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Spillways are the most important structures of large dams that are responsible for releasing the excessive flood discharge from the
reservoir. Although many studies have been performed to determine the flow characteristics over these structures, however, the
available information on the shockwaves’ characteristics for spillways’ design is limited. ,e supercritical flow below the chute
piers generates an aerated flow known as shockwaves. Due to the flow interaction with the chute piers, three kinds of standing
waves just downstream of the pier, in the middle of the chute, and on the sidewalls are generated. ,is phenomenon affects the
flow domain and its hydraulic characteristics along the chute spillway. ,e height of the waves increases downstream, where they
hit the chute walls and reflect again into the flow to interact together again. ,e process repeated and intensified downstream in a
lozenge shape. ,e height of these waves can be more than twice the depth flow and thus run over the sidewalls. ,is is important
for the design of chute walls in chute spillways with control gates. In this study, the experimental formation of the shockwaves and
their behavior along the chute and their reduction measures are presented. Experiments were conducted on a scaled physical
model (1/50) of Kheirabad Dam, Water Research Institute, Iran. It was realized that apart from the geometry of piers and chute
spillway, Froude number of flow and gate opening are the main effective parameters on the hydraulic performance of shockwaves’
formation and their development on gated spillways.

1. Introduction

Spillways are one of the most significant structures of high or
small dams that are responsible for discharging the excessive
flood flow of the reservoir. ,eir flow hydraulic character-
istics have drawn the attention of many researchers. ,ese
characteristics are high velocity, pressure loss, cavitation
probability, and aeration. In this regard, several studies have
investigated the above-mentioned issues [1–5]. In the
spillways, gates are mounted on the crest of a free spillway
that controls the head, discharge, reservoir volume and,
reservoir level increase. ,e addition of these gates adds
some new complex issues to the hydraulic subjects [6, 7]. Al-
Mansori et al. [8] found that, with increasing hydraulic head,
up to seven times that of the design head, the flow separation
zone grows linearly. Discharge coefficients are studied for a
wide range of head ratios. It is concluded that increasing

head ratio up to five leads to an increase in the discharge
coefficient due to decreasing pressure on the ogee crest. Yang
et al. [9] focused on the underlying influence of the air-water
momentum exchange in the two-phase Two-Fluid Model. It
is modified to better represent the drag force acting on a
group of air bubbles and the wall lubrication force ac-
counting for near-wall phase interactions. Samadi et al. [10]
and Sylvain and Claire-Eleuthèriane [11] studied the mul-
tivariate adaptive regression splines (MARS) approach that
has been adopted as a new soft computing tool for estimating
the equilibrium scour depth below free overfall spillways.
Khalifehei et al. [12, 13] studies investigated the stability of
sediment particles using A-Jack concrete block armors. In
this regard, the general forms of the incipient motion and
incipient failure of A-Jack armor were extracted based on
dimensional analysis and particle stability analysis. Karalar
and Cavusli [14] studies aimed to examine the nonlinear
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seismic behaviors of concrete gravity (CG) dams considering
various epicenter distances. For this purpose, Boyabat CG
dam that is one of the biggest concrete gravity dams in
Turkey is selected as a numerical application. Karalar and
Çavuşli [15] studies observed how the time-dependent
displacement and stress behavior of a concrete-faced rockfill
(CFR) dam change by the effect of the normal and shear
interaction spring stiffness parameters. Ilısu Dam that is the
longest concrete-faced rockfill dam in the world now and has
been completed in the year 2017 is selected for the three-
dimensional (3D) creep analyses.

Among gate discharge coefficient, gates location above
the spillways, and separation of flow profile, the spillway
transverse flows and waves are less known issues. ,ese
waves are called by different names such as shockwaves,
lateral shockwaves, and rooster tail waves [16–18]. ,eir
height is greater than the average. Additionally, they have a
transverse velocity component. ,ereupon, the shockwaves’
flow moves from one side to the other, imposing a new
hydraulic condition to which less attention is being given.

