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Overfall spillways are important hydraulic structures for the release of overtopping water flows downstream of a
dam. To reduce the effects of the impact of falling water in plunge pools, an overfall spillway outlet design that
produces a longitudinally spreading jet is required. This study examined the effects of a triangular wedge placed
at the end of an overfall spillway to deflect the water flow in the lateral direction, making the jet longitudinally
diffuse before reaching the plunge pool. Laboratory data on the mean pressure coefficient were used to analyse
the effects of various design parameters. An increase in the deflection ratio and a decrease in the weir crest
length reduced the jet impact pressure. Compared with the impact of a rectangular jet falling into a plunge pool,
an appropriate triangular wedge structure was found to improve the spreading of the impingement jet and
reduce the mean dynamic pressure coefficient. By optimising the geometric design to accomplish jet impact
control, the results of the present investigation may help engineers to design overfall spillways in high-head dam
projects.

Notation
B channel width
Bj thickness of jet
b outlet width
bd bottom width of triangular wedge
C turbulence parameter
Cp mean dynamic pressure coefficient
Fr Froude number
Frj Froude number at entrance
g gravitational acceleration
H vertical distance between weir crest

of overfall spillway and water surface in
plunge pool

H0 falling height
h water head
hd height of triangular wedge
Lb jet break-up length
Ld length of triangular wedge
pm maximum time-mean pressure
Qw water discharge rate
q flow discharge per unit width
Re Reynolds number
We Weber number
Y tailwater depth
α bottom angle of spillway
ρ water density
σ surface tension between air and water
ϕ coefficient determined by basic flow

conditions

1. Introduction
In recent decades, technological advances in hydraulics have
promoted the development of high-head dams. One of the
most important aspects of dam protection is the transfer of
reservoir water downstream. The overfall spillway on a high-
head arch dam is a key hydraulic structure, releasing overtop-
ping water flows into a plunge pool, as shown in Figure 1. The
overfall spillway is used as the flood discharge structure in
many high-arch dams (reaching 200–300 m), such as Jinping-I
dam (China, 305 m high), Xiaowan dam (China, 292 m),
Xiluodu dam (China, 285.5 m high) and Ertan dam (China,
240 m). High-velocity plunging jets (40–50 m/s) transfer water
from the reservoir level to the plunge pool downstream, gener-
ating high demand on hydraulic structures. Overfall spillways
have received considerable attention due to their massive
energy dissipation and potential for failure during large flood
discharge operations.

For the release of large volumes of water from an overfall spill-
way, the main principle of outlet design is to ensure spreading
of the impingement jet as this improves the jet aeration and
decreases the discharge per unit width as it enters the pool
downstream (Castillo, 2006; Castillo et al., 2015; Ervine et al.,
1997). Both aspects are influenced by the outlet type because
the initial jet shape determines the basic spreading properties.
A general comparison of circular and rectangular jets in
terms of the impact on the pool bottom indicates that there
are significant differences in the dynamic pressure when
other conditions are identical (Beltaos and Rajaratnam, 1973;
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Cola, 1965; Franzetti and Tanda, 1987). Recent studies on
ski-jump flows have emphasised that an effective deflection
design at the spillway outlet contributes to jet aeration and
fractioning during the spreading process in the air (Deng et al.,
2018; Pfister and Hager, 2012; Pfister et al., 2014; Schmocker
et al., 2008; Teng and Yang, 2018). However, because the dam
is relatively thin and the channel is short, the flow pattern
from the overfall spillway mainly consists of the falling jet and
so the water flow velocity at the outlet is relatively insignificant
in terms of bottom deflection applications (Juon and Hager,
2000; Steiner et al., 2008; Yang et al., 2019). Moreover, the
lateral space for water discharge and energy dissipation is
limited because high-head dams are usually built in narrow
valleys. Regular lateral-contraction deflection is rarely used
because of the flow choking limitation (Li et al., 2012; Wu
et al., 2012). It is thus vital to use an effective outlet design
that satisfies the requirements of water-release operations and
energy dissipation.

