 mm

100 mm

mm 100 s

om 100 mm

100 ¢
L
100

100 mam
n
100

100 mm
100

100 mm

100 mem

TPE A-1 TPE A-3 TPE B-1 TPE B-3

100
100 mm

100
m 100 mm

100 mm
L
00

w100 mm
00

TPE A-2 TPE A-4 ' TPE B-2 ' TPE B-4

-

Figure 3 | Geometry and alignment of TPE in the numerical study.

Continuity equation:

uA, RSOR
(qu) +R6‘y(vA y) + (wAZ)+§ x

1)

where p stands as the density of the fluid, u, v, and w, respectively, are the velocity in x, y, and z directions in Cartesian coor-
dinates, A,, A,, and A, are defined as the differential area in these directions, and RSOR is known as the mass source.
Parameters of R and ¢ are considered to be 1 and 0, respectively, in the Cartesian coordinate.

Momentum equations:

o, 1 Oy Oy Oy Ayv2 ) RSOR

5+V—{UA 6 +Z)A R8y+ WA, 02} —pr ——;8—x+Gx+fx—bx——pVF u 2)
g 1 Oy Oy 0y Ayuv 10, RSOR

8t+VF{uA6+ ARay+ Azaz} ngF p8y+Gy+fy Vr y (3)
Do B D o) 10, RSOR

E+_{ A _+7)AyR6y+ Azaz} o +Gz+fz z PVF w (4)

where VF is the fraction of fluid, G,, Gy, and G, are the body acceleration, f,, f,, and f. are the viscous dissipations, and b,, by,
and b, are the flow losses in porous media. The multiphase air-water interface was tracked using the well-known volume of
fluid (VOF) method.
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The entrainment rate coefficient was defined as a positive value and defaulted to 0.5, which is suitable for most cases. The
variable density model with density transport is activated in Physics > Density evaluation to take into account the changes of
fluid density due to entrained air. In this case, the value for air density (0.0012) in the air entrainment model panel was
inputted. In addition to the variable density model, the drift-flux model is activated to model the fluid/air mixture as a
two-phase flow. In this case, the air bubbles can move within fluid due to the difference in their densities drift flux. They
allow gas to escape at the free surface check box, in which the entrained air could also escape back into the atmosphere.

For accurate and efficient results, convergence criteria are given as follows:

1. The size ratio between adjacent cells should be as close to unity as possible, and not exceed 1.25.
2. Cell aspect ratios should be as close to unity as possible, and not exceed 3.0. (Morovati ef al. 2016). Simulation boundary
features for inlet, outlet, wall, free surface, and mesh information are listed in Table 2.

In this study, the non-uniform (inflated) Cartesian mesh is used, fixed points or mesh plans are defined both in the direction
of flow (X') and perpendicular to it (Z). The total number of cells is specified (14 million cells). That number is divided among
the checked directions, taking into account the length of each direction, to give the most uniform mesh possible in those
directions. Also, a uniform cell size is specified; the cell size will be set to the closest value that divides the domain
evenly, for each checked direction. The layout of the numerical model and the schematic of the size of non-uniform
meshes for high-precision inspection on downstream steps are depicted in Figure 4.

VALIDATION MODEL

Since numerous turbulence closures have been developed and incorporated in Flow-3D, two types, as well as the k- model
(Harlow & Nakayama 1968) and renormalized-group (RNG) model (Yakhot & Orszag 1986; Yakhot & Smith 1992), were
adopted for the numerical simulation of flow patterns over the stepped spillway. Felder ef al.’s (2012) experimental data have
been used to verify the numerical model and to investigate turbulence models. By comparison of the outcomes of the turbu-
lence model with the experimental data, the best numerical model was determined. It is necessary to validate the reliability of
the selected RNG turbulence model before further analysis. Therefore, experimental data with a flow discharge of 60 liters/
second were used to verify the numerical results by comparing the velocity distribution on steps 4, 5, and 6, as shown in
Figure 5. Moreover, the mean relative error (MRE) between the experimental and numerical distribution of velocity on
steps 4, 5, and 6 is listed in Table 3. It can be noticed from this figure that, at most locations, the simulated results of velocity
distribution were fairly consistent with those of experimental tests. The maximum values of the MRE for steps 4, 5, and 6 were
8.57,10.72, and 11.18%, respectively, indicating that the numerical simulations achieved the best agreement with the exper-
imental data in step 4. Analysis of the obtained velocity distributions from employed turbulence models shows that although
the k- model has better performance near the water surface of step 5, the RNG turbulent model shows better performance
for modeling the velocity distribution.