Despite many studies on the hydraulic characteristics of
flow in chute spillway, there is insufficient knowledge of the
formation of shockwaves. Investigations on the formation of
the shockwaves flow in a horizontal rectangular channel by
Reinaur and Hager [19] showed that, for the state of constant
flow depth h0 and constant pier width bp, the height of
waves 1 and 2 and their width increase with increasing of the
Froude number. ,ey also showed that wave 1 height was
only a function of the ratio of the flow depth to the pier width
Ho/bp. ,e wave 1 height and wavelength increase by the
Froude number increment. In 1997, Reinaur and Hager
continued their previous studies on a chute spillway. ,ey
observed that if the depth measurements were taken per-
pendicularly to the chute spillway, the results would be
consistent with the studies performed in the horizontal
channel [20–22]. In 1998, they also investigated the effects of
chute lateral wall convergence and chute floor slope on the
rooster tail waves. ,ey suggested a method for reducing
transverse waves and designing lateral walls of a chute
[23, 24]. In another study, investigations on this type of flow
were presented as the standing wave analysis in a chute
spillway [25, 26]. Further studies on the shockwaves flow in
an aeration chute spillway have shown that the deployment
of the aeration intensifies the shockwaves.,e waves become
larger with the increase of the Froude number [27, 28]. Wu
et al. [29] conducted experiments to study shockwaves
characteristics. ,e results revealed that the ratio of the
lateral cavity length to the bottom cavity length had a
dominant bearing on the intensities of the rooster tail. For
the third type of shockwaves, Duan [30] developed a sub-
merged sloping-tail pier for the deep hole gate of the chute of
a hydroelectric project to eliminate the shockwaves. ,e
principle and construction of a pier for eliminating the
shockwaves were discussed. Reinauer and Hager [19, 22]
found that shockwaves characteristics only depended on the
ratio of approach flow depth to pier width in a series of
experiments conducted in a horizontal channel and sloping
chutes. Wu and Yan [31] and Smajdorová and Noskievičová
[32] investigated the hydraulic characteristics of the

shockwaves induced by the pier of the discharge tunnel of
the Sanbanxi hydropower station. It was observed that the
primary reason for the shockwaves inception was the
concavity of the water surface. Based on that, a new type of
pier with a bottom underlay to control the shockwaves for
the discharge tunnel was designed [31, 33].

,e shockwaves are a parabolic roller flow that occurs in
hydraulic structures under various conditions. ,e shock-
waves flow occurs at the downstream piers of the chute gate,
downstream arches of the tunnel spillways, the entrance of
the bottom outlet tunnel, and the wall of the converging
chute [34, 35]. ,e use of piers is inevitable due to the gates
and bridges passage located on the crest of spillways. After
passing the dam crest and piers, the supercritical flow of two
sides of the pier collides and creates the standing wave at the
downstream.,ese waves, known as pier waves, are referred
to as wave 1 in this research. ,e wave in the form of the
shockwaves of type 1 is formed based on the number of
intermediate piers located on the spillways. Due to the in-
teraction of these waves, they form regular geometric shapes
of rhombic or other types over the spillway water surface
(Figure 1). It should be noted that dotted lines are the place
where shockwaves form.

Figure 1 shows the plan and schematic longitudinal cross
section of the shockwaves flow at the downstream of the
symmetric piers. ,e flow geometry and 3 waves formed on
the spillways are shown while all the gates are open. Sections
1, 2, and 3 are the peak of the first, second, and third waves,
respectively. In the middle of the spillway, the interference of
wave 1 generated a larger one. In this study, this new wave is
called wave 2 (Figure 1, section 2). Wave 2 also moves in the
direction of the spillway width. In the following, the wave 2
impact on the wall of the chutes produced a new wave which
is called wave 3 in this study (Figure 1, section 3). ,e chutes
design and structures exposed to these flows should include
the quantitative and qualitative identification of the above-
mentioned waves and their detrimental effects on the per-
formance of the spillway structure and in particular its walls
[36]. ,erefore, identifying their formation location, the
characteristics of these waves, evaluating their pressure field
and its variations, were considered as significant design
hydraulic parameters. ,is information will considerably
assist the designers of these structures.