Assessments of jet impacts are usually a technical component
of the outlet structure design (Castillo, 2007; Pardo-Bosch
and Aguado, 2015). Therefore, designers require information
on the magnitude of the impact pressure, the jet properties
and the optimised design principles of the outlet geometry
parameters (Puertas and Dolz, 2005). According to structural
safety considerations, different theoretical analyses and
empirical predictions have been proposed to characterise the
development and impact process of a falling jet (Beltaos, 1976;
Puertas, 1994). Key parameters – including the jet break-up
length, the jet spreading thickness, turbulence intensity and
relative cushion depth – have been used to identify the physical
process. However, it is difficult to obtain a practical and
general model of a falling jet due to different experimental
facilities and measurements, complicated surface tension,
turbulent effects and uncertainties associated with the entrain-
ment of air into the jet (Bollaert and Schleiss, 2003a).

A triangular wedge design was proposed for the outlet of an
overfall spillway on Jinping-I dam (305 m high with a 235 m
water head), satisfying both the high-head and longitudinal jet

diffusion requirements. Preliminary studies on the overfall spill-
way at this dam compared the jet pattern with the triangular
wedge deflector to that without a triangular wedge (Figure 2).
The water flow close to the sidewall was found to be deflected
and lifted by the triangular wedge, leading to a laterally thin
and longitudinally diffuse jet being released from the overfall
spillway. The increased diffusion of the flow surface in the
air and the decreased unit discharge at the entrance of
the plunge pool were found to reduce the jet impact pressure
on the pool floor and improve the energy dissipation. For a
plunge pool with a given water depth, the maximum mean
impact pressure on the bottom can be reduced from
229.32 kPa without a triangular wedge to 50.47 kPa with a
triangular wedge. In this paper, based on a series of experimen-
tal tests, the effects of design parameters on the mean
dynamic pressure coefficient of a plunging jet are analysed.
The optimal design of the overfall spillway outlet is discussed
in combination with the previous plunging jet impact assess-
ment. The findings presented may help engineers in designing
overfall spillway outlets and improving the energy dissipation
performance in high-head dams.

2. Methods
Physical model tests were conducted in the hydraulic facility of
the State Key Laboratory of Hydraulics and Mountain River
Engineering, Sichuan University, China. Using a Froude scale
of the physical model, the basic channel design (including the
slope, length and width of the channel) was taken to be the
prototype overfall spillway on Jinping-I dam. In the model
shown in Figure 2, the vertical distance between the weir crest
of the overfall spillway and the water surface in the plunge
pool was H=3.26 m. The model facility provided a water head
at the weir crest of up to h=0.23 m with a water discharge rate
of Qw= 36 l/s. All channel and plunge pool components were
made of poly(methyl methacrylate). The bottom angle of the
spillway was set to α=33°. The water discharge was measured
with a rectangular thin-wall weir set upstream (accuracy of
±0.1 l/s). The pressure on the bottom floor of the plunge pool
was measured using piezoresistive pressure sensors (CY201,
Test, Inc., China) in combination with an acquisition device

Overfall spillway
Overfall spillway

Figure 1. Overfall spillway releasing water at Ertan dam, China
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(RS485-20, Test, Inc., China). The measurement range was
100 kPa at full scale with an accuracy of 0.1%. All instruments
were sampled for 120 s at 100 Hz, as in previous studies that
reported the time-mean impact pressure (Bollaert, 2002;
Manso et al., 2008), thus ensuring that sufficient data were
available for statistical analysis. To determine the test pressure,
the mean dynamic pressure coefficient Cp was calculated using
the following expression (Castillo et al., 2014):

1: Cp ¼ pm � Y
H0

where pm (m) is the maximum time-mean pressure (i.e. the
pressure at the stagnation point). In Figure 3, the falling height
H0 is defined as H0 =H+ h and Y is the tailwater depth. In the
study, a constant tailwater depth of Y=0.64 m was considered
in all the experiments.