RESULTS AND DISCUSSIONS

This study presents a numerical solution to investigate the effects of TPEs on the flow pattern of stepped spillways. In high
discharges, the flow turbulence leads to variations in water depth across the flume, which makes its assessment complicated.
In this case, the velocity at the toe of the spillway was indirectly determined through the sequent depth of the hydraulic jump
and by using the mass and momentum conservation equations. The values of sequent depth (y,) are plotted against the unit
discharges in Figure 6 for different types of stepped spillways. It can be seen that, in comparison with a standard stepped spill-
way, both types of TPEs can considerably reduce the sequent depth. Variations of the sequent depth for stepped spillways
with TPEs are summed up in Table 4. Models A-3, A-1, A-4, and A-2 reduced the sequent depth by 30, 21, 14, and 13%,
respectively, in comparison to the standard form of the stepped spillway, and showed better performance than TPEs of
type B in terms of reducing the sequent depth.

As a consequence of the conservation of upstream and downstream energy, the ratio of the energy loss to the upstream
energy is determined as the energy dissipation rate via the following equation:

AE E, - E;
= — 0y =—— < 0,
n E x 100% E x 100% 5)
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Table 2 | Boundary conditions for numerical modeling in Flow-3D

Mesh plane Boundaries
Total number Minimum Maximum Maximum adjacent
Direction of real cells cell size cell size cell size ratio Maximum aspect ratios Total number of real cells Min. Max. Mix. Max.
X 793 5 5.1 1.0014 X-Y direction 1.013 1,39,74,246 0.5 3.5 Volume of rate Outflow
Y 99 5.1 51 1 Y-Z direction 1.019 0 0.5 Wall Wall
Z 178 5 5.1 1.0002 Z-X direction 1.029 0 0.9 Wall Symmetry
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Figure 4 | The numerical model in the Flow-3D with mesh plains (a), the coarse, intermediate, and fine grid (b).
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Figure 5 | Comparison of turbulence models in Flow-3D.
Table 3 | Percent average error for turbulence models
Turbulence models Step 4 Step 5 Step 6
RNG 8.23 9.36 9.84
Two-equation (k-€) 13.78 15.28 15.93

where E; and E; are the total energy in the beginning and end of the stepped section, respectively; E; = Ak + VZ/(2g) and
E, = Ah + V2/(2g), where Ah is the difference in the height between the two sections.

Figure 7 illustrates the numerical results pertaining to energy dissipation rates over the stepped spillways for different unit
discharges. It can be seen that the energy dissipation rates in the standard form of the stepped spillway decreased with an
increase in the unit discharge. On the other hand, for studied stepped spillways with various shapes and layouts of TPEs,
the trends of energy dissipation were differently obtained. Generally, it is noticed that stepped spillways with TPEs are
more efficient in terms of energy dissipation. In conformity with numerical results provided in Figures 6 and 7 and also in
Table 3, it can be deduced that stepped spillways with TPEs of type A result in lower sequent depths and higher energy dis-
sipation. Results indicated that closer spacing of the type A elements led to better performance. Therefore, models A-3, A-1,
A-4, and A-2 demonstrated the best performance, respectively.