Studying the shockwaves at the control point x� 0
(Figure 1), H0, v0, and Fr � vo/
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are called flow depth,

velocity depth, and the Froude number, respectively. ,e
flow geometric parameters are the following: maximum flow
depth Hm, flow width at the maximum flow depth location
Bm, angle of pier waves formation α, pier width bp, axial
distance of piers ba and the wave location relative to the
control point x. A cavity is created behind the pier from
sectionX� 0 to the initial point of wave 1X�X1i. Depending
on the flow velocity, the cavity may be submerged or dry
(Figure 2). At a distance of X� 0 to X�X1i, the flow passing
through the two sides of the pier collides like two jets and
generates the first type of pier waves.,is wave is a roller that
reaches the maximum wave height (H1m) at X1m by ex-
cluding some of the water jets from the main core flow. At
the endpoint of type 1 wave (X1e), the core isolated from the
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water jets falls to the side of the water padding. Because of
wave collision and also due to the convergence of the lateral
walls of the spillway, type 1 waves form a wave flow with
regular shapes above the spillway. At the end of these shapes
(location x2i), wave type 2 is formed.,is wave is observed at

a maximum height ofH2m. Because of the interference of the
waves over the spillway as well as the transverse movement
of wave 2 at the farther downstream, a wave on the wall or a
third wave also forms on the lateral wall of the spillway. Type
3 wave starts from the location X�X3i on the wall and
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Figure 1: Waves at the downstream of pier chutes: (a) plan and (b) flow longitudinal section (the Kheirabad Dam is located in Khuzestan
Province, Iran).
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Figure 2: Flow geometric plan under the gates performances. (1) Six gates; (2) four middle gates; (3) two middle gates.
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reaches the maximum height H3m at X�X3m and then
disappears into the mainstream at X�X3e.

Investigations on hydraulic models of chute spillway at
the Iranian Water Research Institute similarly confirm these
issues [37]. Based on the observations, by crossing through
each aeration, the waves intensify and their height increases.
,erefore, these waves’ intensity at the chute downstream
with some surface aeration is significant. ,ey require being
accurately evaluated and mitigated if necessary. Kavianpour
et al. [38] mentioned these results investigating the longi-
tudinal and transverse profiles of shockwaves. ,ey sug-
gested a method to reduce these waves. ,ey also showed
that the shockwaves flow field over the spillway is a function
of the Froude number, gate opening, head values over the
spillway, spillway convergence, and pier geometry. Each of
these factors can influence the flow field and cause adverse
hydraulic conditions on the spillway. Figure 3 shows the flow
geometry because of the 2, 4, and 6 middle gates opening. As
can be seen, the flow geometry becomesmore complex as the
number of gate’s performance increases. In this study, the
shockwaves flow geometry over the spillway, the longitu-
dinal and transverse profiles of the triple waves, and the
static pressure of the shockwaves flow field are investigated.
It should be noted that dotted lines are the place where
shockwaves form.

In practical dam construction projects, ogee spillways
with spindle-shaped, ellipse-shaped, or rectangle-shaped
piers are most commonly used. Nevertheless, as mentioned
before, there is a lack of knowledge on the shockwave for
spillways, and most previous studies were conducted for
specific dam construction projects, which limit their general
applicability. It is, therefore, necessary to investigate the
formation and characteristics of the shockwave. ,is article
studies shockwaves formation in an ogee spillway along with
a chute channel by physical experiments (scale 1 : 50). A
formula for shockwaves height in a slope chute spillway with
spindle-shaped or ellipse-shaped piers is also promoted. ,e
causes of the shockwaves behind the pier of the chute
spillway were analyzed at the same time. In addition, the
conditions for the formation of shockwaves on the spillways
have been analyzed at different gate openings.