Two triangular wedges were set symmetrically on the sidewalls
and the general deflection effect on the initial flow pattern was
studied as the overfall spillway water flow was released into the
air (see Figure 4(a)). According to the plan and side views of
the triangular wedge (Figure 4(b)), the inclined face starts
from a certain position at the bottom of the sidewall, extending
to the end of the spillway; the distance is the triangular wedge
length Ld. Thus, the final cross-section shows that the width
has contracted from the initial channel width B to the outlet
width b. The thickness of the triangular wedge decreases line-
arly with the elevation increase, from the bottom width bd to
zero at the height of the triangular wedge hd. In the present
study, the initial channel width was set to a constant value of
B=0.157 m. Three different dimensionless parameters were
used to assess the design parameter effects on the plunging
jet performance: the relative length Ld/B, the deflection ratio
bd/Ld and the relative channel width b/hd (see the Appendix for
further details).

According to the specific jet pattern shown in Figure 4(a), it is
clear that the transverse-converging water movement through
the triangular wedge outlet leads to a non-uniform distribution
of the flow discharge rate at the jet cross-section. Thus, a total
of 164 testing points were set on the bottom floor and a high
density of pressure sensor locations (0.025 m intervals) were
placed in the main impact area to fully cover the maximum
pressure characteristics, as shown in Figure 5. For each given
set of design parameters, five water heads were considered
(h=0.114 m, 0.143 m, 0.172 m, 0.209 m and 0.229 m). The
test programmes were carried out for different flow and geo-
metrical parameter conditions, leading to a total of 480 tests.
The Froude numbers (Fr) of the approach flow conditions are
summarised in Table 1. The flow depths and velocities at the
initial cross-section of the triangular wedge, which determine
the approach Fr, were calculated using the basic hydraulic
theory of developing chute flow (Castro-Orgaz, 2009). Across
all test programmes, Fr was in the range 2.32–4.65. Compared

(a) (b)

Figure 2. Jet configurations from overfall spillway (a) with and (b) without a triangular wedge deflector (photos taken by Jun Deng)

h
h

Overfall spillway

Falling jet

Plunge pool

Dam

pm

Y
Tail ridge

Impact area

H

Figure 3. Schematic diagram of plunging jet from an overfall
spillway on a dam
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with the previous Fr limitation in ski-jump flow studies (Heller
et al., 2005; Juon and Hager, 2000; Wu et al., 2012), the values
of Fr in this work were relatively small, making it more diffi-
cult for the jet to diffuse in the longitudinal direction.
Numerous studies have confirmed that the water head can be
used as an effective independent variable to control the geo-
metrical spreading and impact pressure of a jet from an over-
fall spillway (Castillo, 2007; Ervine et al., 1997; Puertas and
Dolz, 2005), and so the water head is used to determine the
approach flow condition in the following sections of this paper.

In terms of the scale effect, it is hard to extrapolate an air–
water jet mixture and break-up level in a prototype based on
Froude-scaled model results. The scale effect on the air–water
properties of supercritical flow cannot be neglected regarding
the surface tension and viscosity effects in high-speed air–water
flows (Pfister and Chanson, 2014). Dimensional analysis indi-
cates that free jet diffusion depends on the Reynolds number,
the Weber number and the turbulent intensity, among other
factors (Albertson et al., 1950; Chanson, 2013). The limitations
of dynamic similarity and the physical modelling of jets can be

Prototype Triangular wedge

Water flow

Side wall

Side wall Side wall

Triangular wedge

Triangular wedge

Overfall spillway

L0

Ld

Ld Ld

hd

bd bdb

α

Water flow

(a) (b)

Jet
Pool

Figure 4. Plunging jet from overfall spillway: (a) jet pattern in a prototype dam and a model; (b) longitudinal section and plan view of
triangular wedge design

Plunge pool floor
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Figure 5. Measurement points in experimental tests
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identified from previous investigations on the reduction of scale
effects (Chanson, 2009; Heller, 2011). The Weber number
(We= ρV0

2B/σ) should exceed 103 and the Reynolds number
(Re=V0B/ν) should exceed 105 (ρ is the water density, σ is the
surface tension between the air and water, V0 can be estimated
as V0 = (2gH0)

0.5 and ν is the kinematic water viscosity. In the
present study, minimum values of We=1.8� 104 and
Re=4.6� 105 were set. Due to the high drop height of a falling
jet from an overfall spillway, as shown in Figure 4(a), the clear
contraction in the transverse direction causes the water jet to
form a thin nappe. This is mainly because the water close to
the sidewall is deflected by the triangular wedge (as shown in
the model). The focus of the present study was on how the
mean dynamic pressure in the plunge pool can be reduced by
varying the design parameters of the triangular wedge.