Pressure and velocity distributions

In this part of the study, the focus was placed on the variation of pressure and velocity on the horizontal and vertical surfaces
of the stepped spillway with TPEs of type A. Since the pressure and velocity distributions varied along the cross-section in the
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Figure 6 | Sequent water depths versus unit flow rate in standard stepped spillways and stepped spillways with triangular TPES of types A
and B.

Table 4 | variation of sequent depth for the stepped spillway with prismatic-shaped elements of types A and B

Stepped spillway with TPEs TPE A1 TPE A-2 TPE A-3 TPE A4 TPE B-1 TPE B-2 TPE B-3 TPE B-4
Variation of sequent depth (%) 21 13 30 14 10 6 11 7
60 \ \
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Figure 7 | Energy dissipation for the standard stepped spillway and the stepped spillway with TPES.

stepped spillway, two measurement points were adopted in a uniform flow area on step 4. The positions of measurement
points for models A-1 and A-2 were in Y/B =0.3 (where the prismatic element is placed) and Y/B = 0.5 (where no TPEs
are placed) and for models A-3 and A-4 were in Y/B = 0.2 (where the prismatic element is placed) and Y/B = 0.4 (where
no TPEs are placed), as shown in Figure 8. In this figure, B represents the width of the channel (where B=0.5m), and Y
represents the distance of the measurement points on the horizontal surface from the channel’s wall.

Figure 9(a) highlights a comparison of the velocity distributions in the vertical surface of the fourth step between the stan-
dard form of the stepped spillway and stepped spillway with TPEs of type A for the flow rate of 60 liters/second. Along the
vertical surface from the step edge (Z/h = 1), the velocity increases until reaching a maximum value near the water surface.
The location of the maximum velocity for model A-3 is about 0.83 cm above the step edge, and for other models of stepped
spillways, the maximum velocity occurs about 1.17 cm above the step edge.

Figure 9(b)-9(e) compares the velocity distributions of different layouts of TPEs with the standard form of the stepped spill-
way. It can be seen that the implementation of TPEs led to a significant decrease in the flow velocity. Table 4 presents the
velocity variations at two specified measurement points (with and without TPEs). Figure 9 and Table 5 show that models
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Figure 9 | Velocity distributions on the vertical surface of step number 4.
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Table 5 | Velocity variations of stepped spillway with selected TPEs of type A

Stepped spillway with TPE TPE A-1 TPE A-2 TPE A-3 TPE A-4

Velocity variations (%) Y/B=0.3 Y/B=0.5 Y/B=0.3 Y/B=0.5 Y/B=0.2 Y/B=04 Y/B=0.2 Y/B=0.4
61 55 15 23 72 80 47 44

A-3, A-1, A4, and A-2 show 72-80, 55-61, 44-47, and 15-23% reduction in velocities, respectively. This suggests that closer
spacing of the elements leads to greater reductions in flow velocity. Moreover, the velocity reduction rate is slightly higher at a
point with the prismatic element.

Figure 10 shows the numerical distribution of pressure over the standard form of the stepped spillway. The pressure reaches
its minimum value on the upper part of the vertical surface of the steps, which can lead to a destructive cavitation phenom-
enon. Placing TPEs near the vertical surface of steps can reduce the flow velocity and prevent the cavitation phenomenon.

Figure 11(a) shows the pressure distribution on vertical surfaces of the fourth step. Along the vertical surface, the develop-
ment of small eddies arises from the reverse flow inside the step cavity causing maximum pressure at the bottom. Negative
pressures can be seen at Z/h > 0.5, and the minimum pressures occurred near the edge of the step. This pressure drop to the
sub-atmospheric value is due to the flow detachment from the spillway surface. Note from Figure 11 that the minimum
pressure on the vertical step surface of the common standard stepped spillway was 2-5 times larger than that of the stepped
spillways with the TPEs. The pressure increased again at the step edge and then by passing through the region with a decreas-
ing trend proportional to the flow depth reached to zero at the free surface. It is obvious that the pressure is zero from the