2. Model Description and Methodology

,e study was performed on the physical model of Kheir-
abad Dam spillway. ,e Kheirabad Dam is located in
Khuzestan Province, Iran. According to the studies that were
performed theoretically on different physical models, it was
concluded that the Kheirabad Dam spillway is the best
possible option in which the shockwaves flow conditions are
clearly formed.,e physical model was designed at a scale of
1/50 at the Iranian Water Research Institute. ,e linear
geometric scaling of material, which follows Froude’s scaling
laws, may lead to very large viscous forces that in turn lead to
very small Reynolds (Re) number. Since most flows at
prototype are both turbulent and in the hydraulic rough
regime, where losses are independent of (R), flows in hy-
draulic Froude models are often “shifted” to the hydraulic
rough regime to better account for losses. When Re in the

core is higher than 2000, flow in the structure is turbulent,
conforms to the prototype situation, and the viscous scale
effects are negligible. In this model, the Reynolds number
has been controlled, and Reynolds Number greater than
2000 (Re> 2000). ,e scale effect due to surface tension
forces becomes important when water waves are very short
or flow depth is less. Surface tension effects must be con-
sidered when wave periods are less than 0.35 s and water
depth is less than 20mm [39]. In the present study, it was
found that both wave period and flow depth were consid-
erably higher; thus, the scale effects by surface tension forces
are negligible.

,e experimental model includes ogee and chute spillways
with 6 gates and 5 piers. Because of the flow collision to the
base, there is a rooster tail or a shockwave flow.,e laboratory
trial and error obtains the pier section spindle-shaped to reduce
the shockwaves’ flow height in this section. ,e pier width is
2.4 cm and reaches 1 cm at the end of the spindle. ,e spillway
pier length is 33.8 cm and the pier distance is 9 cm.,e spillway
chute consists of two parts, one with a 12% slope and the
second with a 4% slope. ,e spillway width at the 12% slope is
132 cm at the beginning and 80 cm at the end. At the 4% slope,
this width is fixed with a value of 80 cm.,ere is a flip bucket at
the end of the chute. Due to the shockwaves flow development,
the zigzag and waveforms flows are transversely visible on the
flip bucket (see Figure 4).

,e study found that the regular geometric wave height on
the wall can be up to 2 times the water depth. ,is condition
causes the erosion of the chute sidewalls. Figure 5 shows the
spillway and the geometric shapes formed on it. In this spillway,
the three maximum waves are significant that can cause hy-
draulically critical conditions.,ey can influence the chute wall
design. Wave 1 is noticeable at the back of the pier. Wave 2 is
prominent in the middle of the overflow length that is a
consequence of the impact of the oblique and zigzag flows on
the spillway. Wave 3 is noticeable on the chute wall. Figure 5
illustrates the collision of the waves with the pier and the
created geometry at the downstream. Figure 6 also shows the 3
created maximum waves, locally.

,is paper presents the longitudinal and transverse
profile variations of the triple waves for three different
discharges and also three different gate openings. In the first
case, only the two middle gates are open. In the second
condition, the four middle gates are open. Lastly, in the third
case, all six gates operate.

In this study, the depth and velocity of the inflow to the
spillway are changed by the partial opening of the gates. In
this study, the partial opening of the gates changes the depth
and velocity of the spillway inflow. ,is partial opening of
the gates allows the ability of increasing the speed, de-
creasing the depth, and consequently the proper change for
the Froude number. Also, the flow field piezometric pressure
over the spillway is presented for the two operating modes of
6 and 4 middle gates. ,ey are analyzed for 3 separate
openings. A depth gauge measured the wave height and
profile. Depth measurement error with the depth gauge is
subject to the flow conditions. In the smooth flow without
oscillation, the error is ±1mm. In models of oscillatory flow
such as the shockwaves, the error is up to ±5mm [40, 41].
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In the present study, based on the flow conditions and
the range of wave height variations, the maximum mea-
surement error is 5%. A piezometer was also used to measure
static pressure [42, 43]. ,e piezometer shows the fluid
pressure as the liquid-equivalent height. ,e control or
reference section was two piers between the gates with the
“o” index. In this control point, the flow characteristics, the
depth Ho, the velocity v0, and the Froude number (Fro) (due

to the gate function) were submitted in the table of each
experiment. At the control section, the experimental Froude
numbers change from 2 to 4. However, the variety of the
Froude numbers is much larger at the downstream of the
spillway, in the range of 8 to 10.

,is research calculates the maximum wave height in
terms of efficient parameters on the phenomenon as
dimensionless graphs. In the chute spillway, the

Figure 3: Interaction effect of jet flow with shockwaves in flip bucket area.