3. Results and discussion

3.1 Comparison of rectangular and triangular
wedge jet impacts

According to the basic formula established by Castillo et al.
(2015), the thickness of a rectangular jet from an overfall

spillway at the entrance to a plunge pool is

2: Bj ¼ qffiffiffiffiffiffiffiffiffiffi
2gH

p þ 4ϕ
ffiffiffi
h

p
ð

ffiffiffiffiffiffiffi
2H

p
� 2

ffiffiffi
h

p
Þ

where q is the flow discharge per unit width. The coefficient ϕ
is determined by basic flow conditions as

3: ϕ ¼ 1:07
q0:43K1:22C0:19

d

14:95g0:50

� �

where g is gravitational acceleration. The constant 1.07 is an
experimental parameter for estimating the turbulence charac-
teristic in the break-up development of a rectangular falling jet
(Castillo, 2006; Ervine and Falvey, 1987). Castillo (2006)
suggested that K=0.85 and Cd = 2.10, and the jet break-up
length for the overfall spillway nappe flow would follow as

4: Lb ¼
KBjFr2j
C0:82

where Frj is the Froude number at the entrance and C is a tur-
bulence parameter determined by Frj and the turbulence inten-
sity at the entrance. In the present conditions, without a
triangular wedge, the theoretical H0/h= 6.13–9.96, which indi-
cates a fully developed jet for all model tests. The minimum
Y/Bj is 9.4, which is greater than the value of 5.5 suggested as
the limiting effective water cushion depth (Castillo et al.,
2015).

In terms of the mean dynamic pressure coefficient (Cp)
without a triangular wedge, theoretical values can be estimated
for all water head conditions according to previous investi-
gations on the mean impact pressure of rectangular plunging
jets (Castillo et al., 2014; Ervine et al., 1997; Puertas, 1994), as
shown in Figure 6. Firstly, the maximum Cp for each value of
h gives the traditional estimation result. The value of Cp is
affected by the design of the triangular wedge. For a high
water head (h=0.229 m), Cp can decrease to about 10% of its
maximum value. Secondly, the tested values of Cp are greater
for small values of bd/Ld than for large values of bd/Ld. This
trend confirms that a simple triangular wedge design at the
overfall spillway outlet effectively deflects the jet flow, resulting
in diffusion in the longitudinal direction. This prevents over-
concentration of the plunging jet at the entrance to the plunge
pool and progressively reduces the jet impact. On the basis of
a low discharge per unit width and a high jet break-up at the
entrance to the plunge pool, the reference lines for H0/Lb = 1.0
and H0/Lb≥ 1.6 indicate that a well-designed triangular wedge
can improve the surface spread of a jet released from an over-
fall spillway and reduce the mean dynamic pressure. The data
shown in Figure 6 are highly scattered because the jet pattern
is affected by the deflection, making it difficult to give a
reliable assessment of variations in the jet pattern. Moreover,

Table 1. Flow conditions for experimental tests

Q: l/s h: m Ld: m Fr

12 0.114 0.086 4.65
12 0.114 0.114 4.45
12 0.114 0.150 4.20
12 0.114 0.157 4.15
12 0.114 0.214 3.74
12 0.114 0.286 3.20
12 0.114 0.357 2.63
17 0.143 0.086 4.16
17 0.143 0.114 4.00
17 0.143 0.150 3.79
17 0.143 0.157 3.75
17 0.143 0.214 3.41
17 0.143 0.286 2.97
17 0.143 0.357 2.51
23 0.172 0.086 3.80
23 0.172 0.114 3.66
23 0.172 0.150 3.49
23 0.172 0.157 3.45
23 0.172 0.214 3.17
23 0.172 0.286 2.80
23 0.172 0.357 2.41
31 0.209 0.086 3.51
31 0.209 0.114 3.39
31 0.209 0.150 3.25
31 0.209 0.157 3.22
31 0.209 0.214 2.98
31 0.209 0.286 2.67
31 0.209 0.357 2.35
36 0.229 0.086 3.39
36 0.229 0.114 3.28
36 0.229 0.150 3.15
36 0.229 0.157 3.12
36 0.229 0.214 2.90
36 0.229 0.286 2.62
36 0.229 0.357 2.32
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the effect of different scaled models on surface tension and jet
aeration development should be taken into consideration.