Figure 10 | Contour lines of the static pressure (Pa) for the standard form of the stepped spillway with discharge of 60 liters/second.
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Figure 11 | Pressure distribution on the vertical surface of the fourth step.

bottom to the step edge (Z/k = 1) on measurement points where TPEs are placed for the stepped spillway with the prismatic
element. Generally, as illustrated in Figure 11(b)-11(e), the pressure on the vertical step surface of the common standard
stepped spillway reaches its maximum negative value at Z/k =0.83 which can be significantly reduced by placing TPEs.
The results also indicated that placing TPEs increases the positive pressure at the step edge (Z/h=1).
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Table 6 presents the variations of pressure at the step edge and vertical surface of step for the stepped spillway with effective
TPEs of type A.

As seen in Table 6, adding TPEs with layouts of A-1, A-2, A-3, and A-4 can reduce the negative pressure on the vertical step
surface by 72, 56, 96, and 59%, respectively. In addition, positive pressure in the step edge for models A-1, A-2, A-3, and A-4
increased by 93, 34, 200, and 37%, respectively. The decreasing and increasing trends of negative and positive pressures were
striking when the elements were more densely spaced. These results suggest that models A-3, A-1, A-4, and A-2, respectively,
showed the best performance in terms of reducing the cavitation damage potential.

Figure 12 shows the pressure distribution on the horizontal surface of the fourth step for different layouts of the type A
prismatic element. In this figure, X represents the distance along the horizontal step face originating at the outer edge of
the step, and L is the step length. It can be seen that the pressure on the horizontal step surface is distributed in a way
that gives an approximately S-curve shape. Along the horizontal surface, the pressure decreased slightly, then it increased
to the maximum value and decreased again near the step edge due to detachment of flow. The location of the maximum
pressure in a standard stepped spillway and stepped spillway with layouts of A-4 and A-2 was about 0.7 apart from the
step edge and for a stepped spillway with layouts of A-1 and A-3 was about 0.8 apart from the step edge. This maximum
pressure is caused by the impact of the flow. Moreover, the minimum pressure occurred at X/L = 0.2 in all stepped spillways.
By adding TPEs, the negative pressure near the corner of the step is converted to the positive pressure, which eliminates the
risk of cavitation and increases the maximum pressure at the edge of the step. Models A-3, A-1, A-4, and A-2 showed the high-
est increase in the maximum and minimum pressures, respectively. Generally, the placement of TPEs on all steps with more
density leads to better performance.

Figure 13 depicts the variations of the Darcy-Weisbach roughness coefficient (f) with various unit discharges for stepped
spillways. Figure 13 shows that there is a considerable increase in roughness for the stepped spillway with TPEs. In addition,
the TPEs of type A have greater effects on increasing the roughness coefficient than TPEs of type B.

Table 6 | Pressure variations of the stepped spillway with effective TPEs of type A

TPE A-1 TPE A2 TPE A-3 TPE A4
stepped spillway with TPES z/h=1 z/h-0.83 z/h=1 z/h-0.83 z/h-1 2/h-0.83 z/h=1 2/h-0.83
Variation of P (%) +93 -72 +34 -56 +200 -96 +37 -59
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Figure 12 | Horizontal profile of the pressure distribution on the floor of step 4.
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Figure 13 | Roughness coefficient changes with various unit discharges for stepped spillways.

Experimental study

Four effective models of stepped spillway TPEs (A-1, A-2, A-3, and A-4) with the best numerical performance were experimen-
tally studied. In the present study, the critical depth (y.), the primary depth of hydraulic jump (y;), and the velocity at the
spillway toe (V) were calculated using the measured discharge and the downstream sequent depth (y,). In the last stage,
The Darcy-Weisbach roughness coefficient is determined as follows (Henderson 1966):

- 8ggsinf
G

(6)

The downstream sequent depth is illustrated in Figure 14 as a function of the unit discharge for stepped spillways. Regard-
ing the MRE, it can be seen that the maximum difference for the standard stepped spillway was 4.6% and for the stepped
spillway with layouts A-1, A2, A3, and A4 were 3.28, 3.02, 3.29, and 3.41%, respectively. One can conclude that there is a
good agreement between the numerical and experimental results.