Figure 4: Geometric shapes formed from shockwaves over the chute.

Figure 5: Cavity formation behind the pier.
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important variables affecting the maximum wave height
Hm include the fluid bulk density ρ, the fluid dynamic
viscosity µ, the water surface tension coefficient σ, the
gravity g, the flow depth at the control section Ho, the
flow velocity at the control section v0, the pier width bp,
the pier axial distance ba, the spillway sidewall slope θw,
and the spillway floor slope θb. A general function of
effective variables on the height of shockwaves can be
defined as

Hm � f ρ, µ, σ, H∘, v∘, bp, ba, θb, θw, g . (1)

In the physical model, it was not possible to change the
geometrical parameters θw, θb, ba, and bp. As a result, the
experiments were performed without any changes in the

physical model. Accordingly, these parameters could be
extracted from this study’s efficient variables. Employing
Buckingham’s theory, expressing the dimensionless wave
maximum height in the form Hm/H0 and ensuring the flow
turbulence during the overflow, the Reynolds number effect
is ignored. Additionally, as the water height above the
spillway is always greater than 5mm during the experiment,
theWeber number effect is assumed to be negligible. So,Hm/
H0 is calculated as follows [44, 45]:

Hm

H∘
� f Fro( . (2)

As can be seen, the dimensionless maximum height is
function of the inflow depth Ho and the control section

(a)

(b)

(c)

Figure 6: ,e shockwaves created over the chute. (a) Pier waves or wave 1. (b) Middle wave or wave 2. (c)Wave at the wall or wave 3.
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Froude number Fr0. In the following, the wave height
variations are presented in dimensionless form.

3. Results and Discussion

3.1. Longitudinal and Transverse Wave Profiles. In this sec-
tion, the longitudinal and transverse profiles of the waves for
the operation of two middle gates, 4 mid gates, and 6 gates
were investigated. ,e longitudinal sections are in the di-
rection of the flow.,e transverse sections are at the location
of the maximum wave height. Figure 7 shows a view of this
flow and the triple waves for the opening of the two middle
gates. In this case, only one pier causes the formation of
shockwaves flow.

Figure 8 illustrates the longitudinal and transverse
profiles for the two middle gates’ performances. ,e “a”
curves represent 100% gate openings. ,e “b” curves
represent 60% gate openings. ,e “c” curves represent 30%
opening of the gate. It should be noted that all measure-
ments were in the longitudinal direction from the end of
the pier. ,e height of the waves was measured from the
spillway floor. Parameter X is coordinated in the spillway
direction. Parameter B is the coordinate at the spillway
width. According to curve 1 of Figure 8, as the opening
increases, the dimensionless height of wave 1 decreases,
while its maximum location shifts toward upstream. A
comparison of the wave transverse variations is also shown
in curve 2 of Figure 8. For wave 2, the same trend is evident
in curves of 3 and 4; however, as compared to wave 1, this
wave affects only a small portion of the spillway width.
Wave 2 dimensionless length increases with the decrease of
opening. ,e trend of decreasing relative height and de-
creasing the relative distance of the wave peak upstream
with the opening is repeated in wave 3 for wave 5.
According to Figure 6, these waves only affect the wall
region, which is a total of 25% of the spillway width on both
sides.

Table 1 presents the flow characteristics for the two
gates’ operation mode studying waves 1, 2, and 3.
According to Table 1, by the gate opening increment, the
wave 1 height increases. Besides, its maximum location
shifts toward upstream. Wave 2 height reduces by de-
creasing opening. With the increase in gate opening, the
trend of height gain and the upward shift of the wave 3 peak
is also noticeable.

Figure 9 shows the longitudinal and transverse profiles
when the four middle gates operate. In this figure, the curves
d, e, and f illustrate 100%, 60%, and 30% of gates opening,
respectively.,e flow characteristics of the four intermediate
gates and waves 1, 2, and 3 are shown in Table 2.