3.2 Triangular wedge jet pattern
The effect of Fr on the jet impact pressure for various triangu-
lar wedge design parameters is shown in Figure 7. For
Fr< 3.3, the scattered data indicate that the effects of geo-
metrical parameters such as Ld/B and b/hd in the case of a
high water head are significant and should be considered
further. As Fr increases above 3.6–3.9, the value of Cp gener-
ally decreases. A value of zero indicates full energy dissipation
in the plunge pool for the present tailwater condition. This is
mainly because the deflection effect of a triangular wedge on
the jet results in a ski-jump flow feature, and large values of Fr
improve jet diffusion in air. As the flow Froude number com-
bined with a triangular wedge modifies water diffusion in the
air, the jet spread can be used as a baseline for analysing the

pressure reduction of overfall spillway jet flows in the presence
of a triangular wedge.

Figure 8 shows the main flow features in the presence of a
symmetrical triangular wedge sidewall. Due to the abrupt
deflection at the end of the overfall spillway, there is a lateral
contraction of water flow in the channel. The jet expands
vertically in the downstream direction as it drops into the
air. This laterally thin and longitudinally diffuse nappe is
different from the standard configuration that occurs in a rec-
tangular overfall spillway outlet (Castillo, 2006). The lateral
contraction begins at the upstream end of the triangular
wedge. Because of the inclined wall of the triangular wedge,
the lateral contraction develops gradually until the downstream
end of the wedge. The plane triangle shape close to the
outlet represents the developing lateral contraction of the
falling jet. Both outer axes of the jet converge, and the jet
remains thin in the transverse direction but expands in the
normal direction.

Compared with previous lateral-contraction designs of spillway
outlets, such as slit-type designs (Wu et al., 2015) and flared
piers (Li et al., 2012), the triangular wedge deflects the water
flow differently at the elevation direction. In the vertical direc-
tion, the water flow contraction gradually weakens from the
bottom to the top of the triangular wedge whereas, in the
transverse direction, the water in the middle of the overfall
spillway remains supercritical. These effects combine to
decrease the kinetic energy of the water near the sidewall while
gradually increasing the lateral velocity. This ensures lateral
contraction generated in the channel, which further develops
in the air, leading to a thin and vertical jet through the rapid
enhancement of the kinetic energy of water jet. Consequently,
the triangular wedge design prevents the choking phenomenon
of water flow in the channel and guarantees effective jet
deflection from the dam toe. This is beneficial for flow
discharge operations and overfall spillway structure safety as it

h = 0.11 m h = 0.23 m

Transverse
convergency Transverse

convergency

Model Model

Figure 8. Lateral-contraction development of jet pattern in the
presence of a triangular wedge

0.4

0.3
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Estimation by Ervine et al. (1997)

Castillo et al. (2015) for H0/Lb = 1.0

Castillo et al. (2015) for H0/Lb ≥ 1.6

h = 0.229 m
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Figure 6. Comparison of Cp with a triangular wedge against
previous estimations of regular jet impact
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Figure 7. Effect of flow Froude number on Cp (Ld = 0.150 m)
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avoids scouring close to the dam foundations (Farinha et al.,
2015).