Figure 15 shows the energy dissipation rate changes with various unit discharges. It can be seen that the energy dissipation
rates obtained by simulation and measurement are similar. It can be seen that the energy dissipation rates in stepped spillways
with TPEs increase with an increase in the unit discharges and then decrease slightly. On the other hand, as the unit discharge
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Figure 14 | Variations of sequent depth of downstream with various unit discharges for stepped spillways.
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Figure 15 | Energy dissipation rate changes with various unit discharges for different stepped spillways.

increases, the rate of energy dissipation is reduced for the standard form of the stepped spillway. Furthermore, comparing the
performance of the different stepped spillways showed that the energy loss in the stepped spillway with TPEs is greater.
Energy dissipation for TPEs A-1, A-2, A-3, and A-4 is increased by 2.4, 1.24, 2.7, and 1.62 times, respectively, compared to
the standard stepped spillway. Generally, it can be stated that installing TPEs increases the roughness of steps and dissipates
more energy. Moreover, as can be inferred from the numerical and experimental results, for a given unit discharge with
increasing elements densities, the energy dissipation increases. Stepped spillways with layouts of A-1 to A-4 perform the
best in terms of energy dissipation.

In Figure 16, the Darcy-Weisbach roughness coefficient (f) is depicted as a function of the critical depth to the step rough-
ness ratio (y./K). As seen in this figure, as the ratio of yc/K increases, the roughness coefficient (f) increases. It is clear that
the roughness coefficient (f) increases with a denser spacing of TPEs. This relative increase for different layouts of TPEs
varies between 20 and 47%.

CONCLUSIONS

To develop an improved understanding of energy dissipation provided by stepped spillways with TPEs, two types of TPEs
with different layouts were tested numerically. Based on the results of numerical simulation, stepped spillways with the
TPEs of type A provided higher roughness coefficient, lower downstream sequent depth, and consequently, higher energy
dissipation compared to the standard stepped spillway and stepped spillway with TPEs of type B. It was also concluded
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Figure 16 | Roughness coefficients (f) versus the critical depth to the step roughness ratio (y./K).
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that the denser TPEs, the better the performance. In fact, with closer spacing of the TPEs, the downstream sequent depth
decreased by 13-21%, roughness coefficient (f) increased by 20-47%, and as a result, energy dissipation increased by
1.24-2.7 times. The detailed conclusions are drawn.

Velocity profiles indicated that models A-3, A-1, A-4, and A-2 can decrease the vertical surface velocity by 72-80, 55-61,
44-47, and 15-23%, respectively. Implementing TPEs is an effective way to decrease negative pressures and prevent cavita-
tion phenomena. Results showed that models A-3, A-1, A-4, and A-2 decrease negative pressures on the vertical face by 96, 72,
59, and 56%, respectively, and increase positive pressures on the step edge by 200, 93, 37, and 34%, respectively. The present
study will serve little purpose unless a definite improvement in cost can be shown, as most spillways for dams are safe against
excessive scour. The constructability of the proposed TPEs must also be easy to avoid time delays for roller compacted con-
crete (RCC) placement.

The following methods to construct these TPEs are proposed:

* Develop a special shutter and cast the TPEs with skin concrete together with normal RCC placement.

* Precast the TPEs, lift the elements with a mobile crane to the desired position, dowel them into the downstream steps, and
grout the contact.

* Precast a mass element that will also be used as a ‘permanent shutter’.

An important issue in using the proposed elements is the additional cost. Two main cost additions are relevant: the extra
amount of concrete required and the increase in the shutter length, depending on which of the above-mentioned methods is
used. The cost estimate shows a small increase in the total cost of the spillway. However, the cost/scour benefit must be qua-
lified to determine if the addition of TPEs is worth the effort. These explanations were added in the conclusion section.
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