Except for the number of pier waves, all trends and
changes observed in the opening mode of two gates are also
valid for the opening of 4 gates. ,ere are three pier waves
instead of one pier wave (according to curve 2 of Figure 9).
Figure 10 also shows the longitudinal and transverse profiles
of the six gates performances.,e curves “g”, “h,” and “i” are
100%, 60%, and 30% openings, respectively. ,e flow
characteristics of the six open gate operating modes and
waves 1, 2, and 3 are also presented in Table 3. According to

curve 2 of Figure 10, all the trends and differences observed
in the two preceding states are also true for the opening of 6
gates, other than the number of the pier waves. Five pier
waves have occurred for the opening of 6 gates. However, the
height of the pier waves also decreased with the increase of
the pier.

As can be seen in Figures 8–10, the Froude number is an
important parameter in the shockwaves’ wave variation
over the spillway. It results from the variation process that,
for all three defined waves, the changes are made in the
same way by the Froude number. So, the height and lo-
cation of the wave peak, the end-of-wave cross section, and
the pier wave formation angle change with the flow Froude
number. As the Froude number increases, the waves get
longer and thinner, and the peak and end sections of the
wave are shifted toward farther downstream. In general,
considering the range of Froude numbers in this study, it is
observed that, in the six-gate operation mode, the height of
waves 1, 2, and 3 (according to Table 3) is maximum 1.3,
1.5, and 1.3 times the average depth of flow at the same
cross section. In the case of the four middle gates operation,
these values are 1.4, 1.8, and 1.2, respectively. ,ey are,
respectively, 1.5, 2.3, and 2.5 for the two middle gates
performance. Moreover, as the Froude number decreases,
the wave height increases, the wavelength decreases, and
the pier waves formation angle is increased. Separate ex-
periments were performed to illustrate how the pier waves
formation angle (α) changes with the Froude number.
Figure 11 presents its physical outcomes. Figure 11 shows
the results of two Froude numbers Fr0 � 2.07 and 3.1 for a
middle pier state. For Fro � 2.07, the pier wave formation
angle (α) is noticeable; pier wave 1 with greater width is
created. For Fro � 3.1, the pier wave formation angle (α) is
smaller; the wave is narrower.

For the two increase options and by testing and ob-
serving the model flow conditions, to reduce the shape of the
shockwaves flow and not affecting the flow behavior during
the chute, the best option was selected for the downstream
pier shape and stabilized in the model. Figure 12 shows the
actual flow conditions for pier end different options at a
discharge of 5000 cubic meters per second. By trial and error
and observation for several different options, it was observed
that, by increasing the pier length and decreasing its end
thickness, the formation and skipping of the shockwaves’
flow are stabilized in the model. ,ese conditions also de-
pend on structural and executive issues.

Research has recommended the use of pier-mounted
blades to reduce the height of the waves so that the point of
flow contact moves from the two sides of the pier to the blade
tip [19]. ,is method is not executive and suitable. Changing
the pier geometry as recommended in the present article,
while applicable, significantly reduces the height of the
created shockwaves’ flow and decreases the wall wave height
by decreasing wave 1 height.

Figure 13 shows the longitudinal sections of the triple
waves along the spillway. In all three categories of waves,
the process of change is the same in terms of the Froude
number. ,e height of the waves, the location of the wave
peak, the cross section of the wave, and the angle of wave
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Figure 8: Continued.

Figure 7: Flow and location of triple waves for two open middle gate modes.
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formation vary with the flow Froude number. As can be
seen, as the Froude number increases, the length of the
wave increases, while its height decreases. Also, the max-
imum end sections of the wave are moved downstream.,e
height of the waves depends on the flow depth and their
length depends on the flow velocity. As a result, as the
depth of flow increases; the height of the wave increases.
Moreover, as the velocity of flow increases, the length of the
waves increases. Also, with increasing the gates opening,
the flow depth increases while the Froude number de-
creases. Consequently, the wave height increases while the
wavelength decreases. ,e maximum end sections also
move upstream. Also, by investigating the transverse
sections of the waves, increasing the Froude number makes
the waves narrower while the waves become wider by
decreasing the Froude number. As can be seen in Figure 13,
wave 2 (the spillways’ middle wave) is much higher than the
other two waves. ,en, wave 3 and wave 1 are next in terms
of height.