3.3 Effect of design parameters
Figure 9(a) shows that the effect of the triangular wedge
length on Cp. With an increase in Ld/B, ranging from 0.80 to
1.80, the value of Cp increases gradually, indicating that a
moderately short triangular wedge is necessary to reduce the
jet plunging impact. Once Ld/B exceeds about 1.80, the trend
of increasing Cp with Ld/B is not obvious. For hd/h in the
range 0.81–1.51, there is no obvious effect of hd/h on Cp. As
the overfall spillway on a high dam is usually short with a rela-
tively large bottom slope (Castillo et al., 2015), this indicates
that, once the height of the triangular wedge approaches the
water head for hd/h>0.8, the effect of contraction due to
deflection on the jet pattern becomes independent of hd/h.
Figure 9(b) shows that, for Ld/B>0.95, an increase in bd/Ld

first causes Cp to decrease gradually and subsequently increase.
For Ld/B=0.55, the short length of the triangular wedge

results in a continuous reduction of Cp as bd/Ld increases from
0.2 to 0.6. For a given triangular wedge length and water head
conditions, there is a critical triangular wedge thickness at
which the minimum mean dynamic pressure occurs. As bd/Ld

is less than this critical condition, the decrease in Cp for differ-
ent values of Ld/B displays almost the same trend. As shown
in Figure 9(c), with an increase b/hd, Cp initially decreases to a
certain value and subsequently increases, as the contraction-
deflection effect is developing. Above a certain value of b/hd,
Cp increases.

The main reason for these phenomena is the contraction-
deflection effect of the triangular wedge parameters on the
releasing jet pattern. As the water flows through the triangular
wedge structure, the inclined wall forces the water to contract
in the lateral direction, generating a long and narrow
diffusion jet plunging into the pool. For a constant water
discharge, the uniform flow rate at the jet cross-section results
in a relatively low mean dynamic pressure because the
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Figure 9. Effects of design parameters on Cp: (a) Ld/B; (b) b/Ld; (c) b/hd for H0/h=15.3
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discharge per unit width of the plunging jet reduces. Good
performance of contraction-deflection is indicated by coupling
of the deflection ratio bd/Ld with the relative channel width
b/hd. A lower bd/Ld with a larger b/hd may drive more water to
be released from lower elevations at the end of the cross-
section of the spillway. This leads to more water dropping close
to upstream in the pool. In contrast, a higher bd/Ld with a
smaller b/hd may cause the water flow to be concentrated
further downstream. Thus, an optimised triangular wedge
design should enable uniform diffusion of the jet in the air and
reduce the plunging impact effect on the downstream region of
the pool.

The variation in Cp is also a result of the jet break-up
level, which is affected by the triangular wedge deflection.
As shown in Figure 10, a lower water head and a higher
falling height produce a more pronounced decrease in Cp.
This reduction is illustrated in terms of low jet break-up
(H0/Lb = 1.0) and high break-up (H0/Lb≥ 1.6) conditions,
where Lb is the jet break-up length (Ervine et al., 1997). As
circular jets with a higher radial degree of turbulent diffusion
undergo enhanced lateral spreading and aeration compared
with rectangular jets (Beltaos and Rajaratnam, 1973, 1976;
Bollaert, 2002; Franzetti and Tanda, 1987; Hartung and
Häusler, 1973), it can be deduced that the vertical spreading
of a jet driven by a triangular wedge will enhance turbulent
diffusion and the break-up level. For small lateral-contraction
deflections (bd/Ld < 0.10–0.20), the rate of decrease in the
gradient of Cp with respect to H0/h is greater than that
for moderate lateral-contraction deflections (0.20< bd/Ld

< 0.50). This indicates that, once the lateral contraction
with small bd/Ld is not sufficient, deflection of the triangular
wedge may strengthen the jet core and weaken the lateral
diffusion of turbulence, resulting in a high impact on the
plunge pool.

3.4 Mean dynamic pressure coefficient (Cp)
The effects of different design parameters on Cp under differ-
ent water head conditions are shown in Figure 11(a), following
the empirical expression

5: Cp ¼ k
b=hd

exp �6:50
bd
Ld

� �

where

6:
k ¼ 3:84 exp �0:18

H0

h

� �
for 15:3 � H0

h
� 29:5 and

2:32 � Fr � 4:65

The exponential trends in Cp are in good agreement with pre-
vious mean dynamic pressure measurements for regular falling
jets. A general relationship is (Castillo et al., 2015)

7: Cp ¼ m exp �n
Y
Bj

� �

where Bj is the impingement jet thickness at the water cushion
surface. The coefficients m and n are determined by the plun-
ging jet break-up level H0/Lb.