Figure 14 shows the location of the triple wave formation
over the spillway plan. Wave 2 is formed over a broader
range of spillway. ,e range of wave 3 formation is very
critical because the wall wave is a shockwave that exerts

considerable dynamic pressure on the sidewall of the chute.
On the contrary, the height of these waves can be larger than
the height of the chute wall. Subsequently, wave 3 (wall
wave) is essential from a design viewpoint.

Figure 15 shows the dimensionless curves of the max-
imum height of waves 1, 2, and 3 and their location of
formation in terms of the Froude number for two, four, and
six gate operations. For different operations of the gates, the
height of all the waves and their longitudinal coordinates
have a clear and relatively linear trend in terms of the Froude
numbers. Figure 16 also shows the dimensionless curve of
the wave 1 formation angle in terms of the Froude number.
As the Froude number increases, the angle α decreases
linearly, making the waves sharper and thinner.

3.2. Piezometric Pressure. ,e piezometric pressure distri-
butions of the spillway floor were measured and given be-
neath the height maximum location and landing point of
waves 1 and 2 as well as the place of wave 3 peaks on the
walls. Considering two modes of six gates and four middle
gates operating, Figures 17 and 18 show the piezometric
pressure coefficient distribution of triple waves for the three

Table 1: ,e shockwaves’ flow characteristic for two middle gates’ operations.

Type Opening Wave type Fro Q (lit/s) Hm (cm) Xi (cm) Xm (cm) L (cm) α (degree) Bm (cm)

a 100%
1

2.05 91.2
9.6 5 22 47 32.42 12.5

2 10.5 309 338 53 — —
3 8.6 525 543 34 — —

b 60%
1

2.47 60.6
8.5 6 27 64 28.37 11.68

2 9 336 370 60 — —
3 7.5 536 556 38 — —

c 30%
1

3.07 44.4
6 7 31 83 25.61 11.01

2 7 370 400 67 — —
3 6 542 568 42 — —

H
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H

0

(a): 100% opening
(b): 60% opening
(c): 30% opening
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Figure 8: Longitudinal and transverse dimensionless profiles for the two middle gates’ performances: (a) wave 1 longitudinal profile, (b)
wave 1 transverse profile, (c) wave 2 longitudinal profile, (d) wave 2 transverse profile, (e) wave 3 longitudinal profile, and (f) wave 3
transverse profile.

Shock and Vibration 9



openings 100%, 60%, and 30% with corresponding input
Froude numbers. ,e vertical axis represents the pressure
coefficient. In the control section, the pressure coefficient is

dimensionless relative to the velocity head in the form of
cp � (p/(V2/2g)). ,e horizontal axis also indicates the
longitudinal distance of the points from the pier beginning.
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Figure 9: Longitudinal and transverse dimensionless profiles of waves for the four gates’ performances.
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Table 2: ,e shockwaves’ flow characteristic for four middle gates’ operations.

Type Opening Wave type Fro Q (lit/s) Hm (cm) Xi (cm) Xm (cm) L (cm) α (degree) Bm (cm)

d 100%
1

2.1 126
9.3 4 25 45 22.62 9.8

2 14.1 298 349 48 — —
3 8.9 485 510 57 — —

e 60%
1

2.75 90.6
8.5 4.5 29 55.5 19.87 8.22

2 11.5 326 359 54 — —
3 7.7 515 550 69 — —

f 30%
1

3.9 62.4
7.5 5.5 25 80.5 17.65 6.06

2 8 367 394 61 — —
3 5.5 540 584 77 — —
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Figure 10: Continued.
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In these curves, the points from the left are, respectively, the
location of the peak height and the landing point of wave 1
and 2 and the location of the peak wave 3 height formation
on the spillway wall.

As shown, the piezometric pressure decreased as the
water height decreased at the landing point of wave 1 relative

to its maximum height point. In the following, as wave 2
height is higher than wave 1, the piezometric pressure in-
creases. According to Figure 19, wave 2 is separated from the
core of water over the spillway at the peak point. Likewise, as
the water level rises at the landing point, the piezometric
pressure is increased. ,e flow also hits the spillway sidewall

(a) (b)

Figure 11: Wave 1 plan view: (a) Fro � 3.1 and (b) Fro � 2.07.

Table 3: ,e shockwaves’ flow characteristic for six middle gates’ operations.

Type Opening Wave type Fro Q (lit/s) Hm (cm) Xi (cm) Xm (cm) L (cm) α (degree) Bm (cm)

g 100%
1

2.18 209.6
9.2 5 25 59 22.17 7.73

2 12 186 206 40 — —
3 10 467 530 118 — —

h 60%
1

3.1 125.8
8 6 27 72 16 5.88

2 11 218 241 48 — —
3 9.7 521 570 99 — —

i 30%
1

3.7 83.8
6.8 7 30 84 12.1 3.64

2 10 248 282 56 — —
3 9.2 573 608 77 — —
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0

(g): 100% opening
(h): 60% opening
(i): 30% opening
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Figure 10: Longitudinal and transverse dimensionless profiles of waves for the six gates’ performances; 1: longitudinal profile of wave 1.
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strongly at the location of wave 3 peak height; the piezo-
metric pressure reaches its maximum value. As mentioned,
by increasing the number of the Froude number and de-
creasing the percentage of gate openings, the height of the
waves decreases while the waves become longer. ,erefore,
according to Figures 17 and 18, the piezometric pressure

decreases with increasing input Froude number. Also, at the
fixed opening for all gate performancemodes, the pressure at
the location of maximumwave 1 height is higher than that of
wave landing, which is the opposite of wave 2. For wave 2,
the pressure at the landing point is greater than its maximum
height location.
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Figure 13: Waves 1, 2, and 3 variation along the spillway in terms of different openings and Froude number.

(a) (b) (c)

Figure 12:,e shockwaves jump for different options at 5000 cubic meters per second: (a) initial plan, (b) first option, and (c) third option-
final one.
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Figure 14: Location of the triple wave formation.
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Figure 15: Dimensionless curves of maximum height variation and their formation location in terms of the Froude number for different gate
performances.
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α/αmin = –0.426 Fr0 + 2.53
R2 = 0.536
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Figure 16: Dimensionless curves of the wave formation angle variation in terms of the Froude number.
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Figure 17: Piezometric pressure head distribution of triple waves for the performance of six middle gates’ operation.
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Figure 18: Piezometric pressure head distribution of triple waves for the performance of four middle gates’ operation.
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4. Conclusion

At the downstream of the gates or bridge over the chute
spillway, the supercritical flow generates standing waves,
named shockwaves or rooster tail waves. ,e shockwaves’
flow influences the flow field and hydraulic condition over
the spillway as well as damages the walls of the spillway.
Hydraulic flow conditions include the transverse and lon-
gitudinal distribution of velocity, pressure, and momentum,
which can affect the hydraulic performance of the spillway
structure, its structural design, and its dimensions and size.
,ey were studied in three categories of waves 1, 2, and 3.
Wave formation on the chute wall is also noteworthy be-
cause of its effect on the design process.

As the Froude number increases, the length of waves
at the walls becomes longer, the wave height becomes
shorter, and the waves are thinner. ,e maximum end
sections of the wave are transmitted downstream. As the
Froude number increases, the waves 1 and 2 become
thinner while the waves get broader as the Froude
number decreases. Wave 2 or spillway middle flow is
higher than the other two waves. Next, wave 3 is higher
than wave 1. Wave 2 is created over a broader range of the
spillway. ,e wave at the spillway wall is a shockwave that
exerts noticeable dynamic pressure on the chute sidewall.
In this regard, the wave height can be bigger than the
chute wall height. ,e height of all waves and their
longitudinal coordinates represent a linear trend in terms
of Froude numbers. Wave 1 has the highest while wave 2
has the least variation relative to the Froude number. By
reducing the opening of the gates and consequently in-
creasing the Froude number, the piezometric pressure
decreases. At a fixed opening for each of the gate per-
formance modes, the piezometric pressure of wave 3 is
higher than the rest. ,e piezometric pressure of wave 2 is
similarly higher than wave 1.
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