As H0/h increases, the coefficient k decreases, resulting in
a smaller value of Cp. Thus, as well as the effect of a low
water head h, a large value of H0 may affect the jet break-up.
According to various test data (Albertson et al., 1950;
Bollaert and Schleiss, 2003a; Ervine et al., 1997; Franzetti
and Tanda, 1987), the relationship between H0/Lb and the
coefficients m and n is shown in Figure 11(b). The jet break-up
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Figure 10. Effect of water head on Cp: (a) b=0.086 m, Y/b=7.9; (b) b=0.100 m, Y/b= 6.8
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level reflects the jet aeration effect on the plunging impact.
An increase in H0 or a decrease in Lb can improve the jet
aeration level at the impingement point, and an increase in jet
aeration leads to a reduction in the mean dynamic pressure
(Manso et al., 2004; Xu et al., 2004). An increase in H0/Lb

results in a significant decrease in m. A slight decrease in n can
cause Cp to increase, but high values of the ratio m/n confirm
that m is the primary factor. Thus, a large H0/Lb leads to a
reduction in Cp.

Besides the mean pressure, pressure fluctuation is another
parameter that is important in assessing bottom slab stability
and the structural safety of a plunge pool. The pressure
fluctuation of a plunging jet is strongly affected by the jet
turbulence intensity and the break-up level at the entrance
to the plunge pool. Firstly, there is a positive correlation
between the water head and pressure fluctuation (Bollaert
and Schleiss, 2003b, 2005), with the root mean square (RMS)
value of the pressure fluctuation decreasing as the water head
decreases (the water head determines the mean pressure on
the plunge pool). Secondly, for a developed jet impact
(Y/b>5), a decrease in the RMS value as Y/b increases indi-
cates that improving the flow surface spread by decreasing the
flow thickness at the entrance to the plunge pool is an effective
way of reducing the dynamic pressure fluctuation. The limit-
ations of the present study mean that, for similar water head
conditions, the relationship between the deflected jet configur-
ation and pressure fluctuation should be examined in future
research.

Based on the present study, it is feasible that an appropriate
deflector on an overfall spillway can achieve adequate jet diffu-
sion and impact pressure reduction, especially for relatively
low Froude number conditions. Different from previous
hydraulic control techniques to ensure energy dissipation and

structural safety, a triangular wedge design at the end of an
overfall spillway provides an effective means of improving the
spread of the impingement jet and reducing the threat of
impact damage. Based on the geometric shape of the outlet, it
should be easy to assess the jet impact. Combined with other
outlet design forms, such as circular-shape, lateral-contraction
and leak-floor deflectors, this extends the ski-jump energy dis-
sipation application for complicated engineering geology and
flood discharge operation conditions. The present findings rep-
resent an important addition to the literature on falling jet
impacts and will assist engineers in designing overfall spillways
for high-head hydraulic engineering.

4. Conclusions
Optimal design of a triangular wedge at the end of an overfall
spillway in a high-head dam was examined. The effects of
different design parameters were analysed in detail based on
laboratory data on the mean pressure coefficient. The triangu-
lar wedge design is an effective method that causes the water
flow to contract and deflect in the lateral direction. For a
certain length of triangular wedge, the optimal deflection
ratio in combination with a moderate contraction ratio results
in a low jet impact on the plunge pool. An empirical relation-
ship for estimating the mean pressure coefficient was developed
based on the design parameters and water head conditions;
this confirms that a triangular wedge structure improves
the lateral spreading and break-up level of a plunging jet.
This offers a practical geometric design for a high-head over-
fall spillway, reducing the threat of jet energy dissipation
damage.

The present study was carried out under laboratory conditions.
To extrapolate the results to prototype operations, designers
should consider differences in jet patterns (e.g. the jet break-up
level and air–water jet diffusion in the plunge pool) that are
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strongly affected by the scale effect. To improve the
reliability and rationality of triangular wedge designs, further
observations and measurements are required on differently
scaled models and prototypes, especially those concerning
strong jet aeration and turbulent interactions.
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